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The largest untapped fossil fuel resource in the United States is the oil
bearing shales in the western part of the country and the black, gas bearing
shales in the east. The oil shale resource concentrated in three western
states is estimated to be equivalent to more than two trillion barrels of
crude oil. Associated with the western oil shales of Colorado are huge
amounts of saline minerals capable of providing a major domestic source of
commercial alumina and supplies of other commercial saline minerals which may
be produced with shale oil. Due to the critical shortage of new energy
supplies, particularly liquid fuels, it appears that development of shale oil
and other synthetic fuels will become a necessary reality.

Since the earliest commercial interest more than 100 years ago, the history
of 0il shale has been one of ups-and-downs. In almost cyclical fashion, the
shale industry has appeared to be on the verge of expanding rapidly, eco-
nomics have appeared potentially viable, and the problems have seemed minimal.
But then, a combination of factors, such as jumps in construction costs, the
requirement for new envirommental data, or the discovery of new conventional
0il resources, have led to delays and in some cases, to pullouts by companies.

The Department of Energy (DOE) has established a research, development, and
demonstration (R,DED) program for encouraging the development of the country's
oil shale resource at a commercial scale to help in the mitigation of the
present and future energy demands. The aim of the Oil Shale Program is to
stimulate the commercial production of shale oil by eliminating technical and
environmental barriers. This paper provides an overview of the DOE 0il Shale
R,D&D Program, addressing its essential elements.

Program Goal and Objectives

The Department of Energy's primary oil shale goal, as indicated below, is to
foster the development of a commercial oil shale industry. In concert with
this goal, the objectives of the DOE 0il Shale Program are to assist in the
development of this industry through R,D§D, financial incentives, and the
mitigation of institutional barriers, but not to mandate the choice of tech-
nology or markets to be served.

Program Goal
0 To foster the development of a commercial oil shale industry.

Program Objectives

o To provide financial incentives to the private sector to
encourage the construction of pioneer demonstration plants.



o To mitigate institutional barriers to commercial oil shale
development.

0 To provide, through an integrated technology base program,
technical, economic, and environmental information to the pri-
vate sector which will enhance its capability to build a shale
0il industry.

o To optimize oil shale processes or develop new oil shale
concepts to ensure the most efficient and cost effective
utilization of the nation's oil shale resource.

o) To obtain environmental data and develop environmental pro-
tection systems to ensure that the oil shale resource is
developed in the most environmentally acceptable manner.

The analysis of commercialization incentives and mitigation of institutional
barriers is the responsibility of the Assistant Secretary for Resource
Applications. R,D§D activities are the responsibility of the Assistant
Secretary for Fossil Energy, although the lead for environmental planning
rests with the Assistant Secretary for Environment.

PROGRAM STRATEGY

In essence, the DOE program goal is to develop the technology necessary for
the production of oil shale on a commercial basis and in an environmentally

acceptable manner. The DOE strategy to accamplish this end is comprised of
two major activity elements:

o Research and Development
0 Commercial Development and Demonstration Support

Through the existence of these parallel activities, the DOE Oil Shale R,D§D
Program focuses near term research and development (RED) on supporting indus-
rial development while maintaining an adequate level of more advanced RED
attuned to future needs. The technology developments that will result by
achieving the program's objectives will be made available to the oil shale
industrial community. Their participation in DOE sponsored demonstrations is
encouraged as means of maintaining the technological alignment of the R,D§D
Program with the needs of industry. These demonstration activities and
direct financial incentives involve the DOE Program in the industrial deci-
sion process and facilitate oil shale industry growth. Information and
experience gained through the construction and operation of any facilities
resulting from these industry supportive activities will be used in assisting
to define future R§D requirements which may be satisfied directly by the
private sector through the program.

The.P?ogram's RED activity elements are structured to parallel and complement
activities that industrial developers would need to perform when establishing
a commercial oil shale operation. The initial activities of a developer




include tasks to characterize the resource under consideration and site
planning for resource development. Following this, the developer needs to
consider the potential physical environment and socioeconomic impacts before
committing to a proposed project. Oil shale resource development and extrac-
tion entail site preparation, mining (except for true in situ technologies),
and Tubbling the in situ retort in preparation for in place combustion or
transporting the mined oil shale to a surface retort. Retorting would then
be undertaken, after which the shale oil would be upgraded and refined. At
each point in this sequence, the 0il Shale Program will develop enhanced
technology to establish a potential developer's effectiveness.

KEY TECHNICAL AND ENVIRONMENTAL NEEDS IN R,DED

Technical

The 0il Shale R,D§D Program is directed toward developing a greater under-
standing of the oil shale resource and perfecting effective means for the
recovery of shale oil and associated mineral products. Program activities
are directed toward the solution of key technical and environmental needs
representing significant barriers to commercial oil shale development. Based
on a review of technology required for oil shale development, the following
Key Technical Needs have been identified as those that should receive the
highest priority in the R,D§D Program:

o Efficient Oil Shale Rock Breakage and Retort Bed Preparation
Techniques,

0 Surface Retort Scaleup and Development,

o] Development of Retort Diagnostics and Instrumentation,

o Development of Retort Control Procedures,

o Systems Engineering Methods for Total 0il Shale Process Development,
o Efficient and Effective Oil Shale Mining Systems,

o Advanced Shaft Sinking Technology,

o Shale 0il Upgrading Technology,

o Chemical Kinetics of the Total Pyrolysis Process,

o Understanding Retorting Mechanisms and Developing a Prediction
Capability, and

o Development of Alternative Retorting Procedures.

Rock Breakage and Retort Bed Preparation. Efficient recovery of oil from
shale depends critically upon having a bed of oil shale rubble that is
relatively uniform, both in particle size and void fraction. Mining and
rubbling methods must be developed to assure optimal uniformity. Otherwise
sweep efficiency will be poor, and significant amounts of oil shale rubble
will not be retorted.




It is expected that the R,DD effort will result in the development of
technology for breaking o0il shale for mining and preparing rubble beds such
that efficient and productive shale extraction and modified in situ retorting
can be accomplished. Retorts will be designed and constructed which meet the
processing requirements for particle size distribution, uniform permeability,
uniform void distribution, and bounding of the fractured region.

Surface Retort Scaleup and Development. Currently, the most practical method
of recovering shale oil is to mine the shale, crush it, and then retort it on
the surface. Even with the employment of modified in situ technologies, some
combination of in situ processing with surface retorting of the mined fraction
is expected to be utilized. Surface retorting is the most proven technology
for extraction of shale oil. However, the technology has been demonstrated
only at pilot scale. Therefore, an increasing government effort is needed to
advance surface retorting to a commercial scale. The DOE now is working
toward the cooperative development of a full scale, surface module demon-
stration plant. The objective of this program is to stimulate the develop-
ment of an oil shale industry by demonstrating the engineering, economic, and
environmental feasibility of a surface retorting process at a unit scale
considered necessary to provide commercial feasibility.

Retort Diagnosis and Instrumentation. The development of control instrumen-
tation and methods for in situ retorting is important for determining retort
performance and yield efficiency. The effort of the RDGD program will result
in the design of thermal sensors, gas sampling devices, pressure probes,
remote sensing devices, strain and displacement gauges, and health and safety
monitoring equipment. This equipment will be designed and then tested and
modified through use in several field tests.

Retort Control Procedures. The development of retort control and operating
procedures is crucial to the success of both in situ and modified in situ
retorting of oil shale. The R,D&D effort will establish a set of baseline
operating plans from data collected from laboratory experiments, field tests
and the outputs of predictive models. From the data collected, an evaluation
will be made on the effects of intermittent air flows, liquid water additions,
and other control parameters. The result of this effort will be a retort
operating plan that maximizes retorting rate and yield while controlling
temperature and burn front symmetry.

Systems Engineering. A systematic procedure for resource identification and
characterization and for determination of appropriate recovery processes is
needed to assure efficient and effective use of all domestic oil shale
resources. The need related objectives of the R,D§D program are: (1) to
develop and utilize methods for the planning of o0il shale development by
matching oil shale resources with appropriate recovery processes; (2) to
develop planning tools (e.g., equipment selection criteria, production
models, economic models) which will aid in the design and analysis of effi-
cient shale oil production facilities; and (3) to determine the overall

economics for the recovery of energy products from oil shale by the alter-
native processes.

e —— e A




0il Shale Mining Systems. Equipment and methods now used for coal and hard
rock mining are well developed but are not always applicable to the demands
of oil shale mining. Research and development is needed to meet the parti-
cular requirements of the oil shale industry. The objective of the R,D&D
program is to develop technology and equipment for high volume, cost effec-
tive, underground and surface mining methods for extracting oil shale for
subsequent surface and modified in situ processing.

Shaft Sinking Technology. The development of shaft sinking systems is
crucial for the large scale commercial utilization of oil shale. The R,D&D
effort will carefully examine the current state of the art in shaft/slope
development. A comprehensive research and development plan will be estab-
lished that attacks all the major deficiencies in the current state of the
art for accessing oil shale resources. Access development system concepts
will be defined after a series of tasks which examine cutting and drilling
methods, water/ground control, and large scale drilling. The expected result
of this effort will be the development of techniques for efficient, safe, and
environmentally acceptable shaft sinking.

Shale Oil Upgrading Technology. Crude shale oils generally contain greater
amounts of certain elements and compounds that are not characteristic of
conventional crude oils. These elements and compounds cause shale oils to
exhibit properties that cause problems in storage, transportation and re-
fining. The technology exists to convert and upgrade shale oils to products
which can be processed in conventional ways, but it is necessary to determine
which process schemes are most effective and economical. The R,D§D program
will examine the production parameters of beneficiation, stabilization and
preparation, denitrification, and alternative end-use options for liquid fuel
products and heavy liquid fractions as they relate to the various retorting
processes.

Chemical Kinetics. Several models have been developed which simulate the
physical properties of oil shale retorting (e.g., shale composition, re-
torting rates, particle sizes, porosity distribution, etc.). For the models
to accurately simulate retorting, they should include the details of the
major chemical reactions in the system. The R,D&D program will develop the
basic data on chemical kinetics needed to model the complex reactions taking
place in retorting. Among these reactions are mineral decomposition, espe-
cially that of carbonates, which are large consumers of energy; reactions of
char with steam and carbonate to produce valuable CO and hydrogen; degradation
(loss) reactions of oil; gas phase reactions producing hydrogen and CO.;
gaseous sulfur evolution; etc. More work is needed on gas phase reactions,
especially on water gas and water gas shift reactions, 0il cracking stoichio-
metry of hydrocarbon combustion, and sulfur reactions in shale.

Retorting Mechanisms. Retorting technology is only crudely understood in lab
and field retorts. Important operational problems include control of burn
front, startup and sweep efficiency, effect of particle size distribution,
inlet gas composition, especially steam and air mixtures, bed irregularities,
flow rate, permeability changes during retorting, and temperature control.
Program research will address key questions in the area of retorting mecha-
nisms. A knowledge of the mechanisms taking place during retorting is




required to interpret results of experiments in pilot and field retorts to

develop predictive models, and finally to suggest process modifications in

order to optimize retort performance, expecially oil yields, and production
rates. The development of retorting models will also be pursued as a means
of understanding and predicting retort behavior.

Alternative Retorting Procedures. O0il shale retorting is approaching commer-
cially viable levels of development. However, the technology is not suffi-
ciently advanced to assure that optimally efficient and cost effective retorting
methods are employed. The R,DED program will examine alternative retorting
processes with the objective of improving extraction efficiency and economics.
Studies will include: (1) the use of oxygen (instead of air) plus steam to
obtain high BTU outlet gas and reduce exit gas handling and cleanup; (2) the
substitution of water mist for steam to improve heat balance; (3) determining
retorting conditions to produce various optimum product mixes, e.g., maximum
naphtha, minimum residuals, etc.; and (4) determining retorting conditions to
produce minimum environmental effects (e.g., lowest sulfur in outlet gas,

least soluble spent shale, etc.); (5) use of fluid beds to increase throughput,
improve yield and lead to more favorable economics.

Environmental

The environmental research in the R,D§D Program represents a significant
portion of the DOE's Environmental Development Plan. The overall objective
of the Program's Enviromment Activity is to develop solutions to environmental
problems associated with the process technologies involved in oil shale
production. To achieve this objective, a series of Key Environmental Needs
have also been established:

o Development of Environmentally Acceptable Retort Abandonment
Strategy,

o Guidelines to Ensure Health and Safety of Workers and General
Public,

0 Development of Solid Waste Management Systems,
o Development of Water Treatment Systems,

o Development of an Emission Control Strategy,
o Mitigation of Ecological Impacts,

o} Mitigation of Social and Economic Impacts,

o Development of Compliance Plans, and

o Development of Subsidence Control Procedures.



Development of Environmentally Acceptable Retort Abandonment Strategy. The
spent shale remaining in underground retorts after product recovery contains
salts and carbonaceous residues that can be leached by groundwater and
thereby contaminate aquifers. In addition, some caving in from the weight of
the overburden may occur resulting in subsidence at the surface.

The research related to this need will determine (1) the potential for
groundwater intrusion, what materials are likely to be dissolved in ground-
water, the permeability of the geologic media to the soluble components, the
toxic properties of these components, and the persistence of any toxic
components; and (2) the effectiveness of alternative measures for control of
leaching and subsidence. The more general problem of subsidence in under-
ground mines, the safety and ecological aspects, are dealt with in a separate
area.

Guidelines to Ensure Health and Safety of Workers and General Public.
Operations of an oil shale industry will introduce a new set of industrial
working conditions and possible public health risks as a result of plant
operations or product distribution. The research directed toward this need
will examine the potential health and safety risks to workers and the general
public. All aspects of the fuel cycle will be examined from the mine and
retort to the refinery and end use of the shale oil products. Protective
measures, whether they be through controls, process modification, or iso-
lation of high risk areas, will be evaluated and effective measures will be
applied.

Development of Solid Waste Management Systems. Surface processes produce
extremely high volumes of solid waste in the form of spent shale. This
research will evaluate methods of compacting and stabilizing spent shale and
other solid wastes such as sludges and spent catalysts. The research will
lead to the evaluation of alternatives for stabilizing and achieving self-
sustaining ecosystems on the solid waste piles with minimum potential for
water and wind erosion of toxic materials.

Development of Water Treatment Systems. In situ processes produce approxi-
mately one barrel of retort water contaminated with carbonaceous residues for
each barrel of shale oil recovered. Surface processes also produce retort
water but in lower quantities. Although current plans do not call for
discharge of wastewater, it must be cleaned for reuse in the process and
other uses, such as dust control and solid waste management. An objective of
this research is to identify components in the wastewater that present either
a health or environmental hazard with respect to the intended use of the
water and to develop systems to remove these components. Another objective
is to determine the consumptive water requirements of different oil shale
processes.
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Development of an Emissions Control Strategy. There are two major components
to the emissions control need. One is directed toward determination of the
emission control requirements based on the projected emission rates and
composition of the emission streams. In the case of criteria or regulated
pollutants, systems must be engineered to maintain ambient air quality within
the region. In addition, modification of available technology and development
of new systems may be required if risk analysis indicates that unique substances
in the emission stream require removal.

The other component is directed toward estimation of the capacity of the
region to accept industrial development--the regional carrying capacity--
based on the meteorological characteristics of the region. More specific
needs are (1) more accurate atmospheric models to predict the transport and
dispersion of atmospheric pollutants, (2) determining rates at which pollu-
tants are removed from the atmosphere, and (3) quantitative information on
the effects of air pollutants on critical atmospheric processes related to
undesirable effects, e.g., precipitation quality, decreased visibility, and
local climate modification.

The research tasks that compose this segment of the plan will lead to the
development of workable emission controls and estimates of effects of indus-
trialization on regional air quality.

Mitigation of Ecological Impacts. 0il shale operations will cause much
disTuption of the surface environment through normal construction and opera-
tion activities--large amounts of solid waste stockpiles on the surface,

water treatment operations, steam generation, mining, material handling, etc.
The objectives of the ecological research, in addition to that which is an
integral part of other activities such as the solid waste management system,
will be to (1) evaluate overall effects of the operation on the ecological
communities (plants, wildlife, fish) and (2) develop ecological test procedures
that will be used by other parts of the program to evaluate systems performance
with respect to ecological criteria. This work will be geared to the environ-
mental impact approach described above.

Mitigation of Social and Community Economic Impacts. The social and commmity
economic aspects of technological developments are among the most difficult

to deal with. To a large extent, this is due to the fact that solutions

involve institutional arrangements and legislative initiatives beyond the

scope of most RED operations. The problems do not lend themselves to controlled
experiments that can be carried out in the field or laboratory. Installation
of mitigating measures such as front-end financial support to communities for
planning and development will be dealt with in DOE's industrialization plant.
This R,D&D plan will focus on the social and economic issues for which solutions
are not known and which therefore require additional research.
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Methods for Controlling or Preventing Subsidence. Underground mines are
always susceptible to subsidence, which presents a concern for safety and
environmental disturbance, including aquifer disruption and changes in the
surface land form. Some of the retort abandonment control measures will also
act to prevent subsidence. The RGD conducted to satisfy this need will focus
on general underground mining whether related to underground processes Or
surface retorting processes. It will be closely tied to the mining tasks and
include analyses of safety, hydrological disruption, and changes in surface
features. The research will focus primarily on prevention or planned,
controlled subsidence.

Development of Compliance Plans. The R,DED tasks, for environmental as well
as the other three activities included in the Management Plan are carried out
in conjunction with, or as part of, major field projects. These projects,
which involve engineering and construction activities, must comply with
Federal, state, and local standards, and in particular, with provisions of
the National Environmental Policy Act (NEPA).

DOE prepares Environmental Assessments, and Environmental Impact Statements
when appropriate, for those major field projects. Air, water, and other
environmental monitoring, as required to demonstrate compliance with NEPA and
applicable permits, is conducted as part of this need; that data is made
available to other tasks for various analyses and decisions.

PROCESS SPECIFIC R,D&D

In addition to satisfying key needs which presently impede oil shale commercial-
ization the 0il Shale R,DGD Program will simultaneously address the following
processes.

Surface Processing. The DOE is pursuing a surface module demonstration
program as described in PL 95-238. This program will result in both design
and business proposals for the construction of a surface retort module. A
decision to proceed with construction of designed modules on a cost shared
basis will be made in late FY1980. Other research and development supporting
surface retorting is mainly focused on mining and environmental effects with
long term RGD directed to improving surface retorting processes.

In Situ Processing. The current near term emphasis of the Program's research
activities is on developing and expanding in situ retorting process technology,
with particular emphasis on modified in situ methods. This programmatic
direction is based on the fact that in situ oil shale technology has not
advanced to the point where it has been proven to be technically or economically
feasible. Engineering analyses indicate that in situ processes have the
potential to be more cost effective and less disruptive to the environment

than surface retorting. Therefore, the program is focused on developing the
necessary technical and environmental information from which an economic and
environmentally acceptable in situ technology can be engineered.

In addition to this technology base program, the DOE is also sponsoring

several major in situ oil shale field demonstration tests. The field demonstra-
tion test program and the technology based R&D programs are integrally related,
in that field demonstration sites are often used as sites for R,DED program
efforts and information gained from the field tests is used to guide the
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overall R,D§D program. Each of these projects has been evaluated to deter-
mine the program technology requirements that can be met by ongoing industry
contracts and the other technology requirements that can be achieved through
modification of the ongoing effort. In addition to providing valuable
technology base information, it is anticipated that one or more of these
projects could provide technical evidence of process feasibility. Use of
existing projects to accomplish planned tasks will be maximized to reduce
total program costs.

Novel Processing Techniques. In addition to the developmentally more advanced
aboveground and in situ methods, research is being conducted into new and
novel technologies for extraction and procéssing of o0il shale products.
Although not currently competitive for near term commercial development,

these efforts are indicators of likely second generation advances in oil

shale technology.

The novel technologies being developed are in two general categories.
o Radio Frequency Heating
o Hydrogen Retorting

PROGRAM OPERATING PLANS

The 0il Shale R,D§D Program is defined in two program plans presently in

draft status: a Management and Strategic Plan which describes the R,D§D
program management structure and the long term strategic aspects of the
Department of Energy's program for achieving its technology objectives, and

an Implementation Plan which details oil shale R,D&D activities over the next
several years to the subactivity task level. In contrast to the Implementation
Plan, the Management and Strategic Plan describes the Program's objectives as
they will be attained by satisfying a series of technological needs, each of
which may require the successful performance of one or more sets of tasks
sometime in the future. Described are oil shale R,DED activities for a
multiyear period in terms of needs, with emphasis placed upon solving key
technical and environmental needs inhibiting oil shale commercialization and
developing an activity baseline for each of several candidate technologies to
establish program direction, resource requirements, and expected accomplishment.
Both plans serve as a basis for developing and justifying future budget
requests over their respective periods.

Strategic Plan. The policy, management, organization, and long term aspects
oT_tEe.Oll Shale R,DED Program, as directed toward satisfying its goal and
gbjgctlves, are described in the Management and Strategic Plan. The discussion
is in three parts, addressing planned program efforts concerned with:

o Key Technical Need R,D§D

o) Key Environmental Need R,DED

o Process Specific R,DED
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These efforts are defined at the fundamental needs level, each R,D§D objective
(a key need being one such objective) requiring the fulfillment of one or
more of these fundamental needs before it is obtained. This is in contrast
to the manner in which the Implementation Plan is defined, wherein needs are
specified in terms of the detailed tasks required to satisfy them. Strategic
plans are outlined in a plane higher than that used in the Implementation
Plan. Another distinction between the two is in their planning time horizon.
Strategic plans are defined over a long term period, generally about ten
years, whereas the Implementation Plan concentrates on the near term period
not exceeding five years. To show continuity between the two plans, the time
span addressed in the Implementation Plan is also defined with the strategic
plans and need identifiers uniquely assigned in the Implementation Plan are
referenced in the strategic plans.

Implementation Plan. Short term plans are defined in the Implementation Plan
in terms of the activities and tasks to be performed. Outlined within the
Plan are the research tasks that will be performed during the next five year
period to enhance and encourage cammercial oil shale development. The R,D&D
tasks are described with respect to major activity areas (resource character-
ization, environment, development and extraction, and processing and instrumen-
tation). Component subactivities within each of these activities provides a
framework for organizing tasks around specified technology areas. For each
program task the performance periods are specified in conjunction with task
deliverables and participating organizations. The Plan, conceived as a
working document which is annually updated, thus serves as a basis for
implementing the R,D§D Program by the various research and industry partici-
pants.
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The Commercial Scale Refining of Paraho Crude Shale 0il
Into Military Specification Fuels

N. J. Wasilk E. T. Robinson
The Standard 0il Company (Ohio} The Standard 0il Company (Ohio)
P.C. Box 696 4440 Warrensville Center Road
Toledo, Ohio 43694 Warrensville Heights, Ohio 4ulué
Introduction

In September, 1977 The Standard 0il Company (Ohio) was contracted by the U.S.
Navy to refine up to 100,000 barrels of crude Paraho shale oil into military trans-
portation fuels. The objective of the program was to demonstrate that shale oil
could be converted into stable, specification military fuels utilizing conventional
refining technology and in sufficient volumes to support an extensive engine testing
program. Yields of JP-5 and DFM were to be maximized while minimizing the yield of
residual fuel.

The crude shale was produced by Paraho Development Corp. over the three year
period from 1976 to 1978. Paraho's Anvil Point, Colorado works utilizes a vertical
direct heat retort to recover the oil from crushed shale .

For contractual reasons the program was divided into three phases. During
Phase I, the proposed shale oil processing scheme was tested and developed in appro-
priate pilot plants. Phase II constituted engineering preparation and the actual
refinery run. Post run analysis and report writing were completed in Phase III.

Paraho Shale 0il

The unique nature of crude shale oil requires special consideration in handling
and processing. Table I summarizes some typical inspections of raw shale oil and a
West Texas crude. In comparison to conventional petroleum, shale oil has several
deleterious characteristics:

[1} High nitrogen and oxygen content,

[2] Low hydrogen/carbon ratio.

[3] Low yield of 650° minus material (<20 vol.%).

[l Moderate arsenic and iron content.

[5] Suspended ash and water.

The high nitrogen ccntent is probably the largest area of concern, as it is an
order of magnitude higher than that found in petroleum. The technology for process-
ing high nitrogen crudes is not nearly as advanced as comparable technologies for
desulfurization cr cracking (increasing yield of lower boilirg hydrocarbons).

Nitrogen compounds are known poisons for many petroleum processing catalysts
such as fluid bed catalytic cracking, naphtha reforming and hydrocracking catalysts.
In addition, nitregen compournds have been found to create stability problems in gaso-
line, jet and diesel fuels., Fuel bound nitrogen will also increase the NOy emissions
from practically any type of combustor. Finally, nitrogen compounds Euite often have
a peculiar and offensive odor which is uncommonly difficult to remove 2],

Shale 0il Refining Process

A schematic of the process developed for this program is shown in Figure 1.
The crude shale oil is initially allowed tc settle batchwise at above ambient temp-
erature. This has been found to be effective in breaking the water/oil emulsion,
thereby precipitating suspended water and ash to the bottom of the tank. The shale
oil is also pumped through a 20 micron filter enroute to the hydrotreater to remove
any entrained debris left in the tank.

After settling, the shale oil is mixed with hydrogen, preheated and passed
through a guard bed. The purpose of the guard bed is to remove the organic Fe and As
as well as any ash and solids which survived the settlipg and filtering procedure.
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Following the shale oil pretreatment steps (settling and guard bed demetalliza-
tion) the whole shale oil is catalytically hydrotreated at elevated temperature and
hydrogen partial pressure. Hydrotreating, the most important processing step, is
the catalytic reaction of hydrogen with sulfur, oxygen and nitrogen compounds to form
H2S, H20 and NH3, respectively, plus heteroatom-free hydrocarbons. In addition,
aromatic saturation and cracking occur to some extent -- thereby increasing the
hydrogen/carbon ratio and increasing the yield of military fuel feedstock (650°F minus
material).

The hydrotreated shale oil is fractionated by distillation methods into gasoline,
jet, diesel, and 650°Fbottoms (residua). The jet and diesel fuel boiling ranges were
determined experimentally to meet flash and freeze or pour requirements while maximiz-
ing yields. The residua or bottoms material could not be utilized in the diesel or
lighter cuts due to pour point requirements. Some of the residua was recycled back to
the hydrotreater to increase jet and diesel fuel yields.

A final finishing step, acid and clay treating, was included to meet military
specification gum and stability requirements.

Refinery Modifications

‘ Prior to the shale o0il operation, facilities modifications at the Toledo refin-
ery were required to be able to receive, store and prccess the shale oil and its
products without contamination from normal refinery stocks.

Raw shale o0il was shipped from the Paraho facilities tc¢ Toledo by railroad tank
car. An underutilized railcar rack was revamped to provide a new unloading as well
as a product loading system., A new steam heated tank was built in which to store the
shale oil as it was received over a 3 month period.

A hydrocracker which normally processes distillate fuels irnto gasoline products
was modified to process the shale oil. New catalyst (Shell 32u4) was charged to the
first stage reactor. A guard bed packed with alumina extrudate was placed in the
feed preheat train. A 20 micron filter was installed on the inlet line from the shale
0il storage tank. A new stripper tower was installed on the distillation tower to
strip the DFM product. Numerous instrumentation and piping modifications were made
to allow for a single stage hydrotreater operation.

For acid treating cf the DFM and JP products a ''new" acid treater was designed
and built, the major vessels of which were refinery surplus equipment. These vessels
included a settler, clay contactor and sludge storage tark.

To provide product storage for JP-5 and DFM, two tanks were removed from refinery
service and cleaned prior to processing.

All lines used for shale oil material which interconnected with lines containing
normal refinery stocks were either blanked or had the isolating valves chained and
locked.

Refinery Logistics and Process Flow

' When all the shale oil had been received, the storage tank was heated to 185°F,
and an attempt was made to drawoff any free water. No free water was found. The
shale oil received at Toledc measured only ~0.06 vol.} sediment and water ,(BS&W)whereas
earlier pilot plant samples contained ~0.8 vol.% B.S. and W. The shale oil was
pumped continuously from the tank through the 20 micron feed filter into the hydro-
treater surge drum. From here it was pumped through the feed preheat section and
guard bed together with hydrogen gas and into the reactor. Reactor effluent was
cooled, water washed and recycle hydrogen and light ends removed, prior to entering

a multidraw distillation column. Here four products were recovered from the effluent:
an overhead gasoline stock, a jet fuel cut (JP-5 or JP-8), a marine diesel fraction
(DFM) and a bottoms residual fuel fraction. The gascline stock was sampled, but not
recovered in bulk, instead it was used as feed to another hydrocracker. The JP-8 was
acid treated on rundown to a railcar, while JP-S5 and DFM were run down to storage for
later acid treating. Any off spec JP-5, JP-8 or DFM were returned to the shale oil
storage tank. Part of the bottoms residua were recycled through the hydrotreater to
increase conversion, while the remainder was used as cat cracker feed with a small
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amount rundown directly to railcars for recovery as heavy fuel oil.

Refinery Run

The hydrotreating run began on November 4, 1978 and ended on December 4, 1978.

In that time 73,100 barrels of the 88,225 barrels of shale oil received were hydrotreated.
However some of the products from this volume were returned to the shale oil storage

tank as off specification product. An excessively high pressure drop across the

Guard Bed caused the run to be terminated before all the shale oil was processed.

The hydrocracker was first shutdown on day 25 of the run because of a high guard bed
pressure drop. The top 25% of the Guard Bed packing was removed because a black

viscous sludge was present on the top of the bed. When returned to cperation, the

Guard Bed soon redeveloped a high pressure drop and the run was terminated due to
contractual time limitations.

Original plans called for the JP products to be acid treated on rundown to
tankage or railcar. This plan was modified after acid treater start-up problems
resulted in poor denitrification. The JP-5 was rundown to tankage without acid
treating, as was the DFM, and both were treated after the hydrotreating run was
complete. Fortunately, the acid treating problems were resolved in time to treat
the JP-8 on rundcwn to a railcar.

The residual hydrotreated shale oil was mixed with regular refinery cat cracker
feed at a rate of 3%, with no detectable shifts in yields or other adverse conse-
quences. Similarly, the gasoline range cut had no detectable effect on hydrocracker
operations at 1.5% of feed.

The shale oil which remained after the processing run was burned as boiler fuel.
No problems developed over the 1 month combusticn period.

Following conclusion of the run, an examination of the Guard Bed contents re-
vealed two separate problems, the sludge at the top of the bed and FeSy fines through-
out the bed. The sludge was theorized to have been formed by a reaction between shale
oil, iron, and sulfuric acid. The acid had been unwittingly introduced into the shale
oil feed tank by recycling off-spec JP-5 from the acid treater during startup. A
large quantity of fines contairing a high concentration of FeSy was found throughout
the bed. Apparently FeSx had been depositing throughout the run and filled the in-
terstitial spaces among the extrudate, thus causing a high pressure drop.

Material Balances

Essentially all of the conversion of 650°F plus bottom material to transporta-
tion fuel occurs in the hydrotreating step. Table II summarizes the overall material
balance and yield structure from our hydrotreating section. Table II also compares
the actual yields and nitrogen levels obtained at Toledo with original -pilot plant
results. These data indicate that the denitrification activity of the catalyst was
consistent with prior results, however the apparent yield structure was different.
The differences in yields are attributed to two factors: [1] poorer distillation
efficiency In the refinery operation and [2] lower DFM pour point and flash point
targets during the refinery run. The actual conversion of 650°F plus bottoms material
attained in the refinery run is very similar to the pilot plant results. The dis-
tillation curve of whole hydrotreated products (minus recycle) shown in Figure 2,
illustrates this observation.

Net hydrogen consumption metered in the refinery run was significantly less
than pilot plant results [~1500 versus --1050 SCFB]. Chemical analyses of the
various hydrotreated products indicate that the level of aromatic saturation, crack-
ing and heteroatom removal for both refinery and pilot plant were nearly the same.
The difference in measured hydrogen consumption is most probably a result of scale-
up and pilot plant error. Needless to say, hydrogen consumption is a very important
parameter in determining overall shale o0il economics.
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The total amount of each finished fuel produced is shown in Table III.
In acid treating the yield losses were found to be proportional to nitrogen
content and mclecular weight of the fuel, For a 3300 ppm nitrogen JP-5 stock,
yield loss was 4 wt.% and on a 3300 ppm nitrogen DFM the loss was 5.4 wt.%.
Other losses incurred in the system were start-up and line-out slop, heel left
in feed tanks and treating vessels and losses during the clay column changes.

Product Analyses

Gasoline Stock

Analyses of the refinery and pilot plant gasoline stocks are shown in Table IV.
Both materials are very similar in aromatic content, nitrogen level and octane.
Neither is usable as a direct gasoline blending stock or as reformer feed. Addi-
tional hydrotreating is required to reduce the nitrogen content to levels acceptable
to catalytic reforming, which is required to boost the octane of this material.

Jet Fuels

Product JP-5, before and after acid treating is compared to pilot plant pre-
pared material in Table V. Again both stocks have similar nitrogen, hydrogen and
aromatic content. Note that the thermal stability of the untreated fuel is poor.
However, once the nitrogen compounds are selectively removed by acid treating, the
fuels' stability as determined by gum and JFTOT (ASTM D~32u4l) measurements is very
good. In addition, storage stability characteristics of the fuels were tested by
aging the material for 1 month at 140°F and then repeating the JFTOT and gum tests.
The aging test results, shown in Table VI for a composite sample of all treated JP-5
produced at the refinery, indicate that this fuel has very good storage stability
properties. )

Diesel Fuel Marine

Physical inspections of pilot plant and refinery DFM are compared in Table VII.
As previously mentioned, the distillation (hence nearly everything else) are differ-
ent due to refinery fractionation practices and altered target specs. Again, acid
treating is required to meet fuel stebility specifications, i.e. ASTM 2274 -
(accelerated oxidation gum test). These fuels have good combustion properties, as
shown by the cetane number (>50) and hydrogen contents (>13 wt.% hydrogen)-

Residual Fuel

The residual fuel produced by both the pilot and refinery meets all government
specifications for low sulfur, high pour #6 fuel oil. The residual fuels are in
fact very "clean" as shown in Table VIII by the high hydrogen and low sulfur, metals,
carbon and asphaltenes content. This stock is better utilized as cat cracker feed
than residual fuel, since higher value gasoline and kerosine fuel can be easily pro-
duced via catalytic processing.

Product Fuels Distribution

All 6165 hbls of the treated JP-5 produced at the Toledo refinery was shipped
to Rickenbacher Air Force Base in Lockbourne, Ohio. The treated DFM was shipped to
four destinations: 3021 bbls went to General Motors Detroit Diesel, Allison Plant #5
in Indianapolis, Ind., 8334 bbls were shipped to Philadelphia Naval Base in Philadel-
phia, Pa., 235 bbls were sent to Wright Patterson Air Force Base, Fairborn, Ohio and
4785 bbls went to the Defense Fuel Support Point in Cincinnati, Ohic. Of the 4670
bbls of residual fuel reserved for shipment, 4345 bbls were sent to the U.S. Navy
at Mechanicsburg, Pa., and the remaining 325 bbls were shipped to the E.P.A. at the
Naval Ship Yard in Long Beach, Califormia. These fuels are undergoing extensive
engine testing and evaluation by the parties involved. 1In addition to the fuels
produced, numerous samples of feed, intermediate and product streams were taken for
health effect studies by the D.0.D. and D.O.E.
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Conclusions

1) Fuels meeting military specifications and possessing good storage stability
characteristics can be produced from crude shale oil, utilizing conventional
refinery equipment.
2) The processing scheme utilized in this study requires:
(a) Settling and a guard bed to protect the hydrotreating
catalyst.
(b) Hydrotreating to remove heteratoms, increase the hydrogen/carbon
ratio and improve the 650°F minus liquid yield of shale oil. .
(c) Acid and clay treating to meet thermal and storage stability
requirements of the jet and diesel fuel.
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Table I Properties of Paraho Shale 0il and West Texas Sour Crude

Paraho Shale 0il West Texas Sour

Gravity, °API 20.4 34,1
Specific Gravity @60° 0.9315 0.85u5
Pour Point, °F +85 Fluid @ -30
Viscosity, SSU

@ 60°F Too heavy 57.1

@ 100°F 213 43.1 -

@ 210°F 44,9 --
Viscosity-Gravity Constant 0.8899 0.722
RVP, 1bs. -- 5.1
Total Acid No., mgKOH/g 1.988 0.265
Asphaltenes, wt.% 0.889 1.028
Ramsbottom Carbon, wt.% 2.977 2.65
BSEW, Vol. % 0.05 (0.06 unsettled) 0.30
Salt, 1b./M Bbls. 4.9 (8.2 unsettled) 3.3
Elemental Analysis

C, wt.% 83.68 -

H, wt.% 11.17 -

0, wt.% ' 1.3€ -

N, wt.% 2.02 0.10

S, wt.% 0.70 1.40
Metals

As, ppm 7.5 -

Na, ppm <0.3 -—

K, ppm 0.17 -

vV, ppm 0.17 L.y

Ni, ppm 2.4 2,6

Fe, ppm 53 2.0
TBP 650°F Point, vol. % 28.2k4 58.64
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Table 1I

Gasoline stock

Shale 0il Hydrotreating Yields.

Bbls.
8743

(including Butares)

Jp-5
Jp-8
DFM
Residual Fuel

Ho Cons. SCFB

9546+
490
18939
37220
75938

Toledo_Refinery

Vol.%
11.96
13.73
25.90
50,91
102.50

1050

Wt N
0.067
0.220

0.340
0.380

Pilot Plant

Vol. %
11.00
25.30
34,50
35.20

106.00

1500

Bbls.
7,718
6,615

16,375

Wt.% N
0.050
0.250

0,430
0.220

Table III Net Fuels Produced After Acid/Clay Treating
Gasoline Stock
JP-5
JP-8
DFM
Residual Fuel
Table IV Gasoline Stocks Analyses
Pilot Plant
API Gravity 57.8
RVP, psi 1.3
Distillation D-86
IBP, ©F 190
10 226
50 258
S0 288
EP 332
% Rec. 99.0
% Res. 1.0
Paraffins 58.87
Monocyclo. Par. 29.61
Dicyclo Par. 1.11
Alkylbenzenes 9.97
Indans + Tetralins 0.11
Naphthalenes 0.33
Carbon No. Par. 8.01
Carbon No. Alkybenzenes 7.81
Nitrogen, Wt. % 0.040
Research Octane, clear 47
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37,220

Toledo
54.7
5.6
D-86
200
249
283
317
370
98.0
1.0
49,95
31.62
2.40
15.20
0.51
0.32
9.36
7.85
0.078
Not run




Table V

APT Gravity

Flash, °F
Freeze, °F

JP-5 Analyses

A

- Untreated JP-5

Pilot Plant

41.8

157
-52

Existent gum (D-381) Mg/100 cc 12.2

Distillation

IBP, °F

10

50

30

EP
Nitrogen, Wt. %
Paraffins, Vol. %
Naphtenes, Vol.%
Aromatics, Vol. %
JFTOT Visual

API Gravity
Nitrogen, PPM

TAN, mg KOH/gm
WSIM
Existent gum Mg/100 cc

JFTOT @ 500°F
Visual
Max Spun Rate
Max AP mm Hg
Paraffins Vol.%
Naphtenes Vol. %
Aromatics Vol. %

Table VI

D-86
356
380
415
456
477

0.32
43.9

33.1

23,0

4 (Fail)

Toledo
42.7

158
-57
Not run

D-86
370
384
400
436
480

0.29
2.5
36.0
21.5

B - Treated JP-5

Pilot Plant

43.0
8
Nil

0.6

Toledo

1
0
a.
3
i
1

N W FE
@®u~ao

Refinery JP-5 Stability Properties

JFTOT Break Point, °F
Color

D-381 Existent Gum Mg/100 cc

JETOT @ 500°F, visual

JFTOT
JETOT
JFTOT
JETOT

@ S00°F, Max Spun Tube
@ S00°F, Max Spot Tube
@ 500°F, ¥ TDR

'@ S00°F, A P MM Hg

Unaged Fuel

625
+ 30
1.4

L2
- 1.
2
1
0

o v oo

Mil Spec

API< GR <48
140 Min.
-51 Max.
7.0 Max.
D-86

R
401 Max.

554 Max.

25% Max.

Mil Spec
36 <API Gr <u8

0.015 Max,
85 Min.

25% max,

Aged @ 140°F for 1 month

> 500
+ 30
1.6
<

2

3.0
2.0
6.5
0.0
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Table VII

A -

API Gravity

Pour, °F
Flash, °F

Distillation
IBP

% Res
Nitrogen, Wt.$%

Cetane Index

Diesel Fuel Marine Analyses

Untreated DFM

Pilot Plant

33.4

15
290

D-86
507
529
553
595
628

1.0

B - Treated DFM

API Gravity

Carbon, Wt. %
Hydrogen, Wt. %
Nitrogen, ppm
Paraffins Vol. %
Naphthenes, Vol. %
Aromatics, Vol. %
TAN, Mg KOH/gm
Cetane Number
ASTM 2274 Mg/100 cc
(acc. oxid. test)

Table VIII

API Gravity
Pour Pt., °F

Rams Bottom Carbon, Wt. %

Asphaltenes, Wt. %
Vis. @ 210°F, CST
Distillation

IBP

Carbon Wt. %
Hydrogen, Wt. %
Nitrogen, Wt. %
Oxygen, pPpm
Sulfur, ppm

Pilot Plant

34.8

86.75
13.02
90
42,2
25.8
32.0
0.029
55.3
0.37

Residual Fuel Analys

" Toledo
36.8

162

D-86
396
456
512
562
582

1.0

0.33

52.5

Toledo
38.1

86.27
13.28
3.9
45.5
25.5
29.0
0.010
50.1
0.51

es

Pilot Plant

30.3
105
Not run
0.244
6,45
D-2887
689
739
830
958
1000
87.32
12.59
0.33
102
< 20

Toledo

29.6
80
0.096
0.059
2.00
D-2887
331
582
732
800
1032
86.71
12.75
0.4y
182
<20
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Table VIII, Continued

Pilot Plant Toledo
Saturates, Vol. % 57.1 Not run
Aromatics, Vol. % 42.9 Not run
Iron, ppm 0.93 0.10
Arsenic, ppm 0.13 0.u
Vanadiun, ppm 0.36 0.02
Sodium, ppm 0.79 0.6
Potassium, ppm <0.10 0.6
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RELATION BETWEEN FUEL PROPERTIES AND
CHEMICAL COMPOSITION.  II. CHEMICAL CHARACTERIZATION
OF U.S. NAVY SHALE-II FUELS

Jeffrey Solash, Robert N. Hazlett, Jack C. Burnett
Erna Beal and James M. Hall

Naval Research Laboratory
Code 6180
Washington, D.C. 20375

As domestic and imported petroleum supplies dwindle and petroleum
increases dramatically in cost, it is imperative for the Navy to
consider future liquid fuel options. The Navy has two thrusts in
transportation fuels: (a) explore the relaxation of fuel specifica-
tions and (b) examine alternate sources of fuels. This paper deals
with one of the alternate sources, shale oil.

The bulk of the Navy's vehicles utilize middle distillate fuels;
a kerosene type jet fuel, JP-~5, for aircraft and diesel fuel marine
(DFM) for ships and boats. Reasonable yields of these fuels can be
obtained from shale oil. Further, shale crude oil has a good hydrogen
content which allows upgrading to finished fuel with modest additions
of expensive hydrogen. Thus the interest in Navy fuels from shale oil.

The Navy has completed two crude production/refining exercises
with shale. The first of these, a 10,000 barrel operation (Shale-I),
is described in two reports (1,2). The second, a 73,000 barrel opera-
tion (Shale~II), was completed in 1979 at the Toledo refinery of
Sohic (3). This paper describes the chemical characterization of the
JP-5 and DFM from the Shale-II project.

EXPERIMENTAL

Samples -~ One gallon samples of the various refinery streams were
obtained from Sohio throughout the approximately one month of produc-
tion. Periodic samples of finished JP-5 and DFM were also obtained
during the acid treatment process which was completed subsequent to
the hydrocracking and fractionation steps. Drum samples of the
finished homogeneous JP-5 and DFM products were also examined.

Total Nitrogen - The fuel samples were pyrolyzed/combusted at
1000°C in a flow of argon/oxygen and the chemiluminescence for the
reaction of NO with ozone measured (4). Types of specific nitrogen
compounds found will be discussed in another paper of this symposium.

GC Analyses - The n-alkanes in the fuel samples were determined
with a 100 meter OV-10l1 wall coated glass capillary column. The inlet
split ratio was 50:1, the column oven was temperature programmed from
80 to 240°C, and the inlet temperature was 310°C.

LC Separation - Preparative scale liquid chromatography was
performed with Waters PrepPak radially compressed silica columns.
Fuel charges of 6 to 10 ml were carried through the column with n-
pentane at a flow of 200 ml/minute. Refractive index, 254 nm ultra-
violet, and 313 nm ultraviolet detectors monitored the LC effluent
and keyed the collection of fractions.
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Mass Spectrometry - Electron impact mass spectrometry was done
at NRL on the effluent from a 6 ft. OV-101l packed GC column programmed
from 70 to 210°C. Field ionization mass spectrometry (FIMS) was
performed by SRI International on contract to NRL. In this latter
analysis, the fuel sample was frozen on a solids inlet probe prior to
insertion into the mass spectrometer. The spectra accumulated for
each mass during a temperature program were normally totaled for data
presentation (5). Molecules boiling below 140°C are lost or depleted
with this technique but such compounds comprise a very small fraction
of JP-5 or DFM. Since the ionization efficiency for hydrocarbon
classes is currently under study, the FIMS data is utilized primarily
in a qualitative sense.

NMR Examination - Fuel samples and fractions were analyzed by
proton and 13¢c NMR at the Naval Biosciences Laboratory. The spectra
were taken on a Varian FT-80A. Chromium acetonyl acetonate was added
as a relaxation reagent.

RESULTS

Nitrogen Content - The bulk of the shale oil nitrogen was removed
in the hydrocracking step. All four products from fractionation of
the hydrocrackate--naphta, jet, diesel and heavy oil--contained sub-
stantial amounts of nitrogen, however. The data in Table I indicate
that the lighter products had less total nitrogen.

All products increased in nitrogen content as the refining run
progressed. For instance, the 25 day hydrocrackate contained 2 1/2
times the nitrogen found in the 12 day product. The jet and diesel
fractions almost doubled in nitrogen over the same time span. The
hydrocracking catalyst lost activity throughout the run.

The nitrogen content of the JP-5 and DFM fractions, the products
important to the Navy, was too high to afford satisfactory stability.
Extensive acid treatment with sulfuric acid reduced the nitrogen
content in the finished fuels, however, to one ppm(w/v) for the JP-5
and 18 ppm (w/v) for DFM.

n-Alkane Content - Shale fuels exhibit higher freeze and pour
points than similar fuels made from most petroleum crudes. This is
related to the symmetrical n-alkane molecules which are major compon-
ents of shale derived fuels (6). The content of these molecules in
the Shale~II middle distillate fuels is listed in Table II. The
relationship between freezing point and composition will be considered
in another paper of this symposium.

FIMS Fingerprint -~ Field ionization mass spectrometry of a mix-
ture affords a spectrum of the molecular ions since fragmentation is
minimal. Thus a distribution of molecular sizes and hydrocarbon
classes can be obtained from a single analysis. This is illustrated
in Figures 1 and 2 which compare the FIMS fingerprints for JP-5
from Shale~I and Shale-II refining. Distinct differences can be noted.
The preponderance of alkanes (C H2n+ ) is highlighted in Shale-I fuel
which was produced by cracking Bhé"Efiale crude by delayed coking.
Shale-II, a hydrocracking process, produced a product much lower in
alkanes. Analysis for total n-alkane content agrees with this find-
ing, 37% in Shale-I JP-5 (6) and 22% for Shale-II. Other significant
differences between the two jet fuels can be noted in the much higher
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peaks for substituted benzenes (CnHZn—G) and tetralins (C in

nH2n-8)
the Shale-II product.

Oother differences can be noted in the FIMS data assembled in
Table III. For instance, Shale-II also has higher peak sums for mono-
cyclic alkanes (CnH2n) and dicyclic alkanes (C H, than Shale-I
(coking). Data for“a third JP-5 sample, a ten ga?lon quantlty produced
by fractionation of Paraho shale crude followed by 1200 psi catalytic
hydrogenation of the jet fuel cut (7), is also shown in Table III.
Again this fuel has a distinctly different FIMS fingerprint in response
to the refining process used.

Preparative Scale LC - Separation of JP-5 and DFM on the Waters
radially compressed silica column gave many fractions. This is
illustrated in Figure 3 for six ml of DFM. Fraction one, beginning at
3.2 min, is the saturate fraction which was detected with a refractive
index detector. Fraction 2, indicated by slight absorption on the
254 nm uv detector, corresponds to the olefin fraction. The subseguent
fractions, as indicated by the strong absorption on one or both of the
uv detectors, are comprised of aromatic fractions. It is noteworthy
that fractions 7,8 and 9 exhibit significant absorption at 254 nm but
none at 313 nm. The JP-5 sample gave only five fractions in the same
type of analysis.

Evaporation of the n-pentane solvent gave an estimate of the
amount of the various fractions. The percentages normalized to total
100% are listed in Table IV. Recoveries of input sample amounted to
96 and 93% for the DFM and JP-5, respectively. The losses were due to
evaporation of volatile components during the removal of the solvent.
As expected, fractions 1 and 3 comprised the bulk of the fuel samples,
88.5% of the DFM and 95.3% of the JP-5.

Mass Spectrometry of LC Fractions - The fractions from the prep-
arative scale LC were subjected to GC/MS analysis with electron impact
ionization. The total fractions were also analyzed by field ioniza-
tion mass spectrometry with a direct insertion probe. The FIMS m/e
plot for DFM fraction five is depicted in Figure 4. The two major
hydrocarbon series observed in this fraction are C H, and
C H , haphthalene and acenaphthenes. Trace amoungs of the

n 2n-14 X :
CnHZn 10 and CnH2 .g Series also appear in Figure 4.

A summary of the hydrocarbon series in the nine DFM and five JP-5
LC fractions are listed in Table V. The data are qualitative in
nature and based on both MS techniques, EI and FI. The trends with
fraction number are as expected, hydrocarbons with less hydrogen
appear in the later fractions. Further, the trend in aromatic ring
size was 1 ring (fraction 3), 2 rings (fraction 4), and 3 rings
(fractions 5-9). The JP-5 has very little three ring material but the
DFM exhibits evidence for considerable amounts of acenaphthenes,
fluorenes, and phenanthrenes/anthracenes.

The LC separation did not give sharp separation by ring size,
however. For instance, tetralins appeared in fractions 3-5 and
naphthalens occurred in fractions 4-7. Larger molecules in a partic-
ular series eluted in later fractions.

Significant amounts of partially or fully saturated ring com-
pounds were found in the jet and diesel products. Mono- and dicyclic
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alkanes were a major portion of the saturate fraction and a fair amount

of tricyclic alkanes were also found. Tetralins/indanes were also

found in abundance. Some partially hydrogenated tricyclic aromatics =--
C H2n— 0 (tetrahydroacenapthene, hexahydrofluorene, and octahydrophen-

antﬁrene} -- were also observed. The presence of these types of

compounds is evidence of the high pressure hydrocracking step in the

refining process.

NMR analyses - Fraction 3 from the LC separation was subjected to
proton nmr examination. The information from this examination was
treated by the method of Clutter and co-workers (8) to describe the
average molecule. The calculated parameters are summarized in Table VI.
The values obtained are consistent with the other information in this
paper and in the description of the Shale-I JP-5 reported in an earlier
article (6).

CONCLUSIONS

The information presented in this paper shows that shale o0il has
an excellent potential as a source for high gquality middle distillate
fuels. The composition of such fuels may vary widely, however,
depending on the overall refining process. Much work is needed to
explore other refining options and to examine the effect of refining
on finished fuel composition and properties.
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TABLE I. Shale-II Refining Nitrogen Content*
Product
Days of Hydro- Jet DFM Fractionation
Operation crackate Naphtha Pre-~Acid Pre-Acid Residue
12 1400 -——- 1700 2500 1940
18 2000 -—- 2300 2900 2700
21 3000 640 2500 4000 -——
25 3800 —-—- 2900 4700 —_——
* - PPM (wt/vol).
Crude shale o0il contained 2.1% nitrogen
TABLE II. n-Alkanes in Shale-I]1 Fuels
n-Alkane Weight Percent
Jp-5 DFM
Cq _— 0.06
Cq 0.14 0.13
Clo 4.20 0.46
Cqq 7.23 0.93
C12 6.08 1.40
Cqs 3.30 2.22
Cl4 0.93 2.39
Cys 0.28 2.61
ClG 0.06 2.19
Cl7 0.01 2.11
ClB -—- 1.40
C19 -—- 0.65
C20 -—— 0.04
Total 22,23 16.59
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TABLE IIX. Hydrocarbon Classes in JP-5 Samples
Hydrocarbon Shale-I Shale-II Shale-1I
Series (Coking) (Hydrocracking) (Fractionation &

Hydrogenation)
CoHsnta 50.8 30.4 40.6
C.H, 12,2 16.9 20.8
CoHons 4.1 7.1 11.2
C Hy 4 1.9 0.8 3.2
CoHo 6 16.6 19.6 14.4
C,Hoosg 12.2 23.8 7.3
CoHon 10 1.7 1.0 2.2

* Jon intensities (total

TABLE IV.

FRACTION

Wm~Jo Ul Wi

% recovered

Yields From LC Separation

Percent vield

=]
&)
=

N
.

—~

OCOO0OOHNWO®

.

NI AN oW

Ve
=2}



L0 g0
0°¢ 0°¢
1°¢€ [
m.mmmm.mﬂu m.meN.NHU
90¢ 791
0°T 0°T
6€°0 67°0
Waa g=dr

/sbuty
Ju
T4y

/s3uanit3

eTnwIod °T
IM T

9TNO9TONW
auayayden
sn3Tisqng
T1¥/suoqaed
9TNOSTOW
sqns TANTY
OW o2bevasavy
Ol obeviaay
STNOITON

/sbuty orjewoay

A

991yl UOT30®IJ UT O[NDSTOW obeIsavy IA I1d

WAJ UuT 3unoue

3TOTIRWOIY

I9j2ueIed

A

9oe1y} -~ (3)a g-dL UT junouwe 3dovIF -~ (30

WAJ UT SoTI9s xolew - (W)a g-dL uT saTass xolew - (W)L
WJIQ uT jussaxd - a G-d{ ur jussaad - r x
———- (3)a (Ww)ya dq =======-— —=—-—==-—  —-—---—-m—  Ssssssooo- mmeee——eo 8T - ug
(W)a (W)a (W)a (A () ==—= ——=mmmmmm | —mmmemmmms memmee——om e 9T - ug
(W)a (W)a (W a (Wya (Wya’' wWr a’(3)0  =mm=mmmmmm mmmm—mmm-m mmmmeees bt - ug
(3)a (3)a (3 a (Wwa Wa' Wwre Wa wWwre (a3 ———————-= —-m————-- T - ug
|||||||||||| (3)a (»)a (¥a’ o wWa’ o a’ (e (I ~---  —=------- 0T - Uz
uuuuuuuuuuuuuuuuuuuuuuuuuuuu (Ma' (e (Wa' e Wa' (Wre a(3e  --------- 8 - uz
|||||||||||||||||||||||||||| (e (na’ L (Wya’ (w)e (Wwa' r (na“‘(3)r g - ug
||||||||||||||||||||||||||||||||||||||||||||||||||||| (W)a’ (W) o a’ L y - ug
||||||||||||||||||||||||||||||||||||||||||||||||||||| (Ww)a‘(wr (Wwya*(w)r z - ug
uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu (mya’* ¢ (Wa‘'pe ug
|||||||||||||||||||||||||||||||||||||||||||||||||||| a‘(ar (wa’mre z + ug
6 8 L 9 S v € 4 1 $8Ta8S5
¥UO0T30RIg D1 SSYW

STond II-®TeYS utr S9TI9S uoqIedooIpAH ‘A HATAVL

28



100 L7 20
F16. 1. FIELD IONIZATION MASS SPECTRUM OF SHALE-1 JP-5.
10— — o A
L |
T T T ‘l—'" T T T 1T
S0 10 WE 200
Fic. 2. FIELD IONIZATION MASS SPECTRUM OF SHALE-II JP-5.

29



cowa Fopban - 400 BIL1ER
soLvent PANTaxy

FLOW BATE 100 = /min.

L ou

PN TN U O S U T T S N [ N Y SN Y SO I Ll
m W w
TIME, ainates
F16, 3. PREPARATIVE SCALE L{ SEPARATION OF SHALE DIESEL
FUEL Mglgs; SOLID LINE - 'it NM UV DECTECTOR, DOTTED
LINE - NM UV DETECTOR, DETECTOR TRACE NOT SHOWN;

SMALL NUMBERS INDICATE TIMES WHEN FRACTION COLLECTION
WAS BEGUN,

100 200

Fic. 4. Flew IONléﬁTlﬂ: MASS SPECTRUM OF DIESEL FUEL
MARINE, FRACT&O” ' JOR HYDROCARBON SERIES ARE
NT2N-14"

N2N-12 AND

30




Relationship Between Fuel Composition and Properties.
III - Physical Properties of U. S. Navy Shale-II Fuels

W. A. Affens, J. M. Hall, E. Beal, R. N. Hazlett
Naval Research Laboratory
Washington, D. C. 20375

C. J. Nowack, G. Speck
Naval Air Propulsion Center
Trenton, New Jersey 08628

INTRODUCTION

The U. S. Navy has been involved for some time in the develop-
ment of Navy fuels from alternative sources (shale oil, tar sands
and coal) and as a part of this effort, the Naval Research Laboratory
and the Naval Air Propulsion Center have been studying the charac-
teristics of these fuels (1,2). NRL and NAPC are currently partici-
pating in a program to characterize the products from the Shale-II
refining process conducted by the Standard 0il Company of Ohio (SOHIO)
at their refinery in Toledo, Ohio. This paper is concerned with a
part of this program and is a summary of the work on the physical and
related properties of three military type fuels derived from shale:
JP-5 and JP-8 jet turbine fuels, and diesel fuel marine (DFM) (3-5).
Another paper of this symposium (6) will discuss the chemical charac-
terization of the fuels.

JP-5 (3) is a "high flash point" Navy fuel for carrier-based jet
aircraft and helicopters and occasionally for shipboard power plants
and propulsion. JP-8 (4), a U. S. Air Force jet fuel, is very
similar to "Jet A" kerosene used by commercial jet aircraft in the
United States and elsewhere.

The shale derived fuels which were used in these studies were
derived from Paraho crude shale oil. The refining process which was
used is described elsewhere (7).

.A total of thirty-six Shale-II fuel samples have been examined
including seventeen JP-5 samples, five JP-8 samples and fourteen DFM
samples. Of the thirty-six samples, twenty-six were "finished" fuels
in that they had been treated with sulfuric acid to remove organic
bases, and ten were "pre-acid treatment" samples. Six of the
finished samples did not contain additives but the remaining twenty
samples did. The latter group included two pilot plant samples, one
Jp-5 ("J-PP") and one DFM ("D-PP").

GC SIMULATED DISTILLATION

The boiling range distribution of a representative sample of
each of the three fuels was determined by gas chromatography (GC
Simulated Distillation) using ASTM method D 2887 (8). Data are
given in Table I and plots of the data for JP-5 and DFM are shown in
Figure 1. JP-8 data have been omitted from the figure since the
data for JP-5 and JP-8 are quite similar. The temperatures for the
JP-8 averaged 4°C lower than for the JP-5 at the various percentages.
The only exception was the 0.5% distilled point, for which JP-5 was
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5°C lower. The JP-5 data are somewhat low compared to current JP-5
from petroleum (9). As a rule, data obtained by a GC simulated
distillation do not agree with analogous data obtained by actual dis-
tillation. Temperatures by the simulated distillation are lower than
that of simple ASTM pot distillations (10) at the initial tempera-
tures, higher near the end point temperatures, and in close agreement
near the midpoint temperatures (3,4). From the distillation data

and other data which follow, the JP-8 Shale-II samples can be con-
sidered to be "JP-5" fuel for all practical purposes.

MISCELLANEOUS PHYSICAL PROPERTIES

Specific gravity, freezing point and pour point data are shown
in Table II. For each fuel four kinds of data are given (where
available): the range of the data (minimum and maximum values
obtained), the average value for all the samples examined, the mili-
tary specification requirement for that property, and an average
value for a representative petroleum derived fuel. Also shown in
the table are the number of fuel samples which were examined in each
case. This format is also used for Table III which will follow.

Specific Gravity - The specific gravities of the Shale-II jet
fuels (one sample of each type) were very similar to each other, met
specification requirements, and were about the same as that of an
average petroleum derived fuel. The two Shale-II DFM specific
gravities were very similar but slightly lower than that of an aver-
age petroleum derived fuel.

Freezing Point - With the exception of one JP-8 sample (J-11),
all the samples of the jet fuels froze below the specification
maximum. The single exception froze less than 0.5°C above the
allowed value for JP-8, -50°C. The similar freezing points for the
JP-5 and JP-8 samples reinforce the conclusion from the distillation
data that the two types of jet fuels made in the SOHIO process are
very similar. The highest JP-5 freezing point was that of the pre-
acid treatment sample (J-7) which froze at -46.8°C. The freezing
point of jet fuels is greatly affected by the concentration of the
higher n-alkanes, such as n-hexadecane (l1). The relationship between
freezing point and the concentration of n-hexadecane in the fuel
appears to be consistent with that of the Shale-I studies. The
amount of these alkanes in the Shale-II jet fuels is relatively low
(6), a result of keeping the distillation end point lower than normal
(3,4).

Pour Point - The pour points of each of two samples of DFM were
-20.6°C. This value is well below the specification maximum of
-6.7°C (4) and that of an average petroleum derived DFM (11,12).

FLAMMABILITY, IGNITION AND ELECTROSTATIC PRQPERTIES

Flammability, ignition, and electrostatic properties are shown
in Table III. As in the case of the miscellaneous physical
properties (Table II), the range of the data, averages, specification
requirements, and representative values for petroleum derived fuels
are given in the table.

Flash Point - Flash points were determined by the Tag closed
cup method (16) rather than by the Pensky-Martens method (20) as
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called for in the specifications for JP-5 (3) and DFM (5). The Tag
closed cup, however, is specified for JP-8 (4). The Tag method was
chosen in order to have a basis of comparison for all three fuels
and because it gives values which are closer to the lower flamma-
bility temperature limits which is important from the standpoint of
safety. For fuels in the JP-5/DFM flash point range, the Tag method
gives values which are 2-4°C lower than that of the Pensky-Martens
(12) . The JP-8 and the DFM flash points are seen to be well above
the specification requirements of 38° and 60°C (4,5). In the case
of the JP-5 samples, four of the six samples had Tag flash points
which were below the required 60°C (3). However, if we assume that
the Pensky-Martens flash points would average about 3°C higher, four
of the six samples would then meet the 60°C minimum and the other two
would be less than a degree low. The Shale-II JP-8 flash point data
are somewhat higher than that of an average petroleum derived JP-8
and quite close to that of the Shale-II JP-5.

Autoignition Temperatures - The autoignition data (AIT) shown in
Table III were determined by ASTM D 2155 (17). The Shale-II JP-8
and DFM AIT values (238°C) were identical and similar to that of
their petroleum derived counterparts. The Shale-II JP-5 AIT (232°C),
however, was slightly lower than that of the other two fuels as well
as that of representative petroleum JP-5 (241°C), but was well within
the 11°C reproducibility limit set by the method (17). There are no
AIT requirements in the military specifications for JP-5, JP-8 and
DFM (3-5).

Electrostatic Properties - Electrostatic data are shown in
Table II. The electrical conductivity and charging tendency of jet
fuels are important with respect to electrical charge buildup in
flowing fuel equipment, particularly filter separators. Electrical
charge buildup can result in a spark discharge capable of igniting
flammable vapors if they are present. This is a frequent cause of
accidental fires and explosions and is an important factor in safety.
Therefore, these properties were measured on the Shale-II jet fuels
to determine if these fuels posed a lesser or greater hazard than
their petroleum-derived counterparts. The values which were found
for the Shale-II jet fuels in Table III are in the normal ranges
found for petroleum derived jet fuels. The response to the addition
of a static dissipator additive, ASA-3, is also normal. These Shale-
II jet fuels behaved significantly different than the Shale-I JP-5
which exhibited abnormally high glectrical conductivity (215 pS/m)
and charging tendency (7035 uC/m~) without the addition of any
additives (2).

COPPER CORROSION

Tests for corrosion are of a qualitative type and are made to
determine whether the fuel is free of tendency to corrode copper
bearing alloys in aircraft pumps. The results of the ASTM copper
strip corrosion tests (22) are shown in Table IV. The samples in the
table are grouped in accordance with their refining treatment and by
the additives the fuels were reported to contain. The fuels fall into
four groups as seen in Table IV: (a) nine samples taken in the refin-
ing process before the acid treatment; (b) six finished samples which
contained no additives; (c) nine jet fuels containing fuel system
icing inhibitor (FSII) and an anti-oxidant; and (d) finished fuels
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containing only anti-oxidant. In the table a "+" or "-" sign is used

in each column to show the applicability of the column headings. 1In

the case of the FSII column, seven of the nine jet fuels which con-

tained the icing inhibitor show actual data in place of the "+" sym-

bol. In those cases, concentration was determined by analysis (23).

The specification requirement (3,4) for both jet fuels is 0.10 - 0.15%

FSII (ethylene glycol monomethyl ether). b

The corrosion test results are shown in the last column. In
order to meet the specification requirement (3,4), a maximum value
of "1" is acceptable in a scale of one through four (22). For
example, "1B" would pass, but "2A" would not. It is seen in the
table that only one of the nine pre~-acid treatment samples and one i
of the six additive free finished samples failed the test. But of ‘
the sixteen additive containing samples, only two (J-PP and D-PP)
passed the test. These two samples were pilot plant samples which
contained a different anti-oxidant, A0-29. Since almost all of the
finished samples failed the test and since most of the pre-acid or
non-additive samples passed the test, these results need to be related
to the sequence of operations in the refinery process and to the
nature of the additives which were used. It seems probable that
either there was a problem with the acid treatment process by which
a corrosive species was produced which ended up in the finished
samples or that the additives used may have been contaminated. Both
aspects may be involved.

Free sulfur (17 ppm) and mercaptans (10 ppm) have been detected
in the Shale-II JP-5. Model studies found that the combined presence
of these two species, each at about the 10 ppm level, can cause fail-
ure of the copper corrosion test. The anti-oxidant, A0-30, exhibited
indications of reinforcing the effects of the sulfur species in the
model studies. Fortunately, a concentration of 5 ppm of benzotri-
azole enables Shale-II JP-5 to pass the copper strip corrosion test.

CONCLUSIONS

The physical properties of the Shale-II fuels were similar to
that of equivalent fuels derived from petroleum. The differences
observed could be minimized by modest changes in refining steps.
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TABLE I.

Percent Distilled

0.5
5.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
95.0
99.5

*ASTM D2887 (8)

TABLE ITI.

JP-5 (10 samples)

Range

Average
Specification
Petroleum

JP-8 (2 samples)

Range

Average
Specification
Petroleum

DFM (2 samples)

Range

Average
Specificagion
Petroleum

- ASTM D 1217 (13)

- ASTM D 2386 (14)

- ASTM D 97 (15)

One sample tested.

[ O R o T o [k & ]
1

GC Simulated Distillation*

Temperature (°C)

Jr-8
(J-11)

156
169
175
182
191
199
205
216
221
231
240
253
281

JP-5 DFM
(3-18) (@-1)
151 144
172 196
177 217
187 235
197 250
202 260
211 271
219 282
224 294
234 305
245 316
255 323
287 347

Miscellaneous Physical Properties

Freezing Pour
Specif. Ggav. Poing Poing

(25/25°C) (°C) (°c)
- a -46.8 - =-51.7 -
0.8122 -49.7 -
0.788 - 0.845 -46 (max.) -
0.818 -49 -
-4 -49.6 - -50.4 -
0.8098 -50.0 -
0.775 - 0.830 -50 (max.) -
0.810 -54 -

0.8390 - 0.8393
0.8392

0.850
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- Data for representative petroleum derived
- Same result for both samples.

- -20.6f

- -20.6
- ~-6.7 {max.)
- -14

fuel (9,11,12)
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TABLE IV. Copper Strip Corrosion Tests

Pre-

Acid Acid Treated Fuel Sg.mple Additivegg Test

Sample Fuel Treat. None FSII (3v/V) Anti-Oxid. Result
J-7 JP-5 + - - - 1A
J~-8 " + - - - 1a
J-9 " + - - - 1A
J-10 i + - - - 1A
J-13 JP-8 + - - - 3B
J-14 " + - - - 1A
D~7 DFM + - - - 1A
D-8 " + - - - 1A
D-10 " + - - - 1B
J-1 JP-5 - + 0d - 1A
J-19 " - + 0d - 1A
J-11 Jr-8 - + 0d - 1A
J-12 " -~ + 0d - 1A
J-17 " - + 0 - 1A
D-1 DFM - + - - 2C
J-PP Jp-5 - - 0.115 +f 1a
J-2 " - - 0.21 + 3B
J-3 " - - € a + 3B
J-4 " - - 0.20 + 3B
J-5 " - - +€ a + 3B
J-6 " - - 0.19d + 3B
J-16 " - - 0.18d + 3B
J-18 " -~ - 0.09,4 + 3B
J-22 " - - 0.10 + 3B
D-PP DFM - - - +f 1A
D-2 " - - - + 3B
D-3 " - - - + 3B
D-5 " - - - + 3B
D-6 " - - - + 3B
D-11 " - - - + 3B
D-12 " - - - + 3B

fuel system icing inhibitor

- Anti-oxidant "AO-30" (2,4-dimethyl-6-tertiary-butyl phenol).

a - Ethylene glycol monomethyl ether

(3, 4)
b
c - ASTM D 130 (22). Specification (max.) = 1B (3-5)
d - By FSII determination (23)
e - FSII reported to be present (0.10 - 0.15%) (3,4)
f

pilot plant fuels.
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Relation Between Fuel Properties and Chemical Composition.
IV. Stability of 0il Shale Derived Jet Fuel

C. J. Nowack, R. J. Del Fosse and G. Speck
Naval Air Propulsion Center
Trenton, New Jersey 08628

and
J. Solash and R. N. Hazlett
Naval Research Laboratory
washington, D. C. 20375

INTRODUCTION

The Navy has been interested in the utilization of alternate
fossil fuels for sometime (l1). Our interest is focused primarily in
establishing the effects of chemical composition on fuel properties,
since such relations will lead to production efficiency and better
utilization of fuels. We recently reported some of our results
on jet fuels derived from coal, tar sands and oil shale (la). Earlier
papers in this series report on other aspects of 0il shale derived
fuels obtained from a large production experiment performed by Paraho,
Inc. (2). In this paper, we report on some aspects of stability of
a jet fuel prepared from Paraho shale oil.

Previous work with shale o0il derived middle distillates has
noted the very high freezing point of these fuels (3, 4, la). 1In
addition, shale o0il fuels which were high in nitrogen gave as much
as 45% conversion of fuel bound nitrogen to NO_ emmissions when
burned under typical jet engine conditions (1a¥. The high nitrogen
content shale 0il jet fuels were also found to form particulates
and gums upon standing at ambient temperatures in the absence of
light (3).

stablity of fuels concerns the tendency of fuels to form
particulates and/or coatings or deposits on engine surfaces under
two different sets of conditions. One set of conditions are those
of storage: temperatures of <40°C, gquiescent exposure to air, no
light. The other set of conditions are those which the fuel is
likely to encounter in a jet engine fuel system: temperatures in
the range 150-250°C, agitation in the presence of air, no light.
Shale 0il derived fuels used in this work were significantly poorer
than petroleum derived fuels under both stability regimes and a
thorough-study of the stability of these fuels was undertaken.

EXPERIMENTAL

The shale o0il derived jet fuel (designated Shale-I) used in this
work was produced from a crude shale oil (supplied by Paraho, Inc.) by
hydrotreatment at the Gary-Western refinery. The entire production
operation has been fully described elsewhere (lc). The physical prop-
erties of the jet fuel have been reported (la).

High temperature stability of the fuels was measured using an
Alcor, Inc. Jet Fuel Thermal Oxidation Tester (JFTOT) (5). Low tem-—
perature (storage) stability was determined by measurement of gums,
contamination and peroxide concentration (all by ASTM standard methods)
before and after exposure to temperatures of 60°C for four weeks. The
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fuels were stored in 1% low actinic, dark pyrex glass bottles and were
loosely covered to prevent exposure to airborne particulates. Air
could still diffuse into the vessel. The vessels with fuel and various
additives were thermostated at 60°C for the specified length of time.

Isolation of shale o0il jet fuel basic nitrogen compounds was
accomplished by acid extraction followed by neutralization of the HCl
adducts (3). The basic nitrogen compounds thus obtained were analyzed
by gas chromatography using a Perkin-Elmer model 3920B gas chromato-
graph equipped with a 100m OV-101 glass WCOT column and nitrogen-
specific detector. This column separated the nitrogen compounds into
at least 70 incompletely resolved components. Tentative identification
of some of the components was made by combined gas chromatography-mass
spectrometry (gc-ms) using a Hewlett-Packard model 5982 gc-mass spec-—
trometer with a Hewlett-Packard model 5933A dedicated data system.

The mass spectrometer was equipped with a 33m SE-30 SCOT column and was
operated in the EI mode at 70 eV. 1In addition, the extracted basic
nitrogen compounds were subjected to field ionization mass spectroscopy
(FIMS). 1Ions produced by field ionization tend not to fragment and an
accurate MW profile of a mixture can be constructed (6).

RESULTS AND DISCUSSION

0il shale, as well as crude shale oil, typically smell of nitro-
genous compounds. Early work with refined shale 0il clearly showed (3)
that the shale o0il jet fuels used (~1000 ppm nitrogen) were unstable
and rapidly plugged filters upon standing for several days. Removal
of nitrogenous material by acid extraction or by passing the fuel over
clay or silica gel resulted in improved storage properties. The chemi-
cal constitution of the nitrogen containing materials was sought in an
effort to discover specific classes of compounds which could cause
stability problems. It is well-known that pyrroles and indoles are
quite reactive toward air and light (7) and if present in large quanti-
ties in these fuels might account for the observed instability.

The Shale-I jet fuel contained 976 ppm nitrogen, of which 860 ppm
nitrogen was acid extractable. The neutralized extract was subjected
to gas chromatrography using an all glass system with high efficiency
capillary column. A chromatogram of the acid extract obtained using
a nitrogen specific detector is shown in Figure 1. As shown, reten-
tion time matching implies that the majority of compounds are pyridine-
type bases. The mixture was also subjected to gc-mass spectroscopy.
The total ion chromatogram is shown in Figure 2. The lower resolution
SCOT column used on the mass spectrometer did not permit unequivocal
assignment of each peak. Tentative assignments of the numbered peaks
are noted in Table I. In many cases, the electron impact mass spectrum
clearly showed the presence of more than one compound. However, the
main compound type observed was alkyl substituted pyridine with lesser
quantities of quinolines. We used another mass spectral technique to
help confirm our gc-ms assignments. The FIMS results are tabulated in
Table II. Since molecules tend not to fragment when field ionized, the
FIM spectrum can be scanned for parent masses and compound classes and
higher alkyl substituted homologs readily recognized. The FIMS data
confirms the presence of major amounts of pyridine compounds with
lesser quantities of quinoline and tetrahydroquinoline types. Signifi-
cantly, indoles and pyrroles are present only in very small amounts,
While ionization efficiencies for various classes of compounds under
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FI conditions are not known with certainty we do not expect them to be
very different for the aromatic nitrogen types observed here. We have
observed that FIMS data on basic nitrogen compounds results in a higher
than expected intensity for parent +1 peaks. This was observed for our
basic nitrogen extracts but not for n-alkane or neutral fuel samples.
We attribute this phenomenon to the presence of water in the basic
nitrogen extracts; the water rapidly protonates the radical cation gen-
erated by FI.

Extraction of the Shale-I jet fuel with HCl is approximately 90%
efficient for removal of nitrogen containing material. Remaining in
the fuel are 116 ppm of non-basic nitrogen compounds. Presumably,
these compounds will be comprised primarily of pyrrole, indole and
carbazole types. Only traces of substituted pyrroles and indoles were
observed by FIMS in the basic nitrogen fraction (Table II). Shale oil
nitrogen compounds have been characterized previously (8) and since
carbazoles and pyrroles could not be titrated it is not surprising that
they are also not efficiently extracted by 1N HCLl.

High Temperature (Thermal) Stability - The high temperature sta-
bility of the Shale~I jet fuels was measured using the JFTOT technique
(5). The thermal oxidative stability of the received fuel (976 ppm N)
was measured. The fuel was then acid extracted, the isoclated basic
nitrogen compounds added back into the extracted shale fuel in varying
quantity, and the thermal oxidative stability redetermined. A petro-
leum derived JP-5 was also subjected to JFTOT testing. The petroleum
fuel had a breakpoint temperature of 275°C and at 260°C did not produce
significant TDR readings or develop a significant pressure drop across
the in-line JFTOT filter. A number of nitrogen compounds, typical of
those found in this study, were then added to the petroleum derived JP-5
and the high temperature stability redetermined. The results with shale
and petroleum fuels are displayed in Table III.

In previously reported stability work with shale oil derived jet
fuels (9) it was shown that the JFTOT thermal stability of shale oil
derived fuels increased with decreasing total nitrogen content of the
fuels. In Table III, it is observed that the thermal stability of the
Shale-I fuel increases as the concentration of basic nitrogen compounds
decreases. In previous work (9) the lower nitrogen contents of the
shale 0il jet fuels were achieved by more severe hydrotreatment. It
can also be observed that there apparently are two major modes of high
temperature thermal instability and the effect of basic nitrogen is
different in each. If thermal stability by JFTOT is measured only by
tube deposits, then for the Shale-I fuel a slight rise in breakpoint
temperature is observed as the basic nitrogen content is reduced (break-
point by TDR from 244°C to 254° as basic N changes from 838 to 7 ppm).
However, if the filter pressure drop is used for determining breakpoint
then a much larger change, 227 to 279°C in breakpoint temperature, is
observed as basic nitrogen content is reduced.

In order to confirm some of the effects of nitrogen compounds on
high temperature stability, pure compounds which are similar to those
found in the Shale-I basic nitrogen fractions (Tables I and II) were
added to a petroleum based jet fuel of high stability (Table III).
Most of the basic nitrogen compounds used resulted in negligible
deposit (TDR) formation with the exception of 2-amino-3-methylpyridine.
4-t-Butylpyridine showed evidence of filter plugging but little TDR
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deposits were formed. Pyrrole, however, was found to produce a very
high deposit rating (TDR) and also plugged the in-line filter. Much
more work with pure compounds in simple carrier vehicles is necessary
before definitive mechanistic inferences can be drawn regarding the

" effects of the various classes of nitrogen compounds.

Storage Stability - The low temperature or storage stability of
the Shale~I fuel was followed by determining changes in peroxide con-
centration, gum and contamination levels and changes in high tempera-
ture stability (JFTOT behavior). The latter method was employed since
deposit precursors, which might form at low temperatures, could seri-
ously degrade engine operation if present in sufficient concentration.
The test fuel was placed in 12 glass bottles which were loosely covered
to permit air diffusion to the fuel. Ten ml of distilled water and 1 g
of iron fillings were placed in each sample. These conditions simu-
lated actual storage tank conditions since water is always present in
fuel storage tanks and the fuel is in contact with usually uncoated
metal surfaces of storage tanks. The samples were maintained at 60°C
for four weeks. The results of the storage stability experiments are
presented in Table IV.

Storage stability measurements have been performed on some shale
derived fuel (10). In that study, a Paraho jet fuel (very similar to
our Shale-I) was found to form some gums (increase in gums of about
2 mg/100 ml fuel after 32 weeks storage at 43°C) but there was only a
small increase in acid number and no increase in viscosity. In our
storage tests, we tried to determine the effects of basic nitrogen com-
pounds on the storage stability of the Shale-I fuel. The combination
of acid extraction followed by silica gel chromatography of the Shale-I
fuel was found to be effective for removing all nitrogen containing com-
pounds. The nitrogen free Shale-I showed some tendency to accumulate
peroxides under our test conditions, but no appreciable gums were
formed. 1In addition, the high temperature (JFTOT) stability of the
aged nitrogen-free fuel was similarly acceptable (Table IV). Increasing
quantities of basic nitrogen compobnds, which were acid extracted from
the fuel, were then reintroduced into the fuel and the storage stability
redetermined. It will be noted that as the concentration of basic
nitrogen compounds increases from 8.4 to 125 ppm N, both the gum con-
tent and peroxide concentration after storage rise to a maximum
(25 ppm N) then fall back to lower levels (Table IV, expt. #2, 3, 4).
However, the JFTOT deposit rating after storage was monotonically
degraded by increasing nitrogen levels. The results imply a relation-
ship between gum formation and peroxide concentration. It is possible
that the relation between the gum and peroxide is of the form:

B
RH ~» [peroxide] > gum
k
1 k2
Fuel hydroperoxides are known to be stable to temperatures of approxi-
mately 250°C (l11). However, hydroperoxides can react at mild conditions

to attack some rubbers. We propose that some fuel components, particu-
larly those containing sulfur, nitrogen, oxygen, and olefinic functional
groups, also react under storage conditions with peroxides. Condensa-
tion or dimerization of the free radical intermediates formed in these
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reactions can build the highly polar, medium molecular weight (400-500)
gums observed in some studies (12). Antioxidants of either the pheny-
lene diamine or hindered phenol type were effective for inhibiting both
peroxide and gum formation in the current studies (Table IV, expts. #5,
6, 8).

A pyridine compound was found to storage degrade the Shale-I fuel
faster than a pyrrole compound (Table IV, expt. #9,11). After storage
the Shale~I fuel doped with 50 ppm 5-ethyl-2-methylpyridine had an
order of magnitude more gums and 20 times the peroxide level compared
to the same fuel containing 50 ppm 2,5-dimethylpyrrole after storage.
Antioxidants were effective at inhibiting both gums and peroxides in
the nitrogen doped fuels after storage (Table IV, expt. #10, 12). 5-
Ethyl-2-methylpyridine caused a large decrease in JFTOT results after
storage (TDR reading from four prior to storage to 35 after storage).
In contrast, 2,5-dimethylpyrrole caused equally poor JFTOT performance
before and after storage.

SUMMARY

High temperature thermal stability and storage stability experi-
ments were conducted using Shale-I jet fuel. As basic nitrogen com-
pounds are removed by acid extraction from the Shale-I fuel, JFTOT
stability improves (especially filter pressure drop performance). After
four weeks of accelerated storage, the Shale-I fuel containing basic
nitrogen compounds formed more gums and peroxides, and exhibited de-
graded JFTOT performance. The basic nitrogen compounds extracted from
the Shale-I fuel were characterized by way of various mass spectral
methods. Compounds similar to those found in the basic nitrogen frac-
tion were used as additives for JFTOT and storage tests on a petroleum
fuel and nitrogen-free Shale-I fuels. Both pyridines and pyrroles
evidence participation in unstable behavior. Much more work must be
performed in order to establish clear trends and to deduce a detailed
mechanism of fuel degradation.
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TABLE II. Field Ionization Mass Spectrum
Base Fraction from Shale-I JP-5

Range of Relative
Series “n" vValuesg* Compounds Ion Count
CnH2n+1N 7 - 12 - 14 Piperidines 10
CnHZn—3N 7- 9-15 Pyrroles 28
CnHZn—SN 7- 9-16 Pyridines 1000
C H2 _7N 9 - 11 - 16 Tetrahydro- 170

noen quinolines

anZn-QN 8 - 13 - 15 Indoles 13
CnHZn-llN 9 - 11 - 14 Quinolines 157

* Underlined value of "n" indicates components in largest amount.

TABLE III. High Temperature Stability of Jet Fuels A

Organic Nitrogen, ppm_ Breakpoint Temperature,B °C
Fuel Type Acid Extractable Total Heater Tube (TDR) Filter
Shale 0il- 860 976 - 232
Jet Fuel 838® 954C€ 244 227
97¢ 213€ 243 232
50 166 251 241
7€ 123¢ 254 279
D 260°C
Petroleum Additive Conc., ppm Max TDR AP, mm
4-t-butylpyridine, 56 1 20
2-t-butylpyridine, 49 10 1
5-ethyl-~2-methylpyridine, 107 11 3
4-benzylpyridine, 56 7 2
2-amino~3-methylpyridine, 134 45 14
N,N-dimethylaniline, 82 6 5 E
pyrrole, 100 32 Bypass

A, Measurﬁd using Alcor, Inc. JFTOT according to ASTM Standard Method
D-3241. ! Breakpoint is defined as the temperature of test at

which a maximum TDR of >17 is observed or a presspre drop of >25 mm
Hg is attained across the in-line JFTOT filter. ' Shale 0il Jp-5
extracted with HC1l, washed, and the iBolated basic nitrogen compounds
reintroduced to the shale oil fuel. ' The petroleum derived jet
fuel had a breakpoint temperature oE 275°C and had negligible TDR

or filter pressure drop at 260°C. ! Pressure drop of >25mm devel-
oped after which the test continued for standard 2.5 hr. period

with the hot fuel bypassing the filter.
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GC ANALYSIS WITH NITROGEN SPECIFIC DETECTOR
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PYROLYSIS OF SHALE OIL RESIDUAL FRACTIONS

Robert N. Hazlett, Erna Beal, Thomas Vetter,
Richard Sonntag and William Moniz

Naval Research Laboratory
Washington, D. C. 20375

INTRODUCTION

JP-5, the Navy jet fuel, must meet many stringent requirements
if satisfactory performance in aircraft and fuel handling and
storage systems is to be attained (l1). 1In considering JP-5 derived
from alternate fossil fuels, several properties are affected more by
the chemical characteristics of the fuel than by the physical pro-
perties. The important specification 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 three critical properties which
are controlled by composition are (a) low temperature properties,
(b) fuel stability, and (c) combustion behavior.

Low temperature properties of concern are fuel freezing point
and viscosity. The freezing point is the property of concern in this
paper. Jet aircraft are exposed to low temperatures and the fuels
must not interfere with flying operations by freezing and plugging
filters. It has not been practical to make JP-5 from some petroleum
crudes because the freezing point cannot be met along with the re-
quired flash point. Dimitroff et al (2) examined the influence of
composition on freezing point of several types of fuels. They found
the saturate fraction of a fuel usually exerted the c¢reatest effect
on freezing point but the aromatic fraction seemed to be important
in some cases.

NRL has related the freezing point of JP-5 type fuels to the
n-alkane content, specifically n-hexadecane (l1). This relationship
applies to jet fuels derived from alternate fossil fuel resources,
such as shale oil, coal, and tar sands, as well as those derived
from alternate fossil energy sources such as shale oil, coal, and
tar sands. In general, jet fuels from shale oil have the highest
and those from coal the lowest n-alkane content. The origin of these
n-alkanes in the amounts observed, especially in shale derived fuels,
Is not readily explained on the basis of literature information.
Studies of the processes, particularly the ones involving thermal
stress, used to produce these fuels are needed to define how the
n-alkanes form from larger molecules which are cyclic or branched.
The information developed will significantly contribute to the selec-
tion of processes and refining techniques for future fuel production.

PYROLYSIS MECHANI SMS

A large n-alkane breaks apart by a free radical mechanism to
yield smaller hydrocarbons, both n-alkanes and l-olefins. This
process, as originally diagnosed by Rise (3), ultimately yields
mostly small olefins with 2 to 4 carbon atoms. This behavior is

encouraged by high temperatures and low pressures. At conditions
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more typical of shale retorting and delayed coking, however, Fabuss-
Smith-Satterfield (4) behavior occurs. In this situation, a single
fragmentation step occurs and equal amounts of n-alkanes and olefins
form. Further, the yield is about the same for hydrocarbons in the
intermediate carbon range. Unbranched olefins formed in the pyroly-
sis reactions readily convert to n-alkanes by hydrogenation.

Thus, formation of n-alkanes in the jet fuel distillation range
can be explained if large n-alkanes are present in the crude cil
source. Quantities of large n-alkanes are insuffienct, however, to
explain the amounts found - up to 37% n-alkanes in the jet fuel
range {(1). Other possible precursors to small straight chain mole-
cules are substituted cyclic compounds. Attack in the side chain
obviously affords a path to an n-alkane. Aromatic hydrocarbons,
esters, acids, amines, and ethers also have the potential to form
n-alkanes if an unbranched alkyl chain is present in the molecule.

EXPERIMENTAL STUDIES

Carbon-13 nmr studies indicate that oil shale rock contains many
long unbranched straight chain hydrocarbon groups (5). The shale oil
derived from the rock also gives indication of considerable straight
chain material with large peaks at 14, 23, 30, and 32 ppm in the C-13
nmr spectrum.

Separation - A residue from Paraho shale oil was obtained by
vacuum distillation at 40 torr to an end point of 300°. The residue
was then separated on activated silicagel into a saturate fraction,
an aromatic fraction, and a polar fraction. The saturate fraction
was removed from the silica with n-pentane solvent, then the aro-
matic fraction was removed with a 25:75 benzene: n-pentane solvent.
The polar fraction was desorbed with 25:75 benzene: methanol solvent.
Although the polar fraction required methanol for desorption, it was
only slightly soluble in methanol. It dissolved readily in benzene,
however. The nitrogen content of various eluates was determined by
Drushel's method (6) as an indication of the separation efficiency.
The pentane eluant contained no nitrogen and the polar fraction
(benzene :methanol) contained 97% of the recovered nitrogen. If 100%
benzene was used to desorb the aromatic fraction, up to 20% of the
nitrogen was found in the aromatic fraction. The nitrogen concen-
tration in the separated fractions was 2.5% in the polar, 0.13% in
the aromatic and less than 0.0l wt% in the saturate fraction. The
input N concentration in the residue was 2.2 wt%.

The distillation residue comprises 48% of the shale crude oil.
On a chemical basis, the polar compounds comprise 71%, the saturates
13% and the aromatice 16% of the recovered residue. Mass recovery
from the separation was 85% but nitrogen recovery was much less, 70%.
The material retained on the silicagel, consequently, appears to be
highly polar and high in nitrogen.

Carbon-13 nmr Analysis - Samples of the various fractions were
submitted to analysis by C-13 nmr. The C-13 spectrum affords a
distinct separation of the aromatic and aliphatic absorption regions
plus a good resolution of many peaks due to specific molecular
structure. Thus, a good amount of useful information can be obtained
even for a complex mixture such as a fuel fraction. With respect to
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the present study, the aliphatic region of the spectrum is of parti-
cular importance.

Quantitative analysis of the aliphatic region was attained by
including a known amount of methanol in the sample as an internal
standard. A long unbranched fragment will exhibit peaks at several
positions in the aliphatic region of the spectrum. The peak corres-
ponding to the methyl end group (a-carbon) appears at 14 ppm with
reference to tetramethlysilane at zero ppm. The CH, group adjacent
to the methyl group (R-carbon} absorbs at 23 ppm ané subsequent
absorptions appear at 32 and 29.5 ppm for the y- and &- carbons.
Beyond this, all other CH, groups in a long unbranched chain absorb
at 30 ppm. Therefore, thls latter peak would be quite large for a
long chain. In fact, the ratio of the area of this peak to the
o~ B~ or y~peak can afford information on the average chain length
of the unbranched fragment.

A spectrum for the aliphatic region of the polar fraction from
the shale residue is shown in Figure 1. The distinctive peaks at
14, 23, 32, and 30 ppm demonstrate the presence of significant
amounts of long unbranched groups in this fuel fraction. The 29.5
peak appears as a shoulder on the 30 peak and these two peaks were
integrated together. Quantitation of the spectral information using
the methanol internal standard gives the data listed in Table I. As
expected, the content of long unbranched alkyl groups is greatest for
the saturate fractions. Further, the straight chain alkyl groups in
the saturate fraction are longer on the average than those in the
aromatic and polar fractions. We conclude that there is a definite
potential for making n-alkanes and l-olefins in the jet fuel distil-
lation range by cracking compounds found in the heavier shale oil
cuts.

Pyrolysis - The residue fractions have been stressed at condi-
tions corresponding to the petroleum refining process known as delayed
coking (7). These conditions are about 450°C and 90 psi pressure.
Each thermal stress was conducted in a 1/4 inch o.d. 316 s.s. tube
fitted with a stainless steel valve via a Swagelok connection. The
tube, with a weighed amount of sample (approximately 0.l g), was
attached to a vacuum system, cooled to -78°C, and pumped to remove
air. The tube was then thawed and the cooling/pumping process re-
peated. The tubes were heated by inserting them into 9/32 inch holes
in a six inch diameter aluminum block fitted with a temperature
controller.

At the close of the heating period, the tubes were cooled to
-78°C and the valve removed. A mixed solvent of n-pentane and
benzene (50:50) was added to the tube which was then capped and warmed
to room temperature. The solution and a subsequent rinse were trans-
ferred to a screw cap vial which was then stored in a freezer until
analysis. A weighed amount of toluene was added as an internal
standard prior to analysis.

The strssed samples were analyzed by two techniques, both based
on gas chromatography. In the first, the solution with internal
standard was injected into a 10 ft, 1/8 inch o.d., 5% 0OV-101 column
which was programmed to 260°C at 12°/min after a 5.0 min initial hold
at 60°C. The JP-5 cut was integrated as a single sum and compared to
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the internal standard to determine the yield of JP-5 from the pyroly-
sis experiment. The initial gc cut point for the JP-5 was set midway
between n-octane and n-nonane and the final point midway between
n-hexadecane and n-heptadecane. The gc baseline did not rise during
this portion of the analysis, hence reliable integration was obtained.

The second ge technique determined the individual n-alkanes and
l-alkenes in the pyrolyzed sample. A 100 m wall coated glass capil-
lary gave the required resolution and the n-alkanes and l-alkenes
stood out as distinct, well resolved peaks. OV-101 or OV-17 wall
coatings provide adequate separation., A carrier gas flow of one
cc/min was combined with an inlet split ratio of 50:1 and a 310°C
injector temperature. The column temperature was raised to 250°C at
4°/min after an 8.0 min initial hold at 80°C. Peak identification
was based on retention time matching with n-alkane and l-alkene
standards.

Pyrolysis of the saturate fraction for 30 min at 450°C gave the

n-alkane and l-alkene yields shown in Fig. 2. The n-alkanes predomi-
nate over the l-alkenes at all carbon numbers for this sample. This
was generally true for all fractions and all stress times. The
l-alkenes were less stable than the n-alkanes and the larger alkenes
were very minor products for stress times 60 min and longer. Fig. 2
indicates that the product exhibits a plateau in the 10-14 carbon
number range, an integral part of the JP-5 distillation range.

The effect of stress time on yield is illustrated in Fig. 3.
The n-alkane + l-alkene sum for each carbon number is plotted. For a
16 min stress the yield for carbon numbers 10 through 14 are almost
identical. Consequently, one-step Fabuss-Smith-Satterfield pyrolysis
(4) is controlling. The total yield increases at 30 min but the
shift to a maxima at C-10 indicates product is forming and undergoing
secondary decomposition. This trend is extended significantly at
longer times such as shown by the 60 min data. Here the maximum is
outside the JP-5 range and the yield of molecules with 16 or more
carbons is quite low.

For the polar fraction, the combined n-alkane + l-alkene yield
increased up to 60 min stress time, then reversed (Fig. 4). The
yield of the larger molecules - 15 carbons and above - was drastically
reduced at 180 min. Even at 16 min the products obtained in largest
yield were on the low end of the JP-5 distillation range. This is
consistent with the lower value found by nmr for the average un-
branched alkyl chain length. The aromatic yield pattern fell between
that for the saturate and polar fractions.

A summary of the yield data for all fractions stressed for vari-
ous times at 450°C is presented in Table II. The saturate fraction
affords the highest yield of JP-5 but the other fractions give yields
in excess of 20% at intermediate stress times. The polar fraction
requires a longer stress time to attain its maximum yield of JP-5.

The potential n-alkane yields in the JP-5 cut are also listed in
Table II. These values were obtained by summing the capillary gc
yields of n-alkanes and l-alkenes for carbon numbers 9 through 16.
This total was divided by the JP-5 yield in the left portion of
Table IT to give the potential n-alkane yield. The saturate fraction
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attained the highest potential n-alkane yield, 22.7% at 16 min Stress.
The aromatic and polar fractions also gave about 20% yields but these
came with longer stresses. The potential n-alkane yields for all
fractions fell off at longer stress times.

DISCUSSION AND CONCLUSIONS

The best yield of the JP-5 cut comes at different times for the
various fractions, but a time in the 60 to 120 min range would appear
to be the optimum time for good yield at 450°C. The longer time
would be preferred with respect to lower potential n-alkane yield.

None of the fractions gave n-alkane yields approaching the 37%
amount found in the Shale-I JP-5 (1). A temperature different than
the 450°C used here might affect the conversion percentage. Further
the combined saturate, aromatic, and polar fractions may interact
under pyrolysis conditions to give higher potential n-alkane yields
than the fractions stressed independently.
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TABLE I. Carbon-13 nmr Examination of

Shale 0il Residual Fractions

Wt. % Carbon in Wt. % Unbranched Average Chain
Fraction Aliphatic Region Alkyl Groups* Length**
Saturate 100 40 43
Aromatic 60 21 14-22
Polar 56 30 20

* Sum of areas of absorption peaks at 14, 23, 30, and 32 ppm.

** For unbranched alkyl groups: based on ratio of 30 ppm peak area
to average of 14, 23, and 32 peak areas.

Precision: + 10%

TABLE II. Product Yield*

Pyrolysis JP-5 Yield Potential n-alkane Yield
Time (min) SAT. AROM. POLAR SAT. AROM. POLAR
16 20.4 18.8 5.7 22.7 14.4 14.7
30 28.0 24.4 11.9 20.8 19.4 20.8
60 27.3 - 20.0 15.5 - 21.3
120 - 12.0 22.5 - 15.1 12.8
180 - - 16.3 - - 15.5

* Yield in %, potential n-alkane yield is for JP-5 cut; pyrolysis
temperature - 450°C.
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INTRODUCTION

0il shales of primary interest for surface processing occur mainly in the
Piceance Basin of western Colorado. These shales contain, typically, ten to 20
percent weight of hydrocarbons recoverable by simple pyrolysis.

Process research and development in shale o0il production has gone on for
decades, but the once plentiful supply of low cost petroleum crudes made the econ-
omics of such processes very unfavorable. The recent shortages and cost escalation
of petroleum crudes have renewed interests in 'unconventional” raw material sources
such as coal and oil shale.

Several processes for above ground retorting of oil shale, which have been
under development for some time, include the TOSCO-II, PARAHO, and Union technolo-
gies.l) Shell had particular interests in the first two. The TOSCO (The 0il Shale
Company) process uses hot balls to heat preheated shale in a rotary kiln to retorting
temperatures. The shale is preheated during staged, pneumatic transport using flue
gas from the retort ball heater. The PARAHO retort is a vertical kiln employing a
dowvnward moving rock bed with upflowing recycle gas and combustion products which
sweep retorted hydrocarbons from the vessel. The Union process is similar but
utilizes an upward flow of crushed shale. Shale is introduced at the bottom of the
kiln and pushed upward by an air lock, mechanical "rock pump". Fluidized bed retort-
ing of oil shale was proposed in the early fifties but was never developed to a
commercial state.

The TOSCO-II process is capital intensive because
volume of heating gases and mechanically complex equipment;
processes are also capital intensive because theyv have long

it requires a large
the PARAHO and Union
residence time require-

ments that entail massive hardware. The PARAHO process is, however, heat efficient
as a result of countercurrent shale and gas flows. But the TOSCO process, although
having some degree of heat recovery, uses heat relatively inefficiently.

The purpose of this work was to develop a new retorting process of rela-
tively low capital cost that is mechanically simple, highly reliable, and uses heat
efficiently. The process, (2) termed SPHER for Shell Pellet Heat Exchange Retorting,
is a fluidization bed process conceived for the retorting of oil shale. The fluid-
ifzation mode referred to in this discussion applies to a range of superficial gas
velocities between those used for riser transport and dense bed operation in process-
es such as catalytic cracking. By this mode, shale can be made to flow upward,
countercurrently to larger heat-carrier pellets that fall through the fluidized
mixture., This counterflow of heat-carrier pellets and relatively coarse shale
particles is the basic idea around which novel, small sized, thermally efficient and
economically viable processes have been conceived. Other feedstocks to which SPHER
may have potential applicability include numerous ccals, lignite, wood and bark
waste, agricultural residues, biotreater sludges, and industrial and municipal solid
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wastes., Some specific process descriptions, with some variations, are discussed
below.

Brief Description of Process Applied to 0il Shale

The SPHER process as originally conceived is shown schematically in Figure
1. This conceptual design produces 55,000 bbl/day (7575 t/d)* of raw shale oil from
66,000 ton/day (60,000 t/d) of 35 gal/ton (13.6%w) oil shale. It can be seen that
there are two loops for circulation of heat carrying balls. The cool ball loop
carries heat from the heat recovery column to the preheater. The hot ball loop
carries heat from the ball heater to the retort.

Shale is crushed or ground to a fluidizable size; preferably as large as
is compatible with heat transfer requirements and ready separation from heat-carrying
balls. 1Initial work indicates that 1/16-inch (1.6 mm) minus shale and 1/4 (6 mm) or
5/16 (8 mm) inch balls are desirable.

The shale is preheated in a fast-fluidized (entraining) bed by outer loop,
heat-carrying balls that rain through the bed in countercurrent fashion (Figure 2).
With air as the fluidizing medium, preheating is limited to about 600°F (315°C) be-
cause there is danger from auto-ignition, which is time, temperature, and oxygen
dependent.a) With other nonoxidizing gases, preheating is limited to about 650°F
(343°C) by the onset of kerogen pyrolysis.

In a dense-phase fluidized bed the preheated shale is further heated to and
held at the retorting temperature for sufficient time to complete the pyrolysis re-
actions (Figure 3). The total inventory of shale in the retorting vessel is deter-
mined by the required residence time for complete kerogen conversion and the shale
throughput. The retort heat requirements are supplied by ceramic balls which cir-
culate in the inner loop. Theyv are reheated in a separate vessel which may operate
as a moving bed, raining pellet bed, or entrained flow heater.

The spent shale is cooled in a fast-fluidized bed by the recirculated cool
pellets from the preheater. In this manner, countercurrent flow of heat carriers
and the shale assures efficient energy utilization. This characteristic is a prime
advantage of the process.

Most conditions and features of the conceptual process are chosen to as-
sure high throughputs (small equipment) and hence relatively low capital and fixed
costs. These include the choice of flow regimes, heat carriers (density and heat
capacity) and the solids-to-gas weight ratios. Attendant features of the process,
such as baffle design and gas routing, are chosen to achieve operability and optimum
operation.

Segregation of the two ball loops permits the tailoring of the ball mate-
rial, shape and size to each specific task. Circulation of balls in the outer loop
is a relatively low temperature operation and is dedicated to heat transfer. There-
fore, desired ball properties include high heat capacity, small size or large heat
transfer surface, erosion resistance, and low cost. Hence, a pea gravel may be
suitable. Corrosion resistance may not be needed unless condensation occurs in the
heat recovery section. The use of the smallest balls separable from the shale in-
creases heat transfer and reduces the size of the exchange vessel required.

In contrast, circulation of balls in the inner loop involves the ball
heater and retort where high temperatures and longer residence times are required.
Reaction rate rather than heat transfer is expected to be the controlling factor in
the retort design. In order to achieve the residence time needed for high conversion

*ton=2000 pounds, t=metric ton= 1000kg.
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a pseudo plug-flow device such as a rotary kiln or a staged, dense-phase fluidized
bed may be desirable. Since heat transfer is not controlling, the balls can be
larger for easier separation from shale but they must still be small enough to per-
mit pneumatic transport. These inner loop balls must also be resistant to thermal
shock, chemical attack by the hot gases and spent shale and exposure to high
temperatures. Thus, the choice of the inner loop balls is limited to materials
such as ceramics.

Detailed Process Description

A more process oriented schematic of the process is shown in Figure 4.

Shale Feed Preparation

Shale preparation for SPHER requires more energy than it does for process-
es such as TOSCO-II in that the larger crushed shale used in TOSCO-II, e.g., 1/2-
inch (13mm) minus, must be reduced to a readily fluidizable size, e.g. 1/16-inch
(1.6mm) minus, for use in SPHER. Grinding by separating and recycling coarse shale
is expected to produce a better size range with less fines than once-through grind-
ing is for the same maximum particle size. Separation of shale with the desired size
from oversized material may be accomplished by elutriation with gas or by screening.
The recovered coarse shale is conveyed back to the grinder. Shale with the desired
top size may then be pneumatically transported to a feed hopper or standpipe.

Preheater
Figure 2 is a schematic of the preheat section.

Ground raw shale is allowed to slide into or is pneumatically transported
(a minimal volume flow) into the lower part of the preheater. A standpipe of shale
serves as a resistance seal to purging gas and allows the preheater to be pressur-
ized by transporting gas. Although a slide valve near the bottom of the standpipe
should provide adequate flow control for the shale, a flapper valve, screw feeder,
or rotary lock may be considered as options.

The shale is carried up, countercurrent to the raining pellets, as a fast-
fluidized bed by compressed gas (air or mixtures of air and flue gas or recycle
process gas). The preheated shale is then recovered at the top of the preheater in
high-efficiency, high-load cyclones. Extremely fine dust may be carried by elutria-
tion to the ball heater when air or air containing mixtures are used for conveying.
Thus, the energy content of even the finest shale dust can be recovered without re-
quiring expensive dust-control equipment during the preparation of shale for retort~-
ing. As conceived, the use of standpipes and proper rcuting gas streams reduces the
necessary number of air and gas compressors and also aids in heat recovery. In this
fashion, pressure balance across the whole system is achieved with sufficient extra
pressure differential available for process control.

Warm (v625°F, ~330°C) balls, pneumatically transported from the heat recovery
section, are recovered at the top of the preheater by a cyclonic separator into a
surge hopper. From the hopper they are admitted in controlled flow to the upper
part of the preheater through an appropriate control valve and steam purge system.

A conical (or other shaped) deflector is desirable to disperse the ball gtream
uniformly. Balls fall under the influence of gravity against the rising stream of
fast-fluidized shale. The range of conditions under which countercurrent flow will
exist is being studied. The smallest balls, i.e., those with the highest surface-
to-volume ratio, that will fall sufficiently fast through the preheater at an econ-
omical shale mass flux are desirable for effective heat exchange.

Balls collecting at the bottom of the preheater in an appropriately di~
mensioned boot are stripped of shale particles by elutriating gas. Under ideal
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conditions, the largest shale particles that can be readily elutriated from between
the pellets are about half the size of the pellets. In practice the separation is
more efficient when the ball/shale size ratio is 4-5. Balls drop by controlled flow
into a transport line where they are pneumatically conveyed to the shale heat re-
covery section.

The countercurrent raining-ball/fast-fluidized flow regime must be operated
so that staging is effected, i.e., backmixing must be effectively retarded. Temper-
ature approaches were initially assumed to be 75°F (42°C) at the top and 50°F (28°C)
at the bottom of the preheat vessel. Any increase in holdup of the balls in contact
with shale will reduce the height of vessel required. Increased staging and holdup
of balls are both accomplished by a system of baffles and/or grid plates. With such
designs it is imoortant to avold dead hot spots where shale might accumulate because
spontaneous ignition of shale might occur if air is used as the transporting gas.

Due to vaporization of water in the preheater it may be desirable to in-
crease the diameter of the preheater with increasing height to maintain relatively
constant flow conditions. At proposed preheater temperatures, the short residence
time in the preheater should allow air to be used as a tramsporting gas without spon-
taneous ignition and with little shale degradation and yield loss. Dilution of
transport air with flue gas may be used to permit a higher preheating temperature
without ignition. The use of air as the entraining gas in the preheater permits the
finest 0il shale dust and any prematurely evolved hydrocarbons to be economically
burned in the ball heater. Thus, combustion air is also preheated in the shale
preheater. By operating the preheater in counterflow with a temperature approach of
<100°F (55°C), overheating of small particles is avoided.

Retort
Fipgure 3 depicts the retort section of the raining pellet process.

Shale entrained from the preheater is fed to the lower portion of the re-
tort through a high-load, high-efficiency separator and surge hopper (with aeration).
The shale feed rate to the retort is controlled in the same way as it is to the
preheater.

Steam or gas injection is required at the bottom of the retort to start
the fluidization. However, some or all of this gas may be first used in the ball
stripping section, Vapor emitted by retorting adds greatly to the volumetric flow
of fluidizing gas as it rises up through the retort. The vessel cross-section is
increased accordingly to maintain constant conditions for the dense fluidized bed.

Hot heat carrying balls (at about 1400°F, 760°C) are added to the top of
the retort in the same manner as they are to the preheater, but in separate streams
to different levels in the retort. This avoids overheating (and cracking) at the
top of the retort. The ball diameters should be about 1l/4-inch (6mm) to assure a
reasonable fall velocity (0.25 fps, 0.08m/s) through the dense-phase fluidized bed
of shale.

The balls collect in a boot at the bottom of the retort and are stripped
of shale fines in an elutriating section. Superheated steam (1200°F, 650°C) pro-
vides both the stripping action and the feed shale fluidizing action. The cooled
balls (900°F, 480°C) are then recirculated pneumatically to the ball heater for
reheating. Air for the ball lift is combined with air from the preheater cyclones
and with a third air/fuel-gas stream to provide the desired fuel mixture for the
ball heater,

Processed shale is removed at the top of the retort. A circumferential
weir is provided to maintain a constant bed height in the upper stage. Entrained

shale particles are removed from the product vapor by high-efficiency cyclones
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located in the vapor disengagement section. The dimensions of this top section are,
in fact, determined by the cyclone configuration. Superheated steam (1200°F, 650°C)
is injected in an effort to eliminate condensation coking in the vapor section.

Adsorbed and entrained vapors are removed from the retorted shale by steam
in the spent shale stripper. Stripped shale is sent to the heat recovery section.
The overhead products from the spent shale stripper are combined with the retort
vapors and are further superheated with steam to reduce condensation coking and
quenched with fractionator bottoms in a quench tower.

Staging of the retort can reduce the average residence time required for
a given hydrocarbon yield. This staging could be achieved by adding restrictive
horizontal grids spaced, for example, at ten-foot intervals of height. However, since
staging may also introduce an unwanted temperature gradient across the retort, a single-
stage design may be favored.

Pvrolysis data indicate that a relatively long (several minutes) residence
time is required for the retorting reaction). Hence, heat transfer is not limiting
in the retort and larger balls with a lower surface-to-volume ratio may be used.
Larger balls are desirable because, inter alia, their manufacturing cost is less.
The maximum ball diameter is limited by the ability to transport them pneumatically
and by their settling velocity through the fluidized bed of shale. Thermal shock
could also be a factor that limits ball size, About 1/4-inch (6mm) diameter balls
may be a good compromise on size, as mentioned above.

Ball Heater

The ball heater can be a moving bed, a raining pellet or an entrained flow
design. Preheated air from the ball lift pipe plus air from the preheater and sup-
plemental air and fuel form the combustion mixture used to heat the balls. Ball
heater flue gas is routed partly to a waste heat boiler to recover energy in the form
of high-pressure steam and partly to other vessels in the process to serve as a trans-
port gas. Cooled gases are then scrubbed to remove both particulates and any sulfur
oxides. The particulate shale dust naturally absorbs sulfur oxides in the wet
scrubber. Exiting hot balls return to the retort through several feed standpipes.

Heat Recovery

The heat recovery section is similar to the preheat sections.

Fast-fluidized retorted shale is cooled from 990°F (482°C) to about 175°F
(79°C) by contacting it countercurrently with balls from the preheat section. Since
the conveying (flue) gas is cooled and contracts as it rises, it may be desirable to
reduce the vessel size accordingly in the upper portion to maintain the desired flow
rate of gas.

Elutriated cooled shale is separated in a high-efficiency separator and
routed to a moisturizer in preparation for disposal. Gas from the heat recovery
unit is water washed in a venturi scrubber and excess water from the scrubber is used
in the moisturizer. Little water vapor is generated in scrubbing the gas and wetting
the spent shale because the outlet temperature of the heat recovery unit is low
(175°F, 79°C). Water usage in the SPHER process is, therefore, desirably low.

Problem Areas

Since SPHER represents the application of new regimes of fluidization to
shale retorting, there are a number of questions that must be answered and factors
that must be quantified. Some have been answered by simple experiments, the results
of which would indicate either a "go" or a "no go'" on future work, and some factors
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will eventually require demonstration plant operation under design conditions to
prove the process. Factors of primary concern are discussed below.

Heat Transfer Rates

Process evaluations have used a rate coefficient of 90 Btu/sq ft/hr °F
(0.51 kw/m2/°C), based upon the surface area of the balls. Literature data on trans-
fer from fluidized beds to submerged objects indicate that even higher rates have
been achieved, but these high rates are functions of bed density and the size of the
fluidized particles. Data directly applicable to the SPHER system are required for
final evaluations and designs.

Flow Regimes

The countercurrent flow of pellets relative to the fast-fluidized shale and
its fluidizing gas suggests the existence of limiting or flooding velocities. The
impingement of shale particles upon pellets (knockback effect) retards the upward
flow of shale as well as the fall of the pellets. The size of the effect is differ-
ent in dense-bed and fast-fluidized regimes. In dense beds, the falling velocity of
pellets will be about 1/4 fps (0.08 m/s) while in the fast-fluidized bed the falling
velocity is expected to be larger. Operational windows and pressure drop/holdup
equations must be defined. These phenomena have been investigated on the 7-1/2-inch
(19 cm) diameter cold-flow unit. Shale flux rates of 10 1lb/sec/ft2 (49 kg/sec/mz)
and ball flux rate of 15 lb/sec/ft? (73 kg/sec/m2) were achieved at superficial gas
velocities of 15 to 20 ft/sec (4.6 to 6.1 m/s).

Staging

Efficient use of heat and, to a lesser extent retorting yield, require some
countercurrent staging to achieve the ecomonic advantages expected for the SPHER
process. About six stages are desired for the preheater, four in the heat reccvery
section and two or three stages may be desired in the retort.

Gas-fluidized beds are basically unstable and they tend to have a high de-
gree of backmixing due to circulation patterns caused by rising gas bubbles. Beds
with a large height-to-diameter ratio (L/D) tend to restrict this circulation and
increase the staging of fluidized solids. For example, the Shell's Anacortes CCU
regenerator (L/D ¥ 2.5) performs with about four solids mixing stages.

Pneumatic lift pipes (risers) for solids do not exhibit large eddy mixing
currents but they do have radial velocity profiles that peak toward the center of
the pipe. It is even possible (at lower velocities) for solids in risers to flow
down along the wall. Catalytic cracking feed risers (L/D % 20) exhibit 4 to 6 solids
mixing stages. The velocity profile flattens (approaches plug flow) with increasing
pipe diameter but becomes more peaked with increased solids loading and decreased
velocity.

Determination of staging and mixing of solids in the raining pellet system
may require large test facilities.

Agglomeration and Defluidization

Two possible problems arise: (1) ground shale containing a sizeable fraction
of 1/16-inch-or-less (l.6mm) particles will segregate into coarse and fine lavers,
even under moderate fluidization conditions, and {2) the ground shale might become
tacky, due to the presence of liquids on the shale surface under retort conditions,
and defluidize by agglomeration.

The question of agglomeration needs further resolution. Small scale exper-
iments indicated direct vaporization of shale o0il occurred during retorting and no
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agglomeration tendencies were noted. However, agglomeration could take place in cold
spots where hydrocarbon condensation might occur. Two requirements of retort design
are to avoid cold spots and to provide sufficient mixing of fresh shale with inerts
(i.e., with spent shale) to prevent agglomeration.

Overheating and Ignition

Air was originally conceived as the preheater gas for transporting shale
but use of an inert gas may be preferred. If shale is heated in air to a temperature
where retorting proceeds, then a combustible mixture is formed and ignition can occur.
At atmospheric pressure this occurs at about 630°F, 332°C. Llocal stagnation zones of
shale near the ball inlet should be avoided because they might lead to such a
condition. Dilution with an inert gas or use of another gas as a carrier may be pre-
ferred because both will permit a broader range of operation without the possibility
of shale ignition.

Pressure Balance - Operability

. Overall operation, as in catalytic cracking, depends on use of standpipes
to generate the pressure differentials necessary to cause shale and balls to flow
into the process vessels. Excess pressures are taken out by slide valve control
which also dampens the transfer of pressure surges between vessels.

The high permeability of the standpipe material, especially of the spheres
or pellets, will allow appreciable gas leakage. Adequate purge gases in the stand-
pipe will, therefore, be required.

Ball Separation and Recovery

The raining balls must be stripped free of shale before being removed from
a vessel. This can be most readily done by use of a stripping gas at relatively
high velocity (> 10 fps, 3 m/s) in a ball-collection boot. This might be a large
fraction of the fluidizing gas in a vessel and reduces the quantity of gas available
for transferring shale into the vessel above the boot.

Generation of Fines and Entrainment of Shale

Although retorting of shale does not, in itself, generate fines it does
weaken the particles so that they are more readily attritable. Particle size dis-
tribution reported for a fluidized bed process is listed in Table 1. This potential
generation of fines may not be serious for SPHER since operation will be once through
for the shale and residence time in vessels with fluidized beds is only a few minutes.

Entrainment of shale in gas in the preheat and heat recovery sections is
the basic mode of transport for shale. 1In the retort, excessive entrainment reduce
the residence time below that needed for retorting and extra steps may be required
for returning shale fines to the retort.

In all cases, high-load and high-efficiency (cyclone) separators will be
required to prevent excessive carryover of shale in gas streams to other portions of
the process. These recovered fines may need to be recycled to the appropriate vessels
in order to insure the proper concentration of fines for smooth fluidization.

Choice of Ball Material

The purpose of the balls is to provide a means of conveying and exchanging
highly concentrated heat energy. Thus, they should have a high external surface area
(i.e., a small diameter) and a high heat capacity. However, they must be large enough
to be readily separable from the shale. For ease of separation they should have a
high density. Table 2 lists some properties of candidate materials. Other factors
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to consider include cost and resistance to corrosion, abration and thermal shock.
The quality of a material such as alumina is highly dependent upon its method of
manufacture and the suitability of specific aluminas must be defined.

Erosion/Attrition/Thermal Shock

The high velocities of balls in lift pipes and the turbulent nature of the
fluidized beds lead to the possibility of erosion of the equipment and attrition or
fracturing of the balls. Erosion can be reduced by using abrasion resistant refrac-
tory linings in pipes. Attrition and fracturing of balls can be reduced by proper
design to reduce the effect of impaction at elbows and on deflection plates.

Breakage by thermal shock is reduced by countercurrent operation, which
allows reduced temperature gradients, and by a small ball size, which reduces thermal
stresses.

Conclusions
As with most newly conceived processes there is considerable development

work to be done before SPHER is a mature process. This report serves to present the
basic features of SPHER and to point up some areas requiring development work.
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TABLE 1. PARTICLE SIZE DISTRIBUTIONS OF SHALE RETORTED BY TOSCO

AND FLUIDIZED BED TECHNIQUES

Fluidized Spent Shaled)

Size Range, M

0-20

20-60

60-200

200-400

<400

a) See Reference No. 5

Percent

20-50
20-30

<5

TABLE 2. PROPERTIES AND CIRCULATION RATES OF

CANDIDATE MATERIALS FOR OUTER BALL LOOP

Density

Material 1b/f¢e3 t/m3
High Density Alumina 231 3.70
(ceramic balls used :
by Tosco)
Aluminum 168 2.69
Steel 487 7.80
Lead 686 10.99
Gravel 156 2.50

67

Heat Capacity

Btu/Lb°F Btu/Ft °°F Kcal/m3°C
0.22 50.8 814
0.23 38.8 622
0.12 58.4 935
0.03 20.6 330
0.2 31.2 500
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OIL SHALE RETORTING KINETICS

P. H. Wallman, P, W. Tamm, B. G. Spars

Chevron Research Company
576 Standard Avenue
Richmond, California 94802

Several aboveground oil shale retorting processes are charac-
terized by rapid heating followed by retorting at essentlally 1so-
thermal conditions. The objective of this study 1s to investigate the
retorting kinetics applicable to processes characterized both by rapid
heating of relatively small particles and by rapid sweeping of the
produced hydrocarbon vapors out of the retort. Rather surprisingly,
accurate kinetics for these conditions are not available 1n the
literature.

Several previous investigators have taken an isothermal approach
but have failed to elimlnate slgnificant heatup effects in the mea-
sured kinetics. The important investigation by Hubbard and
Robinson (1) is in this category. Attempts were made to correct the
Hubbard and Roblinson data for the heatup effects by Braun and
Rothman (2) and Johnson et al. (3). Allred (4) took new isothermal
data with increased accuracy, but his results also suffered from
interfering heat-transfer dynamics. Weitkamp and Gutberlet (5) used
both isothermal and nonisothermal techniques but covered only low
temperatures and presented no kinetic model,

A frequent characteristic of past investigations is excessive
complexity of the proposed kilnetic models. The works of Fausett
et al. (6) and Johnson et al. (3) belong in this category. A goal of
the present 1lnvestigatlon 1s to keep the model as simple as possible.

One previous 1nvestigation that deserves special attention is
that by the Lawrence Livermore Laboratory (LLL) described in Campbell
et al, (7) and Campbell et al. (8). The LLL group determined retort-
ing kinetics by both isothermal and nonisothermal experiments with
reasonable agreement between the two approaches. However, the LLL
work was directed toward in-situ retorting where heating rates are
inherently low. Low heating rates were found to decrease the oil
yileld below Fischer Assay levels by increasing coke formation. For
small particles, the detrimental effect of slow heating could be
eliminated by sweeping the sample wlth an inert gas implying that the
coking was associated with holdup in a liquld state. Such coking 1is
not of importance in the present investigation where the sample is
well swept, and heatup rates are three orders of magnitude higher than
typical in-situ rates.

The LLL kinetic model predicts that the maximum achlevable oil
yield 1s that of Fischer Assay and that the coke assoclated with
Flscher Assay 1s stoichiometrically related to the kerogen. This
assumption may be appropriate for in-situ retorting, but it is not
applicable to the present conditions where o1l ylelds higher than
Fischer Assay are measured. Consequently, another objective of this
work 1s to extend the kinetics of oil production beyond the Fischer
Assay limit.
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Experimental Technigue - A bench-scale fluidized bed reactor
shown in Figure 1 was used to retort small samples of oil shale parti-
cles. The glass reactor held a bed of inert solids such as glass
beads or sand that was continuously fluidized by a controlled flow of
helium or any other gas. A weighed sample of shale in an amount no
greater than 2% of the bed was dropped into the preheated reactor,
producing a negligible drop in bed temperature. Heat transfer in the
fluidized bed was very rapid, and the volatile products were rapidly
swept out Dby the fluildizing gas. The vapor residence time in the
reactor was typically 3 seconds. A small sample stream was diverted
to a flame ionization detector (FID in Figure 1). The FID produced a
signal proportional to the concentration of total hydrocarbon.
Heteroatom content of evolved products was assumed constant with
time. Since the hydrocarbon concentration dropped to very low levels
at the end of the retorting reaction, the sensitivity of the detector
had to be increased by at least a factor of ten as the retorting pro-
gressed. This increased sensitivity made it possible to record the
full product-evolution curve including the long "tail" which contains
information on the kinetics at high conversion levels. Attempts were
made to use the FID for quantitative determination of volatile hydro-
carbon yields, but the results were of insufficient accuracy. The
area under the curve did, however, give an approximate yield which was
used as an experimental check.

011 and gas ylelds were obtained from another branch of the appa-
ratus shown in Figure 1. The o1l was condensed in a cold trap, and
the gases were collected in a gas cylinder by liquid displacement.

The amount of o1l was determined gravimetrically, and the amount of
hydrocarbon gas was determined from the total volume of gas collected
and the gas composition. The oil was recovered by CS, extraction and
subjected to GC analysls, standardized against n-paraffins. Finally,
to close the hydrocarbon balance, the entire bed consisting of inert
particles and retorted shale was recovered and its hydrocarbon content
determined.

The 0il collection trap shown in Figure 1 proved to be a critical
part of the apparatus. The product oil tends to form a stable aerosol
making it difficult to collect. This problem can be overcome by a
trap design where the condensation occurs under a steep thermal gradi-
ent. The inside wall of the cold trap was kept at 300°F while the
opposite wall was in contact with a bath at 5°F. A thermally induced
outward radial flow promoted film condensation on the cold wall.
Interestingly, this design eliminated aerosol formations when using
helium as the fluidizing gas; but with heavier gases such as argon,
nitrogen, and even methane, aerosol formation still occurred. The
cause of this effect was not investigated, but it could be related to
differences in conductivity between the gases. The selected bath
temperature of 5°F proved practical because no butanes condensed, and
only a small portion of light oil (05—07) was lost to the gas. This
light o1l was accounted for by use of the gas analysis.

Another area of experimental difficulty was gas analysis. At low
temperatures requiring long reaction times, large amounts of helium
were necessary; and the hydrocarbon products were in very low concen-
tration. This difficulty was overcome by recycling the gas back into
the fluidized bed and thereby allowing the hydrocarbon concentration
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to build up. Some oll vapor was undoubtedly recycled increasing the
possibility of thermal cracking.

The shale samples used 1n this work were obtained by screening
from a single bulk sample of Colorado o1l shale (Anvil Point Mine,
courtesy of Development Engineering Incorporated and the U.S.
Department of Energy). The Fischer Assay oll yleld was 10.5% (27.5
gallons/ton) for the larger particles and somewhat lower for the finer
slze cuts, for example, 10.15% for 100 um particles. These and all
subsequent percentages reported in thls paper are on a welght basis.

Yield Results - Experiments were conducted to determine the
effect of oil shale particle size on product ylelds at 930°F. The
ylelds obtalned for particles of slx different sizes are compared with
Fischer Assay ylelds in Figure 2. It 1s apparent that oll yields
higher than Flscher Assay are obtained for small particles; whereas
large particles produce Flscher Assay yield. The incremental oil
produced from small particles is balanced by a decreased coke make
while the gas make remains constant. The o1l yileld appears to have a
limit at about 110% Fischer Assay, but thls may be entirely due to the
limited range of particle sizes Investligated. It is possible that the
01l yleld would increase further for, say, 10-u or l-u particles.
However, particles of this size could not be studled in the apparatus
of this work.

Hot only do smaller particles produce more oil, but there is also
a change in the oil composition. The concentration of 02 + in the
product oll is shown in Figure 3. Increased oll yields are accompan-
ied by increased heavy ends. Hence, the conclusion 1s that the incre-
mental oil obtalned from small particles is of higher molecular
welght.

The effect of retorting temperature on the ylelds obtalned from
O.4-mm particles and the accompanying change in oil composition are
shown 1n Figures 4 and 5. The Important findings here are that coke
yleld is unaffected by retorting temperature and that oil yield is
increased due to decreased gas make at the lower temperatures. This
second finding suggests decreased cracking since Figure 5 shows that a
lighter oil product 1s obtained at the higher temperatures. It will
also be noted that the data set shown in Figure Y4 has some "extra"
cracking 1n comparison with the data of Figure 2. This is due to the
fact that the results of Figure 4 were obtained in the recycle gas
mode where recycling of a small portion of the oil occurred. 1In
general, the gas make was found to be very sensitive to equipment
conditions such as the temperature of the product line leading to the
condenser.

Kinetic Results - The kinetic complement to the yield results
discussed above was obtained from the FID response curve. Integration
of this curve gave the fractional conversion. Figure 6 shows the
results of the particle-size effect experlments plotted as the
logarithm of the fraction unconverted hydrocarbon versus time (the
term hydrocarbon is used here to denote organic matter). It appears
that the results can be described by a pair of first-order processes
since the curves can be approximated by two straight-line segments.

By comparing the slopes of the two segments, the rates of the two
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processes are found to differ by a factor of ten. This is an impor-
tant finding with consequences for the retorting model to be proposed
in a subsequent section.

The small differences between the 1nitial segments of the kinetlc
curves 1s due to differences in heatup time for the different particle
slzes. However, heatup time 1s relatively unimportant even for the
3-mm partlcles because the straight-llne segment extrapolates to only
15 seconds on the time axis. This "experimental" heatup time 1s about
whag one would calculate using a heat transfer coefflclent of 500
W/m® °C.

An Important feature of the results shown in Figure 6 1s that the
slope of the latter segment of the curve changes for particles of
different size. The process corresponding to this segment appears to
be slower for the small particles than for the large ones. Thils unex-
pected characteristic is at first surprising. It 1s, however, a con-
sequence of the different yilelds for different particle slzes shown in
Flgure 2. The yleld differences do not enter the kinetic results of
Figure 6 because the ordinate is normalized by the total hydrocarbon
evolved (this type of plot is required for determination of the rate
constants).

The kinetic and yleld data are combined in Figure 7 for the
O.4-mm and 3-mm particles. This figure shows that the hydrocarbon
evolution 1s essentlally independent of particle size up to 100%
Fisher Asay oil yield. At thls level the oil productlon stops for
large particles, whereas 1t continues for small particles at a reduced
rate,

The effect of temperature on the retorting kinetics 1is shown in
Figure 8 for the l-mm particles. Both processes respond to tempera-
ture but the fast one more so than the slow one.

Table I

Retorting Rate Expressions

Light Hydrocarbon Production:

= cL.ep o~k t
Rate = fl kl CO e 1

Amount = f1°ky*C, (1 - ¥ %)
Primary Heavy 011 Productilon:
= koo ca—(Katk, )t
Rate f2 k2 Co e 2 e

k

Amount = f, E__%—E— Cyl1 - e~ (kp + kc)t]
2 c

Intraparticle Coke Production:

Rate = fp'fy ke Core (Ko ¥ ko)t
k
= . c . (ks + k, )t
Amount fyf, EE_T—E; Co [1 - e 2 ¢’ ']
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Retorting Model - The combined kinetic and yleld data can be

correlated with the retorting model shown in Figure 9. Here kerogen
decomposes into a "light" hydrocarbon product and a heavy intermediate
product, "bitumen." The light product is largely a vapor at retorting
conditions and is, therefore, produced rapidly without significant
secondary reactions. The bitumen, on the other hand, is of high boil-
ing range and remains in the particle for significant periods of

time. It becomes subjJect to two competing processes: (1) heavy oil
production and (2) intraparticle (liquid-phase) coking. The released
heavy o1l 1s further subjected to thermal cracking in the vapor phase

surrounding the particles.
First-order rate expressions are proposed in Table I for the

three principal steps: 1light hydrocarbon production (equals kerogen
decomposition), primary heavy oil production, and coking.

The model accounts for the dramatic change in o0il production rate
which 1s observed. The fast initial rate is governed by the rate
constant ky (first order in kerogen concentration). The latter slow
rate is governed by the sum of the two bitumen reactions, which are
assumed first order 1n the intraparticle bitumen concentration and
have rate constants k, and kc. At the temperatures of interest, ky 1s
much greater than kp, + k, so that the first step of the reaction goes
virtually to completion before there 1s any appreclable conversion of
the biltumen.

Table IT

Light Hydrocarbon Fraction, £y

¢ Light Hydrocarbon
Total Volatlile- Yield, % of Light Hydrocarbon

Particle | Hydrocarbon Yield, Total Volatile Yield, % of
Size, mm % of Kerogen Hydrocarbon Kerogen

3 68.8 90 61.9

2 70.0 87 60.9

1 71.1 87 61.9

0.4 Th4.4 83 61.8

Avg = 61.6

The "stoichiometry" of the kerogen decomposition reaction 1is
given by the product fractions fy, fy, and f in Figure 9. The (H2O,
co, COz) fraction was set equal to that of Fischer Assay because the
fraction of water in the liquid product could not be easily determined
in the yleld experiments. The light hydrocarbon fraction, i, was
determined by a combination of the yield and the kinetic data. The
light hydrocarbon yield as a fraction of total volatile hydrocarbon
was obtalned by extrapolating the slow reaction segments of Figure 6

to zero time and reading the fractions off the ordinate. The results
are shown in Table II. The values of fj obtained for the four par-
ticle sizes are sufficlently constant to Justify an average value of
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61.6%. The stoichiometry is independent of temperature as shown in
Figure 8 where all the slow reactor segments extrapolate back to
approximately the same point on the ordinate, namely 87% light hydro-
carbon. The bitumen fraction, fy, in Figure 9 is obtained by differ-
ence and equals 24%. Hence, f2 is constant with both particle size
and temperature at least in the range of 900-1000°F, Finally, a ratilo
between coke and gas 1n the coklng reactlon of 80:20 was set on the
assumption that the gas yield at 800°F in Figure 4 1s the result of
coking alone. Campbell et al. (8) used essentially the same coke-gas
ratio for a similar reaction in their reaction sequence.

A second source of gas 1is vapor-phase cracking of the heavy oil
released from the particle. Cracking of the light hydrocarbon frac-
tion is also possible; but because 1t occurs to a lesser extent, it
has been assumed to be zero. The kinetics of the cracking reaction
lie outside the scope of the present investigation, but this important
reaction has been studied by Burnham and Taylor (9).

A third source of gas is the 1initial decompositlon of kerogen
itself. The contributlion of each step cannot be determined with the
FID detector because it cannot distinguish between gas and oil.

The kerogen decomposition rate constant, k;, and the bitumen
disappearance rate constant (k2 + k ) are obtained directly as the
slopes of the two straight-line sevments of Figures 6 and 8 (and simi-
lar graphs for the other particle sizes). Figure 10 shows the tem-
perature dependence of these rate constants. It is also seen that ky
is independent of particle size. This implies that there 1is no sig-
nificant resistance to the transport of light hydrocarbons from the
interior of the particle into the bulk of the carrier gas. This con-
dition 1s a consequence of the high vapor pressure of the light hydro-
carbon fraction. Because of the rapid transport out of the particle,
this fraction has no possibility to coke. The bitumen, on the other
hand, 1i1s viewed as a high boilling liquld which can undergo intra-
particle coking. The particle size dependence of (k2 + kc) in
Figure 10 suggests that a diffusional resistance may be important in
the heavy oil production step. Also, the activation energy for the
reactlons governing bitumen disappearance 1is only 22.6 kcal/mole as
compared to 43.6 kcal/mole for the kerogen decomposition reaction.

In order to determine k, and k, individually, the kinetilcally
determined values for the sum (k2 + k ) must be used in consort with
the expression for the coke yleld O. 8 £5° kc/(k2+kc) The calculated
values of the ratlo k, /(k,+k,) together with the kinetically obtained
values of (k2 + ke ) are given in the Appendix. The resulting ko and
k., values show some interesting characteristics: k, 1s independent of
particle size whereas kc is proportional to particle size. Both have
the same temperature dependence because the coke yileld 1s constant
with temperature. The temperature dependence and the particle size
dependence of kc are shown explicitly in Table III.

75




Table III

Rate Constants (Min.,”1)

Kerogen Decomposition:

Ky = 5.78+1012 exp (- 43.6 kcal/mole

)

Heavy 011 Production: R°T
K, = 1.8-10° exp (- 22.6 kcal/mole )
Coking: ¢ R°T
K, = Ay exp (- 22.6 kcal/mole )
R°T
where Ao Particle Size, mm
187102 3
9'105 2
51102 1
3+10° 0.4

Discussion - As part of this investigation, models different from
the one proposed here were considered. One such model of particular
appeal 1is similar 1In structure to the one glven in Figure 9 but with a
pure diffusion process for the heavy oil production. However, this
alternative model is incompatible with some experimental findings: It
predicts lower coke concentratlions on the surface of the particle than
in the interior, whereas milcroprobe results indicate a uniform coke
distribution. Further, this diffusion model predicts zero coke yleld
for Infinitely small particles, whereas the limited amount of data
avallable for small particle sizes suggest a leveling-off of the coke
yleld below a particle size of 0.4 mm.

The approach to PFischer Assay yield structure with increasing
partlicle size 1s accounted for in the proposed model by complete cok-
ing of the bltumen fraction. The model predicts a coke yleld of 19%
of the kerogen when the bitumen 1s completely coked well within
Flscher Assay range. Therefore, fluid bed and Fischer Assay retorting
give different yields for small particles only. The interpretation of
this 1s that 1in a Flscher Assay retort small particles produce the
same amount of coke as large particles because there 1s no sweep gas
to facllitate oll removal from the small particles. The fluid bed
retorting experiments have shown that additional oil can indeed be
produced from small particles.

The proposed model can be compared with both the model of
Allred (4) and that of Campbell et al. (8). Allred's model does not
have the feature of competing parallel reactlions that is essential to
the retorting model proposed here. It does, however, have the inter-
mediate product bitumen which reaches a maximum level almost identical
to the one in this work. Allred postulates that all kerogen decom-
poses into bltumen, whereas biltumen 1in the present work 1s the remain-
der of the kerogen after the light hydrocarbon fraction has been
stripped off.

There are some interesting similarities and contrasts between the
present model and the Lawrence Livermore Laboratory (LLL) model of
Campbell et al.(8) The activation energy of the 1nitial decomposition
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is similar in both models, 48-54 kcal/mole in the case of LLL and

44 kcal/mole here. Bitumen is treated merely as an intermediate in
the kerogen decomposition by LLL; whereas, here it is one of several
decomposition products. Coking steps are included in both models, but
the material involved is different. The coking kinetics accounted for
by LLL only apply to the light hydrocarbon of the present model, and
this coking reaction does not occur here because of the high heating
rate and the sweep gas. The coking considered in the present model
involves the intermediate bitumen product and the coking rate depends
on particle size. Small particles produce less coking and; conse-

quently, oil yields higher than Fischer Assay.

Both Allred (4) and Weithamp and Gutberlet (5) observed the slow
01l production regime. Calculating a rate constant for this slow
production regime at 856°F from the results of the latter investiga-
tors gives a value of 0.12 min."l identical to (ks + kc) of this work.

A practical implication of the results of thls work is that
Fischer Assay yield is probably a practical upper limit for any
retorting process. This work has shown that a very small particle

slze Increases oil yield and decreases coke yield, but long reaction

times are necessary. Low coke ylelds may not be desirable from over-
all heat balance considerations if the coke is to be used as an energy
source for the process. Lowering the temperature also increases oil
yield but at the expense of the gas yield and with the requirement of
long reaction times. Very small particle sizes are uneconomical
because of high grinding costs, and low processing temperatures are
uneconomical because of the large reactor volumes required.

This work has added to the understanding of the very complex
phenomena occurring during oil shale retorting. The simple retorting
model will be useful in modeling product yields from retorting pro-
cesses handling small size particles at high retorting rates.

References

1. Hubbard, A. B., and Robinson, W. E., "A Thermal Decomposition
Study of Colorado 0il Shale," Report of Investigation 4744, Bureau
of Mines, Washington, D.C., 1950.

2. Braun, R. L., and Rothman, A. J., Fuel, 54, 129 (1975).

3. Johnson, W. F.; Walton, D. K.; Keller, H, H.; and Couch, E. J.,
"Quarterly of the Colorado School of Mines," 70, No. 3, 237
(1975).

4. Allred, V. D., Chem. Eng. Progr., 62, No. 8, 55 (1966).

5. Weitkamp, A. W., and Gutberlet, L., C., Ind. Eng. Chem. Process
Des. Develop., 9, No. 3, 386 (1970}.

6. Fausett, D. W.; George, J. H.; and Carpenter, H. C., "Second-Order
Effects in the Kinetics of 0il Shale Pyrolysis," Report of
Investigation 7889, Bureau of Mines, Washington, D.C., 1974.

77




Campbell, J. H.; Koskinas, G. H.; and Stout, N, D., "The Kinetics
of Decomposition of Colorado 0Oil Shale: I. 01l Generation,"
Report UCRL-~52089 Prepared for the U.S. Energy Research and
Development Administration, Lawrence Livermore Laboratory, June
1976.

Campbell, J. H.; Koskinas, G. H.; Coburn, T. T.; and Stout, N. D.,
"011 Shale Retorting: The Effects of Particle Size and Heating
Rate on 011 Evolutlon and Intraparticle 0il Degradation," Report
UCRL~52256 Prepared for the U.S. Energy Research and Development
Administration, Lawrence Livermore Laboratory, April 1977.

Burnham, A. K., and Taylor, J. R., "Shale 011 Cracking.

1. Kinetics," Report UCID-18284 Prepared for the U.S. Energy
Research and Development Administration, Lawrence Livermore
Laboratory, October 1979,

APPENDIX
HEAVY OIL PRODUCTION AND COKING RATE CONSTANTS,
K, AND k, (RATE CONSTANTS IN MIN.7!,
COKE YIELDS IN % KEROGEN)

Particle
Size, mm 900°F | 930°F | 950°F | 980°F | 1000°F
3 ky * kg 0.887 1.04
Coke Yield 16.8 Y
ko/(ky + k)| 0.875 ' ! L
Ko 0.776 0.908
ko 0.111 0.130
2 ky + kg, 0.442 0.545
Coke Yield 15.6 >
ko/(ky + k)| 0.813 ’ ' L,
N 0.359 0.443
k, , 0.083 0.102
1 Ky + kg 0.186 | 0.292 | 0.367 | 0.378 | 0.587
Coke Yield 14.5 —
Ko/ (ky + ko) | 04755 ’ ' L,
K, 0.140 | 0.220 | 0.277 ] 0.285 | 0.443
ko 0.046 | 0.072 | 0.090 | 0.093 | 0.14Y
0.4 ko + Kk, 0.197 0.296
Coke Yield 11.2 >
Ko/ (ky + ko) | 0.583 ' ' ' >
Ko 0.115 0.173
Ko 0.082 0.123
:vlh, kab
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FIGURE 9
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A POSSIBLE MECHANISM OF ALKENE/ALKANE PRODUCTION IN
OIL SHALE RETORTING

A. K. Burnham and R. L. Ward

Lawrence Livermore Laboratory, University of California
Livermore, California 94550

INTRODUCTION

Alkene/alkane ratios have been used extensively as indicators of oil-shale
retorting conditions. Jacobson, Decora and Cook (1) developed a "retorting index"
which relates the ethene/ethane ratio to the retorting temperature. Campbell and
coworkers developed relationships between ethene/ethane and propene/propane
ratios (2), Cy to C1p l-alkene/n-alkane ratios (3), and total l-alkene/alkane
ratios (4) and the Togarithm of the heating rate during retorting. Raley (5)
developed a relationship between the ethene/ethane and propene/propane ratios and
the yield loss in the Livermore combustion retorts. Uden and co-workers (6)
demonstrated the dependence of the Cp to Cg alkene/alkane ratios on the
presence of oxygen during retorting. Fina?]y, Burnham (7) related the
ethene/ethane ratio to the temperature at which shale o0il cracking occurs.

The purpose of the work reported here is to clarify the reaction mechanisms
which determine the observed alkene/alkane ratios under various conditions. When
0il shale is pyrolyzed either isothermally or nonisothermally, the hydrocarbon and
hydrogen- concentrations are all time-dependent. To determine if the alkene-alkane-
hydrogen system is in equilibrium, we have measured the Cy to C3 hydrocarbons
and hydrogen as a function of time for 0il shale heated at a constant rate. We
have alse determined the effect of an inert sweep gas on the time-dependent
ethene/ethane and propene/propane ratios and the integral l-alkene/n-alkane ratios
in the oil. We demonstrate that the CpHy-CoHg-Hp system is not in thermal
equilibrium. We interpret our results in terms of a nonequilibrium free radical
mechanism proposed by Raley (8).

Pyrolysis of both kerogen and shale 0il is basically a process of breaking
larger molecules into smaller molecules. For the alkene-alkane-hydrogen system to
be in equilibrium, the reactions which lead to equilibrium must be faster than
those which produce the smaller molecular fragments. For equilibrium to be
satisfied, the ethene/ethane ratio must satisfy the condition

p

[Csz] x
P P ] eg
|C2”4| “2]

The enthalpy change of 34 kcal/mole (9) for the CyHg plus Hy reaction

requires that the ethene/ethane ratio be a function of temperature with other
conditions constant. Since the equilibrium expression has units of reciprocal
pressure, the ethene/ethane ratio should be proportional to the amount of inert
diluent if the system is at or near equilibrium,

From a more general viewpoint, an alkene/alkane ratio is determined by the
relative rates of production of the alkene and alkane. In the pyrolysis of alkane
moieties via a free-radical cracking mechanism, alkenes are formed by unimolecular
decomposition of free radicals, and alkanes are formed by the free radical
abstracting a hydrogen from another source. For example, ethene is formed from the
decomposition of primary radicals (including ethyl), i.e.,

*"Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore Laboratory under contract number W-7405-ENG-48.
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R-C-C+ » R+ + C=C

and
C-C+ + H+ + C=C

Ethane forms from ethyl by hydrogen abstraction, i.e.,
C-C- + R~ C-C +R-

Simi]ar]y, propene forms from decomposition of secondary free radicals and propyl
while propane forms from propyl by hydrogen abstraction.
The free radical hypothesis leads to two interesting predictions:

(a) The alkene/alkane ratios should depend on total organic concentration
since alkene formation is a unimolecular reaction and alkane formation is
a bimolecular reaction.

(b) The alkene/alkane ratios should depend on retorting temperature
because the activation energies for alkene formation are greater than the
activation energies for alkane formation.

Therefore, both the equilibrium and free-radical hypotheses predict that the
ethene/ethane ratio should depend on pyrolysis temperature and inert diluent.
However, the predictions are quantitatively different and can be tested.

EXPERIMENTAL

The 0il shale used in these experiments was a 22 gal/ton sample of Anvil Points
shale which was ground and sieved to <0.84 mm. Aliquots from 14 to 40 g were held
in a stainless steel can which had a porous frit in the bottom to allow gas and oil
to escape. The sample was heated at a constant rate of 1.0 or 1.50C/min in a
programmable furnace. A constant flow of Ny or Ar entered the system either near
the bottom of the sample can or through the top of the sample can. The former
configuration caused the retorting to occur under autogenous conditions (a
self-generated atmosphere). The latter configuration caused the sweep gas to pass
directly through the sample. Hydrocarbons were detected by a flame ionization gas
chromatograph. Hp, N2, and CO were detected by a thermal conductivity gas
chromatograph. Ice water and dry ice-isopropanol traps preceded the chromatographs.

RESULTS

The rate of ethene and ethane evolution, ethene/ethane ratio and hydrogen
partial pressure (relative evolution rate of hydrogen to total gas) are shown in
Figure 1 for oil shale heated at 1.50C/min under an autogenous atmosphere. The
ethene/ethane ratio reaches a first minimum before the peak C2 evolution rate.
It then increases slightly before reaching a second minimum about 5400C. More
pronounced results for the propene/propane ratio at 1°C/min are shown in Figure
2. We are able to combine the ethene/ethane ratios with the hydrogen partial
pressures to demonstrate that the ethene-Hp-ethane system is far from thermal
equilibrium under these conditions (typica%]y 100 times too much ethene).
Therefore a nonequilibrium explanation of the observed alkene/alkane ratios is
required.

To form an alkane by the free-radical mechanism, there must be a source of
reactive hydrogen. If this source is constant, the ethene/ethane ratio would
increase continuously with temperature. However, the compositions of the gas and
the solid are continuously changing which makes the problem more difficult. The
first minimum in the ethene/ethane ratio occurs prior to the maximum in oil
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evolution but near the temperature of a maximum in HES evolution (10). HpS is

a good donor of hydrogen to free radicals (11). Perhaps the second ethene/ethane
minimum occurs because of a new source of reactive hydrogen in the char. The
maximum rate of Hp evolution from secondary char pyrolysis (2) occurs at about
the same temperature as the second minimum observed in the alkene/alkane ratios.

The free-radical mechanism also predicts that the ethene/ethane ratio should be
increased by the addition of inert diluent. This effect is demonstrated in
Figure 3. The addition of an inert sweep causes both the instantaneous values
above 4500C and the integral values of the ethene/ethane ratio to increase. The
integral value of the ethene/ethane ratio increased from 0.21 under autogenous
conditions to 0.29 in the slow sweep experiment and to 0.33 in the fast sweep
experiment. A value of 0.34 for the ethene/ethane ratio is obtained by
extrapolating the ethene/ethane ratios of the two sweep experiments to zero sample
size/sweep rate.

The 1l-alkene/n-alkane ratios in the oil as measured by capillary column GC/MS
also increase with the addition of inert diluent as shown in Figure 4. This effect
as well as the previously demonstrated dependence on heating rate is consistent
with a free-radical mechanism. However, the alkene/alkane ratio in the presence of
a sweep seems to show an even-odd dependence for reasons which we do not presently
understand.

DISCUSSION

The general observation that temperature and inert diluent affect the
ethene/ethane ratio is useful for correlating various data in the literature. An
Arrhenius plot demonstrating the dependence of the ethene/ethane ratio on both
temperature and sweep gas is given in Figure 5. In making this plot we used the
temperature of maximum evolution rate as the effective temperature of retorting for
the nonisothermal experiments (7). The ratio from all retorting and cracking
experiments under autogenous conditions (or nearly so) can be described to within
20% by a single Arrhenius expression with an activation energy of 11 kcal/mole.
This energy is substantially lower than the ethalpy of the ethane-Hz-ethene
reaction (34 kcal/mole).

The ethene/ethane ratio from the Bureau of Mines entrained solids retort (12)
lies substantially (2 to 3 times) above this line. We do not agree with the
original interpretation of Jacobson et al (1) that residence time and extent of
secondary cracking causes this effect. We have previously shown (7) that the
ethene/ethane ratio during cracking is not a strong function of residence time at
constant temperature. Instead, the effect is most likely caused by the steam
diluent as outlined in prediction (a) above. To confirm our explanation, we show
the ethene/ethane ratio from the infinite dilution extrapolation of our N sweep
experiments. This point shown as a black circle in Figure 5 is roughly consistent
with an extrapolation of the entrained solids data to low temperature.

These findings have certain implications for the use of ethene/ethane ratios as
an indicator of retorting conditions. The retorting index of Jacobson et al (1)
should work well for retorting under autogenous conditions as in a Tosco or Lurgi
process. It does not work in a retorting process where inert diluent is added.

The case of a combustion retort is more complicated. For particle sizes greater
than about 2 or 3 centimeters, retorting occurs under autogenous conditions,
regardless of sweep, because of diffusion limitations. When oil combustion occurs,
shale 0il cracking also occurs at the interface of the combustion and kerogen
pyrolysis zones. This produces locally high ethene/ethane ratios due to high
temperatures, inert diluent and perhaps oxidative dehydrogenation. The ethene/
ethane ratio at the exit depends on the amounts of C's produced by both kerogen
pyrolysis and shale 0il cracking at the combustion-oil generation interface and the
conditions existing at both locations. Low ethene/ethane ratios produced at low
heating rates when intraparticle coking occurs can be negated by high ratios
produced during oil cracking in the gas stream. Therefore, any empirical
relationship between 011 destruction in a combustion retort and the ethene/ethane
ratio must be used with caution when both coking and cracking occur.
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Figure 3. Effect of inert sweep gas on the time-dependent ethene/ethane ratio for
0il shale heated at 1.50C/min. The sample size and Ny flow rate for
the slow sweep experiment were 28 g and 50 cm3/min. The sample size
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A COMPARISON OF NATURALLY OCCURRING
SHALE BITUMEN ASPHALTENE AND RETORTED SHALE OIL ASPHALTENE

Feng Fang Shue and Teh Fu Yen

Environmental and Chemical Engineering
University of Southern California
Los Angeles, CA 90007

INTRODUCTION

Asphaltene is usually defined as the pentane soluble and benzene insoluble
fraction of crude oil. The molecular structure of this material has not yet been
fully understood. Since asphaltene is generally recognized as the transitional
stage from fossil fuel source to oil products (1,2), knowledge of the molecular
structure of asphaltene is essential to the understanding of its occurrence and
transition.

The majority of the organic material in oil shale is known as kerogen (or-
ganic solvent insoluble fraction). Bitumen (organic solvent soluble fraction)
generally comprises only a small part of the total organic matter in oil shale.
During retorting (thermal cracking), kerogen and bitumen undergo thermal decompo-
sition to oil, gas and carbon residue. According to a number of investigators
(3-5), the mechanism for thermal cracking of the oil shale is by decomposition
of the kerogen to bitumen, gas and carbon residue and subsequently decomposition
of the bitumen to oil, gas and coke. Asphaltene is ubiquitously present in both
the natural occurring bitumen and the retorted shale oil. Very few cases for the
comparison of asphaltene properties are available in the literature (6-8). In
this research, a comparison of the shale bitumen asphaltene and the retorted shale
0il asphaltene has been undertaken to investigate structural changes during ther-
mal cracking.

It is anticipated that information obtained from this type of research will
be helpful for the production and refining of shale oil. The role of asphaltene
and its structure may be an useful indicator toward the severity of temperature
effect during retorting or treatment.

EXPERIMENTS

A Green River oil shale from Anvil Points, Colorado was crushed to 8-20
mesh size prior to solvent extraction or retorting.

A. Solvent Extraction

The shale (130 g) was Soxhlet extracted with 90% benzene: 10% methanol
(300 m1) for 72 hrs. Six sets of Soxhlet extraction were carried out to afford
a total yield of shale bitumen 14.5 g.

B. Shale Retorting

The retort chamber is a cylindrical quartz column which is 47 mm jin diam-
meter and 300 mm in length with a screen of 20 mesh size welded in the bottom.
Heat is transferred to the shale through the quartz wall wrapped with two heating
wires connected to a transformer. A stainless steel sheathed chromel-alumel(type
K) thermocouple is inserted through the side arm and is assembled such that the
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tip is roughly in the middle of the retort. The temperature was raised rapidly to
4259C in one experiment and to 500°C in another experiment over half an hour and
maintained these for three hours. Air enters through the top of the chamber at a
flow rate of 1 ml/sec and moves downward together with the product oil through
the cooling column. The product o0il was collected at the bottom of the retort
into a receiver. The product gas was passed through acid and base traps but was
not collected. The collected 0il was separated from the water phase by extraction
with benzene in a separatory funnel.

C. Isolation of Asphaltene

The asphaltenes were isolated according to the modified procedure (9,10).
A sample of the shale bitumen or retorted shale oil was precipitated with 20-fold
volume of n-pentane. The oil/resin (pentane soluble) fraction was separated from
the precipitate by filtration and soxhlet extraction with n-pentane. The asphaltene
(pentane insoluble, benzene soluble) fraction was obtained by soxhlet extraction of
the residue with benzene. In the following text, these asphaltenes will be abbre-
viated as Bitu, R425, and R500Q representing bitumen asphaltene and asphaltenes
derived from shale oil retorted at 4259C and 500°C respectively.
D. Physical and Chemical Analysis v

The elemental analyses were done by Elek Microanalytical Laboratories, Torrance,
California. A Mechrolab Model 301A Vapor Pressure Osmometer was used to determine
molecular weight. IR spectra were recorded at a concentration of 25 mg/ml in CH2Cl;
using 0.5 mm NaCl cells on a Beckman Acculab 6 instrument. “H NMR spectra were ob-
tained from a Varian XL-100 spectrometer with CD2Cl; as solvent and internal refer-
ence (residue peak at 5.3 ppm). 13C NMR spectra were obtained from a Varian XL-100
unit, with built-in minicomputer, operated at 25.2MHz. For all samples CDCl3 is used
as solvent and internal reference (central peak at 77.2 ppm). A sample of asphaltene
(0.5 g) was dissolved in 2.5 ml of CDClz with 35 mg of Cr(hcac)3 addedto it. To
obtain reliable quantitative results, a delay time of 4 sec after each 35° pulse
and 0.68 sec acquisition time was used in the gated decoupling sequence.

RESULTS

Fractionation of the three samples afforded the asphaltene fraction consitut-
ing 7.3%, 0.39%, and 0.74% by weight for the shale bitumen, shale oils retorted
at 4250C and 5000C respectively.

A. Elemental Composition
Elemental Analysis data for the three asphaltene samples - Bitu, R425, and
R5p00 are presented in Table I.

B. Infrared Spectra

Infrared spectra of the three asphaltene samples are presented in Figure 1
for comparison. A number of well defined bands appear in all three spectra. These
bands are centered at 3600 cm-l attributed to phenolic O-H absorption, 3460 em-1
attributed to pyrrolic N-H absorption, 3180 cm-1 attributed to hydrogen-bonded O-H
or N-H absorption, 2925 ecm~! and 2860 cm~! due to asymmetric and symmetric C-H
stretching, 1800 em~1 to 1600 em-! attributed to carbonyl C=0 stretching, 1400 em-1
to 1480 cm™* attributed to C-H bending and 1375 em-1 attributed to symmetric bending
of the methyl groups. Differences in the absorption intensities of these peaks
among the three asphaltene samples are shown in Talbe II.

c. lunmr Spectra
) Th? proton nmr spectra of Bitu, R425 and Rggp are shown in Figures 2-4. If
contributions from protons associated with hetero-atoms can be discounted, proton
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types in the nmr spectra can be divided into four groups: aromatic protons (Hp),
alpha alkyl protons (Hy ), methyl protons in the gamma position or farther from

the aromatic ring (Hy ) and other alkyl protons representing primarily the methylene
protons which are beta or farther from the aromatic ring (Hz ) (11). Fractional
proton distribution were calculated directly from the integration curves. The sepa-
ration point was chosen semi-empirically for the Hq and Hg bands at 1.9 ppm and for
the Hp and Hy bands at 1.0 ppm from the determination of the band shapes and areas.

Fractional proton distribution of the three asphaltene samples are presented in
Table III,

p. 13C NMR Spectroscopy

Carbon-13 nmr spectra of the Bitu and Rggg samples are presented in Figures
5,6. For the carbon group assignments, we have used the scheme developed by Ladner
and coworkers (12). Carbon distributions derived from the 13C nmr spectra are
presented in Table V. Aromaticities determined directly by 13¢ NMR are 0.24, 0.51,
and 0.60 for Bitu, R4p5, and Rgap respectively.

DISCUSSION

The results of the elemental analysis indicate that asphaltenes derived from
retorted shale oils have smaller H/C ratio and smaller oxygen and sulfur contents,
but greater nitrogen content than that derived from shale bitumen. It seems that
some of the oxygen and sulfur are eliminated as water and hydrogen sulfide during
the retorting process. It remains unclear (13) whether the greater nitrogen content
arises from incorporation of nitrogen gas from the air or from temperature effect
as suggested by Hill (14) - "Nitrogen in the kerogen is present in molecules of
verg high molecular weight which tend to remain in the shale at temperatures below
8009F."

The retorted shale oil asphaltenes have greater pyrrolic N-H and hydrogen
bonded O-H or N-H absorption than the shale bitumen asphaltene as revealed in the
IR spectra. Band shapes for the carbonyl stretching region of the three samples
also show remarkable differences. Since it is well known that either hydrogen
bonding or conjugation with an olefinic or phenyl group causes a shift of the carbonyl
absorption at lower frequencies, the result seems to indicate a relatively greater
proportion of hydrogen bonded and/or conjugated carbonyl groups for R4z5 and Rgpg
than for Bitu. The CHz/CH; ratio is also increased for Rqpg and Rggg than for Bitu
as measured by absorbance at 1375 em-1,

In combination with average molecular weight and elemental compositions, the
IH nmr data can be used to derive some average structural parameters: aromaticity
(fa) ,degree of substitution of the aromatic sheet (o), number of carbon atoms per
alkyl sustituent (n), ratio of peripheral carbon atoms per aromatic sheet to total
aromatic carbons (Hary/C,y,,), and number of aromatic ring per molecule (Rp) can be
calculated by the modified Brown-Ladner (15) method as described in Eq. (1)-(5).

C/H -Ho/2 - Hp/2 - Hy/3 Hq/2
£= (1) ] = (2)
C/H HA + Hg /2
Hq/2 + Hg/2 + HY/3 Hyrg Hp + Hg /2
n = 3) = 4)
Ha / 2 Car C/H - Ha/2 - HB/2 - Hy/3

. Haru
Car

R=C, ———————— + 1 (5) [ = total number of aromatic carbons

A A 2 A
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in these calculations, it is assumed that each carbon atom alpha to an

aromatic ring carries two protons. The atomic ratio of proton to carbon in the
Hg fraction is also assumed to be 2. The calculated average properties are shown
in Table IV. On the basis of these calculated average properties, the retorted
shale oil asphaltenes have relatively higher aromaticity, lower degree of subs-
titution of the aromatic sheet and shorter alkyl substitutents. Based on these
structural properties, the main reactions occurred in the retorting process are
carbon-carbon bond fission and intramolecular aromatization.

The 13C chemical shift range 168-210 ppm contains carbonyl resonance which
was observed in Bitu but not in R5pQ, suggesting that carbonyl groups are very
likely labile thermally. In the retorting process, the carbonyl groups may be
involved in ring closure by intramolecular Friedel-Crafts acylation and subsequently
reduced by hydrogen generated by aromatization within the system. The absence of
the carbonyl resonance in the 13C nmr spectrum of Rsgg does not prove the absence
of the carbonyl group in this sample, since carbonyl carbons generally have very
long relaxation times and are undetectable by 13C nmr.

The chemical shift ranging from 148-168 ppm contains mainly resonances from
aromatic carbons joined to hydroxylic or etheric oxygen. Both Bitu and Rggg have
the bulk of resonance occurred between 148 and 159 ppm indicating that there are
much more phenols than aromatic ethers since the latter should resonate predominantly
between 159 and 168 ppm. The percentage of phenolic carbon is greater for R5(p
(~2.8% of total carbons) than for Bitu (~ 1.1% of total carbons), which may account
for the greater hydrogen bonding tendency of Rgpg as detected by IR.

In the aliphatic carbon region, the most prominent signal for Bitu is a
sharp peak at 29.6 - 29.8 ppm attributed to nethylene carbons y or further from an
aromatic ring and § or further from the terminal CHz group in n-alkyl chains of
at least 7 carbon long. The area under this peak is 6% of the total aliphatic car-
bons. The total intensity of the 9-22.5 ppm range attributed to methyl carbons
accounts for 40.6% and 16.7% of the total aliphatic carbons for Rspg and Bitu res-
pectively. The result is consistent with a longer average alkyl chain length for
Bitu as calculated by proton nmr.

A comparison of the aromaticity determined by 13¢C and IH nmr reveals that
although the agreement is rather good for Rgpg, the aromaticity determined by 1H
nmr is smaller than that determined by 13C nmr for Bitu. It is likely that since
the aromatic proton (Hp) of Bitu constitutes only a very small percentage of the
total proton, the effect of phenol OH and amide NH to the content of Hp is accentu-
ated. For Bitu, the aromaticity determined by lH nmr is too large because contri-
bution from phenol OH nad amide NH to the Hp content is neglected in the above
calculation. For Rqpg and Rggg, the effect of phenol OH and amide NH is perhaps
compensated by the greater number of methyl substituents and therefore a good agree-
ment in aromaticity is obtained. For Bitu, some of the average parameters would
be in error as a result of the relatively greater contribution of phenol OH and
amide NH to the value of Hy. For instance, fz would be too high, Haru/Car too low
and Rp too large.
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Tabie I. Elemental Compositions of Shale
0il Asphaltenes

Bitu Ra2s Rs00
c 74,53 76.50 78.22
w? 8.86 7.97 7.02
i 2.7 449 5.03
s? 1.80 1.37 1.08
o€ 10.32 8.01 7.1
Ash? 1.78 1.59 0.94
H/C 1.42 1.25 1.08
N/C 0.031 0.050 0.055
s/c 0.009 0.0067 0.0052
o/c 0.108 0.079 0.074
",’l:;;i“ K 1101 461 662
Empirical Cos.6M8.5%2.2%0.6%7.2 Ca0.6M43.9%2.2%.2%.0
Formula C29.8M37.3%.5%0.2%2.4

percent by weight.
by VPO in benzene
by difference

Table III. Fractional Proton Distribution
of Shale 0il Asphaltenes

Proton Type Bitu Ry2s Rsoo
HA 0.046 0.14s 0.179
Ha 0.204 0.337 0.402
Hﬂ 0.525 0.389 0.330
HY 0.225 0.129 0.089
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Table II. IR Absorbance of Shale 0il

Asphaltenes
h:enl_ml:bsr Bitu Ryzs Rsoo
3600 0.06 0.10 0.07
3460 0.08 0.20 0.24
3180 0.10 0.1 0.18
2925 1.76 1.19 0.91
2860 0.88 0.68 0.54
1700 0.61 0.5% 0.38
1650 0.34 0.5¢ 0.61
1600 0.30 0.52 0.63
1440 0.53 0.54 0.54
1375 0.35 0.42 0.53

Table IV. Average Structural Parameters
of Shale Oil Asphaltenes

Bitu Razs Rs00

£ 0.38 0.49 0.57

£, ©° 0.24 0.51 0.60

[ 0.69 0.54 0.53

n 4.31 2.41 1.97
Haru

- 0.56 0.80 0.71
ar

R, 6.8 2.5 a4

R (©F 4.7 2.5 4.5

Calculated according to the aromaticity determined
by uC NMR.




Table V. Fractional Carbon Disbribution of Shale 0il Asphaltenes

Chenical

18-20.5

Assignments Shi ft
Carbonyl 168-210
Aromatic C-0 148-168
Mainly aromatic C-C 129.5-148
Mainly sromatic C-H 100-129.5
CH in alkyl groups (except iso-alkyls) and
naphthenic rings. Ring joining alz. (}l2 37-60
in alkyl groups adjacent to CH.
cuz in alkyl groups not adjacent to Cll (except
Some u Cll2 and an odjacent to terminal CH3
in alkyl groups >°Cy4). CHp in ring joining 27.5-37
ethylene groups @ Cli and CH. B Ol in hydro-
aromatic rings. Naphthenic Cllz.
Naphthenic Gl Shielded o (Hy. 8 CHz in 24.27.5
indan and propyl group B CHjy in iso-propyl. )
Gz adjacent to terminal Gy in alkyl groups
> C4. B Qi in unsubstituted tetralin 22.5-24
structures. CHy on hydroaromatic and naph- .
thenic rirgs.
a Cli not shielded by any adjacent rings 20.5-22.5
or groups.
a iy shielded by 1 adjacent ring or group.

15-18

B CI13 in ethyl proups.

a Qly shielded by 2 adjacent rings or groups
Clls Y or further from an aromatic ring.

1 ! ! I ] ! A
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Percent Transmission

4000 3000 2000

Figure 1. IR Spectra of Shale 0il Asphaitenes
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Figure 2. ‘W NMR Spectrum of Asphaltene From Shale Bitumen(Bitu).
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Figure 3. 'H NMR Spectrum of Asphaltenc From Shale 0i} Retorted at 425 C(Rus).
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Figure 4. 'H MMR Spectrum of Asphaltene From Shale 0il Rerorted at 500° ClRgq)-




1 y 1 i ) S | ] 1 \ 1 . i 1 1 i 1 i
180. 160 140 12a 1aa 80 60 40 20
Chenmical Shift ppm
Figura 5. 33C MMR Spectrum of Asphaltene From Shale Bitumen(Bitu].
L i 1 1 Il 1 | 1 | 1 i 1 1 1 1 1 i L
180 160 140 120 100 8a 60 40 20
Chemical Shift ppo
.
Figure 6. uC NMR Spectrum of Asphaltene Prom Shale 0il Retorted at 500 C(Rsoo).
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THE KINETICS OF OIL SHALE CHAR GASIFICATION

W. J. Thomson, M. A. Gerber, M. M. Hatter, B. G. Oakes

University of Idaho, Moscow, Idaho 83843

INTRODUCTION

During 0il shale retorting, whether it be by in-situ or surface techniques, a
certain fraction of the organic carbon is left behind on the retorted shale. This
“char" contains a significant fraction of the available energy in the raw shale and
can actually supply all the energy for the retorting process for shales assayed at
20 gallons/ton or greater (1). To recover this energy, the char can be burned in
air or gasified in 02-steam environments; the latter in order to produce a low to
medium 8TU gas which can be burned elsewhere in the plant. Consequently we have
been conducting kinetic studies of the reactions of 0il shale char in an on-going
research program under the sponsorship of DOE. Earlier we reported on the results
of our oxidation experiments {2) and here we will report on our work with C02 and
steam gasification of the char.

EXPERIMENTAL

A1l of the gasification experiments were conducted with the same apparatus em-
ployed in the earlier oxidation work and has been described in detail elsewhere (2).
As before, powdered shale samples (200 mesh) of previously retorted cil shale from
the Parachute Creek member in Colorado were suspended from an electrobalance and
placed in a furnace. In this way continuous gravimetric readings were available to
monitor the consumption of the char. The off-gases were analyzed on a Carle gas
chromatograph equipped with a Carbosieve B column. The retorted raw shale assayed
at 50 GPT and was exposed to CO2 pressures as high as 100 KPa and H20 pressures as
high as 75 KP3. Because there was evidence of the water gas shift reaction during
steam gasification, separate experiments were also conducted in order to determine
the rate of this reaction as a function of temperature and concentration of the re-
actant gases.

Since the char reactions can be accompanied by mineral decomposition reactions,
every attempt was made to isolate the pertinent reactions. When studying COp gasifi-
cation the shale was first raised to 900 K in a helium environment in order to allow
irreversible dolomite decomposition to take place. The predetermined C0p2-He mix was
then fed to the reactor and the temperature was raised to the desired value. Since
steam gasification takes place at elevated temperatures (>975K) it was necessary to
first decompose the calcite present in the shale to Ca0. If this was not done, then
calcite decomposition would have occurred simultaneously with steam gasification.
This was accomplished in a helium environment at 950K, a temperature high enough for
calcite decomposition but low enough to minimize char consumption via CO2 gasifica-
tion. A few experiments were also conducted on acid leached shale. Here the shale
was first soaked in either HC1 or H2504 which removed Ca, Fe and Mg in the former
case or converted these elements to their sulfates in the latter. Studies of the
water gas shift reaction were conducted after reacting the calcite with the silica
present in the shale to form inert silicates. For these experiments the shale was i
first decharred in 10% 07 at 700K and then heated to 1150K in one atmosphere of C02
for 12 hours. The presence of CO prevented decomposition of calcite to Ca0 during
this procedure. The shale was then cooled to the desired temperature and various
CO/H20/C02/H2 mixtures were admitted to the reactor.

RESULTS
C0p Gasification. The rate expression given in Equation 2) was found to give a
good correlation of the data, where rcc is the COp-char reaction rate in moles/min.,
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C is the unconverted char in moles, the par.ial pressures are in kilopascals and the
activation energy is in kcal/mole. Althoug there was indisputable evidence of the

0, + C— 200 1)
k, P
e 1 2)
C

T+ K1 PCOZ + Ko Peo

ky = 4.7 x 10% exp [-44.3/RT]

H

Ky = 0.05, K7~ 0.4

inhibiting effect of CO, the value of Kp is, at this time, only an approximation. The
form of Equation 1) explains, to some degree, the results obtained by Burnham (3) who
reported a reaction order with respect to COp of 0.2 ¥ .2. However, the rates pre-

dicted by Equation 1) are about a factor of three less than those measured by Burnham.

Steam Gasification. Steam gasification of the char was found to produce a pre-
ponderance of Hy and COp with only a few percent CO. This is apparently due to
significant water gas shift reaction rates so that steam gasification proceeds accord-
ing to Equations 3) and 4). A separate determination of the rate of Ecuation 3) was

C+ HyO—CO + Hy 3)
C0 + Hy0—COp + Hp 4)
accomplished by initial rate measurements with the result that
Yec K P.S 5)
< - 2 "Hy0

kp =210 exp [-20.6/RT]

As expected, the spent shale prepared by the procedure described above was found to
catalyze the water gas shift reaction and a reaction rate expression is given in
Equation 6).

k p P - 1/K P P
fug = "3 (Peo Ppo - 1/Kg Py, Peoy,) 6)
1+ Kz PCOZ + Kg PHZO
where k3 = 0.25 exp [-19.6/RT]

K3 = 0.028, K4 = 0.05
and Kg is the thermodynamic equilibrium constant.

Equation 6) was found to be valid only for Pcg, > 10KPa. At pressures between
zero and 10KPa, the reaction rate increased with inéreasing Pco,. It is hypothesized
that the sweep gas effects partial oxidation/reduction of the iron present in the
shale and that iron is catalyzing the shift reaction. To test this, oxidation/reduc-
tion experiments of the spent shale were also carried out. The weight changes were
found to approximate those expected from the quantity of iron present and the rates
appeared to be first order with respect to unreacted iron and reactant gas concen-
tration. At 1040K the rate constants for oxi?ation in CO7 and reduction in CO or

Hy were all comparable at about 30 (KPa-min)~'.

The steam gasification rates for acid leached shale were found to be as much as a
factor of five lower than those measured with thermally decarbonated shale. This
is similar to our earlier measurements with char oxidation(1).

Mixed Gasification. A series of experiments were also conducted using various
mixtures of C0p and Hp0 in the sweep gas. The overall reaction rate expressions pre-
viously derived at Lawrence Livermore Laboratories (3,4) as well as those given here
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were numerically integrated in order to provide a basis of comparison between the two
laboratories and to see if isolated kinetic experiments could be used to predict mixed
gasification results.

In general the Livermore results predicted char consumption rates which were much
higher than those observed for mixed gasification runs with Pcg, > 10KPa. The kinetic
results from this work gave reasonable matches to the data at Pgg, < 15 KPa but also
predicted much higher rates at COp pressures greater than 20 KPa. An example of
these results is shown in Figure 1 for a 50-50 mix of COp and H»0 at 980K. In this
case the dashed curve corresponds to the predictions of both laboratories and the
experimental results are shown as data points. The data clearly exhibit a much
lower char consumption rate than predicted. Also shown in this figure are the
predictions assuming that only COp gasification takes place. Surprisingly the
assumption provides a reasonable match to the experimental data and suggests that
the presence of COp is somehow inhibiting steam gasification. If, as suggested by
our char oxidation studies (1), Ca0 acts as a steam gasification catalyst, an ex-
planation for these results can be given. That is, the mixed gasification experi-
ments were conducted on shale which had only been subjected to dolomite decomposi-
tion. Thus, at the initiation of mixed gasification the calcite was still present
in the shale and would not decompose at these temperatures if Pcg, > 10KPa. Since
this would prevent formation of Ca0, there would be no catalytic activity and steam
gasification rates could be anywhere from a factor of 3-10 lower than those measured
in the presence of Ca0 and given by Equation 4).
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The Chemistry of Shale 0il and Its Refined Products

Donald M. Fenton, Harvey Hennig and Ryden L. Richardson

Union 0il Company of California, Science & Technology Division
P.0. Box 76, Brea, California 92621

"0il Shale" is a term used to cover a wide range of materials which are found
in many parts of the United States. The Green River oil shales are particularly
high grade and are the only U.S. deposits having adequate size and availability for
potential commercial value with present technology. The Green River formation con-
tains the equivalent of 1.8 trillion barrels of shale oil. Assuming that only 600
billion barrels or one third of this oil is ultimately recoverable, this would
still be 20 times the U.S. proved crude oil reserves.

The Green River oil shale is a marlstone (calcareous mudstone) that was formed
in shallow lakes about 45 million years ago (1). The climate at this time probably
varied from subtropical to arid. During wet periods these lakes may have been as
large as 75 to 100 miles in diameter.

Sediment, mineral salts, minor plant debris and wind-transported pollen were
carried into the lakes by small local streams, but the majority of the organic
material that is in the oil shale came from colonies of algae that thrived in the
lakes.

The organic matter found in the Green River shales formed in the deeper, cen-
tral part of the lake. Rocks formed under these conditions are characterized by
thin, alternating layers of carbonate and organic matter. The layers vary in thick-
ness from 0.01 to 10 millimeters.

The layers are believed to have been formed by the precipitation of calcium
carbonate in early summer, when the surface water temperature rises, followed by
the seasonal high productivity of algae which occurs in late summer. The heavy car-
bonate minerals were deposited quickly; the organic matter settled more slowly--
which gave an alternation of light and dark laminations.

The typical composition of Green River oil shale is shown in Table 1. The
organic portion of the Green River oil shale is composed of around 0-5% bitumen,
extractable organics, and 95-100% kerogen, unextractable organics. The kerogen is
an organic matrix of high molecular weight, containing on the average several satu-
rated rings with hydrocarbon chains having an occasional isolated carbon-carbon
double bond and also containing, in addition to small amounts of nitrogen and
sulfur, approximately 6% oxygen. There is also the possiblility that considerable
amounts of non-crosslinked, long-chain compounds are trapped in the matrix.

If the nitrogen and sulfur are formally replaced by oxygen, for example by
hydrolysis, then a simple formula weight is 02 H 202, and the weight ratio of
C/H is 7.5. This is about what would be expec eg for algae derived organics,
since algae produce fatty acids in the Cl range as well as other hydrocarbons
such as cartenoids at C 0 It has been sﬁown that the extractable hydrocarbons
from oil shale have a bimodal distribution at C and 029 supporting this con-
tention (2). Strong evidence for the biogenesis of kerGgen was shown when it
was found that the ratio of odd to even number of carbon atoms in the extracted
hydrocarbons was as high as four to one. A ratio of one to one would be ex-
pected from a nonbiclogical source. The higher proportion of the odd number
hydrocarbons would be anticipated if their source was the decarboxylation of
algal fatty acids, since these acids are predominantly even number acids.

An interesting question is: how did these predominantly algal acids become
crosslinked to form kerogen? It can be seen from the kerogen formula that there
are on the average four units of unsaturation, while it is known that under some
conditions algae form fatty acids that are 95% unsaturated, and with some acids,
such as arachidonic, an essential fatty acid, there are four olefinic linkages.

It has also been shown that these polyunsaturated algal acids, under mild heating,
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become crosslinked. It is clear that the unsaturated acids on diagenesis in the oil
shale react to form naphthenes, the cyclic compounds found in kerogen. One reaction
of this type is the Diels-Alder reaction which can occur at mild temperatures (3).

One big advantage of shale oil as compared to coal is the more favorable atomic
composition of kerogen noted in Table 2. The hydrogen content of kerogen is almost
twice that of many coals, and the oxygen content is lower. The sulfur content of
kerogen is similar to that of coal. The nitrogen is higher in kerogen. Conse-
quently, less hydrogen is required to remove the unwanted oxygen, nitrogen and
sulfur, and less hydrogen is needed to bring the carbon/hydrogen ratio down to
values required in liquid fuels such as gasoline, turbine and diesel fuels or heat-
ing oils.

Because of the impervious nature of the oil shale and the chemical nature of
the kerogen, it is necessary to heat the shale to around 250°C (900°F) to thermally
break up the kerogen. Under these conditions, kerogen decomposes to give oil
(65-70%), gas (10-15%), coke (15-20%) and water (2-7%).

Also, during the retorting operation, there is significant loss of oxygen.
About two-thirds is lost as carbon dioxide and about one-third as water. Because
of the loss of carbon dioxide, the C/H ratio has beneficially decreased from 7.8
in kerogen to 7.3 in shale oil.

Some insight into the utility of shale oil can be gained by comparing its com-
position with coal-derived liquids and petroleum crude oil. See Table 3. Two rep-
resentative liquid products from coal are shown: COED product, produced by carboni-
zation or coking, which, like retorting of shale, is a thermal step (4), and a
liquid from the H-Coal process by coal hydrogenation (5). Arabian Light crude oil
is also shown.

Of the two thermally produced liquids, shale o0il has a better (lower) carbon-
to-hydrogen ratio, and a lower specific gravity which indicates the absence of high
boiling aromatic tars. Both have high pour points; shale o0il because of paraffins,
COED liquid because of heavy polyaromatics. The liquid yields per ton of raw
material mined are in the same order of magnitude. The solid residue of shale re-
torting is largely mineral matter, while the solid residue from coal carbonization,
called a char, is a usable fuel containing more energy than the oil fraction. Con-
version of the COED liquid product to transportation fuels, however, is a more
difficult task because of its high tar, lower hydrogen and higher hetero atom con-
tents.

The hydrogenated product from coal, H-Coal liquid, is more aromatic than shale
0il but somewhat comparable in hetero atom content even though a considerable armount
of hydrogen has already been added to the product.

Arabian Light crude is a wider boiling material than crude shale o0il and is
lower in all hetero atoms except sulfur. It has a more favorable carbon/hydrogen
ratio because it contains fewer aromatics and no olefinms.

In the upgrading of crude shale o0il, solids removal is first achieved by
optimal centrifuging, settling and filtering. Next, arsenic removal is achieved
with a catalyst-absorbent.

In the third step, the hydrotreating step, the sulfur, nitrogen, and oxygen
containing compounds are hydrogenated over metallic sulfide catalysts to hydrogen
sulfide, ammonia, water and hydrocarbons. Olefins present in the raw shale oil
are also hydrogenated.

The hydrotreated shale oil (or syncrude) now, save for pour point, resembles
crude oil more closely. The amount of hydrogen consumed is listed in Table 4 either
as the volume of hydrogen per barrel of product or the number of hydrogen atoms
absorbed per hetero atom, that is, nitrogen plus sulfur plus oxygen atoms. The
ratio of 10.8 exceeds the theoretical hydrogen consumption because double bounds
are saturated and hetero as well as other compounds are hydrocracked.

The specific gravity and composition of hydrotreated shale oil are compared
to a syncrude from coal. Note that we have converted crude shale oil to syncrude
with much less hydrogen than would be required for a similar product from coal:
1,350 SCF per barrel compared with 6,000 SCF per barrel or more, and made a higher
quality product, as indicated by the composition and carbon/hydrogen ratio.
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The high pour points, and also high viscosities of the raw shale oil and
of the hydrotreated shale oil, are a cause for concern. It appears that both the
raw shale oil with its high nitrogen content, its high pour point and high viscosity
and the hydrotreated shale o0il with its high pour point may not be suitable for
undedicated (to such oils) pipelines. 1In the absence of dedicated pipelines,
conversion to pipelineable products (gasoline, diesel fuel, jet fuel, etc.) at
or near the retorting site is one alternative. Another is to subject the raw
shale to a coking operation which lowers the pour point and, when followed by
hydrotreating, gives a low-sulfur, low-nitrogen oil of about 45°F pour point.

The hydrotreated shale oil can be doped with a pour point depressant to give a
35 to 40°F pour point oil acceptable in common carrier pipelines.

If the thermal coking has to be used to make a product suitable for common
carrier pipelining, an overall liquid yield loss of 15% to 20% will be incurred.

Shale oil from the retort contains on the order of 10% heavy naphtha, a pre-
cursor to gasoline. When hydrotreating the shale o0il to reduce the nitrogen
content to 1,000 ppm, some additional naphtha is formed. The syncrude will have
close to 147 naphtha which is somewhat gimilar in quality to naphtha from Light
Arabian crude. See Table 5. The octane number of the naphtha is low and will
have to be improved by catalytic reforming. Reforming primarily dehydrogenates
naphthenic rings to form high-octane aromatics, and also cyclizes or isomerizes
low-octane straight-chain paraffins and hydrocracks some of the high-boiling
paraffins. Reforming was developed to upgrade petroleum naphthas and will also
be required for comparable liquid stocks from coal. The relatively high naph-
thene content of shale oil naphtha permits reforming to high-octane gasoline with
only moderate yield loss, compared with Light Arabian naphtha. Naphthas from
coal generally contain aromatic rings as well and so would give slightly better
yields; but, because of the higher number of hetero compounds, lose some advantage.

The Department of Defense is interested in altermative sources of turbine
fuels for military aircraft. JP-4 is the large-volume fuel they require. See
Table 6. Shale oil is well suited for yielding turbine fuels because of its rela-
tively low aromaticity. All specifications for JP-4 are met by separating the
JP-4 boiling range material from crude shale oil by distillation and hydrotreating
that fraction.

Refining of jet fuels from coal syncrude poses more of a problem because of the
high aromatic content.

The diesel fuel fraction from the raw shale oil is too high in sulfur and
olefins and too low in cetane number and storage stability to meet specificatioms.
Product which meets all specifications can be made, however, by hydrotreating
crude shale oil followed by distillation, refer to Table 7. An increasing number
of petroleum crudes also require hydrotreating of the diesel fraction to reduce
sulfur content.

The portion of shale syncrude boiling above the diesel fuel fraction can be
used as a premium low-sulfur fuel o0il or cracked to produce more valuable lower-
boiling transportation fuels such as gasoline, jet and diesel fuels. This fraction
is a better material than the corresponding fraction from crude (such as Arabian
Light), because the shale oil has been upgraded by prior processing: retorting,
which thermally cracked the highest boiling fractions and reduced its carbon resi-
due, and hydrotreating which reduced the sulfur content. The corresponding crude
oil fraction (from Light Arabian crude) still contains 32% (14% of crude) as a
nondistillable asphalt. It is difficult to use as boiler fuel because of its 2.75%
sulfur content. It is often utilized by blending it in bunker fuel or by converting
it to acceptable distillate fuels by coking followed by hydrotreating.
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TABLE 1

TYPICAL COMPOSITION OF
GREEN RIVER OIL SHALE

(25 Gal/Ton

Kerogen Content 15 W7 Shale 0il)
Kerogen Composition: Wtz
Carbon 80.5
Hydrogen 10.3
Nitrogen 2.4
Sulfur 1.0
Oxygen 5.8
100.0

Simple Chemical Formula
(Sulfur & Nitrogen
Replaced by Oxygen)

C20M320;

Mineral Content 85 Wt7%
Carbonates 48.0
Feldspars 21.0
Quartz 15.0
Clays 13.0
Analcite & Pyrite 3.0
100.0
TABLE 2
KEROGEN VS COAL
Weight Percent
Kerogen Coal
Bit Subb Lignite
Moisture and Ash Free
Carbon 80.5 78.8 73.5 72.5
Hydrogen 10.3 5.7 5.3 4.9
Oxygen 5.8 8.9 19.7 20.8
Nitrogen 2.4 1.4 1.0 1.1
Sulfur 1.0 5.2 0.5 0.7
C/H Ratio 7.8 13.8 13.9 14.8
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TABLE 3
CRUDE SHALE OIL,

COAL LIQUIDS, CRUDE OIL

Crude Arabian
Shale Coal Liquids Light
0il COED* H-Coal Crude
Gravity, Specific 0.92 1.13 0.92 0.85
°APL 22.2 -4 23.0 34.7
Boiling Range, °C 60-540 - 30-525 5-575+
Composition, Wt%
Nitrogen 1.8 1.1 0.1 0.08
Sulfur 0.9 2.8 0.2 1.7
Oxygen 0.8 8.5 0.6 -
C/H Ratio 7.3 11.2 8.1 6.2
Pour Point, °F 60 100 <5 -15
Viscosity, 100°F, SUS 98 133 - 44
Hydrogen Added
Scf/Bbl Product 0 0 6000 0
WtZ 0 0 10 -
Yield, Gallons/Ton 25-35 30-48 60-90 -
*COED: Char 0il Energy Development
TABLE 4
HYDROGEN REQUIREMENT TO
HYDROTREAT SHALE OTL
Hydrotreated
Shale 0il H-Coal
Hydrogen Consumption
Scf/Bbl Product 1350 6000
Atoms/Atom Hetero 10.8 -
Wt%Z Product 2.4 10
Gravity,
°API 34 23
Specific 0.86 0.92
Pour Point, °F +80 <5
Viscosity, 100°F, SUS 55 —
Composition, Wt%
Nitrogen 0.08 0.01
Sulfur 0.002 0.2
Oxygen - 0.6
C/H Ratio 6.5 8.1
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TABLE 5

SHALE OIL PRODUCTS VS PETROLEUM PRODUCTS
NAPHTHA (GASOLINE PRECURSOR)

Light Arabian Exxon

Naptha From: Shale 0il* Crude Donor Solvent
Boiling Range, °C . 70-205 25-190 70-205

50% Point, °C 154 : 123 177
Yield, VolZ% Crude 13.6 26.7 10
Gravity, °APIL 51.6 63.0 30

Specific 0.77 0.73 0.88
Sulfur, ppm 9 320 4700
Nitrogen, ppm 34 - 2100
C/H Ratio 5.9 5.7 7.8
Octane Number

Research, Clear 32.5 38.3 -

+ 3 ml TEL 61.9 63.6 -
Composition, wt?

Paraffins 45 75 22

Naphthenes 44 14 42

Aromatics 11 11 36

*From shale o0il which has been hydrotreated to reduce sulfur to 530 ppm.
1350 scf H, consumed per barrel of crude shale oil.

2
TABLE 6
SHALE OIL PRODUCTS VS PETROLEUM PRODUCTS
TURBINE FUEL

Source JP-4 From Typical
Shale 0il JP-4

Boiling Range, °C 100-240 60-240

50% Point, °C 182 143
Gravity, °API 51.9 54

Specific 0.77 0.76
Sulfur, ppm 5 350
Freeze Point, °C <-60 -62
Aromatics, Vol% 3.0 12.3
Smoke Point, mm 40 27.5
Thermal Stability, JFTOT

at 260°C

Pressure Drop, mm Hg 0 0.2

Preheater Deposit Code 0 1
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Source
Boiling Range,
Yield, VolZ%

Gravity, °API
Specific

Sulfur, ppm
Nitrogen, Wt7
Pour Point, °F
Cetane Number

Viscosity, SUS

TABLE 7

SHALE OIL PRODUCTS VS PETROLEUM PRODUCTS

DIESEL FUEL

Diesel Fuel
From
_Shale 0il

°C 200-360

@ 38°C 37.2
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Introduction

While substantial quantities of only a few experimental synfuels have been
generated, those which are available have demonstrated the degradation problems
that were predicted from work with petroleum. The high heterocatom and unsaturate
content of syncrudes derived from shale and coal will necessitate closer attention
to processing parameters required to produce a commercially viable product. This
paper presents basic and applied data which should aid in the tradeoff decisions
between further costly processing and product stability.

Degradation Mechanisms

Considerable work has been published on degradation mechanisms for compounds
found in petroleum (1-4). Much of the previously reported research involved pure
compounds in pure hydrocarbon solvents. The work reported here was performed with
additive-free #2 diesel fuel or JP-8, both of which are middle distillate fuels in
increasing demand.

Relative results for a variety of nitrogen compounds are displayed in Figure 1
according to sediment formation during accelerated storage stability tests. Alkyl
substitution on the a-carbon has an obvious deleterious affect, with the most
severe occurring with five-membered ring compounds.

While the reactivities of single compounds are of interest, a more realistic
test would include several compounds in order to study interactive effects. As an
example, Table 1 presents results from a binary mixture in diesel fuel in which an
obvious interaction has occurred after 56 days at 110°F. If trioctylamine had
been tested only by itself in #2 diesel fuel, it would have been labeled innocuous.
However, in combination with dimethylpyrrole there is evidence for a synergistic
effect. Additional studies currently underway also include sulfur and oxygen
compounds.

The effects of storage temperature on sediment formation were studied using
2,5-dimethylpyrrole as the model compound. Arrhenius plots for both #2 diesel and
JP-8 are shown in Figures 2 and 3. The fairly linear plots permit estimation of
apparent reaction activation energies of 10.7 kcal/mole in #2 diesel and 14.4
kca]?mole in JP-8. These are rather low and suggest some catalytic effects are
involved.
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Synfuel Test Results

When reviewing the test results from actual synfuel samples, one must con-
sider the source and history of the samples. For example, Table 2 shows typical
properties for the same shale oil jet fuel before and after additional hydrotreat-
ing. Much of this difference in stability can be traced directly to heteroatom
contents. Table 3 compares the elemental composition of two synfuels and of the
gum produced after aging. The tendency for nitrogen, oxygen, and sulfur compounds
to preferentially participate in the degradation reactions is obvious.

In some applications, thermal degradation can be more of a concern than stor-
age stability. Table 4 presents data on several middle distillate synfuels as
compared to a petroleum-based fuel. The tube deposits from the Jet Fuel Thermal
Oxidation Test (ASTM D3241) are significantly higher for the synfuels, but the
pressure build-up is normal except for one case. This indicates either rapid reac-
tions at the hot surface or slow agglomeration. 1In either case, the deposit level
demands further study.

Conclusion

A1l information published to date implies that the production of stable syn-
fuels is possible but will require refining processes altered from those now re-
quired for petroleum. Stability research is currently focussing on both basic and
applied considerations, and the results are encouraging. By continuing these
efforts, it is hoped that stability will not be the limiting factor in providing
adequate future fuel supplies.
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Table 1. Interaction Between 2,5-Dimethylpyrrole (A, 150 ppm) and
Trioctylamine (B, 1350 ppm) in #2 Diesel!

Presence of Compound A

No Yes
o
=9 0.5 61.8
o >
3
8
£
o
(&8 ]
G-
o
s3]
(&}
=
a
e 0.5 131.8
a.

56 Days at 110°F

! Sediment given as mg/100 ml fuel.

Table 2. Upgrading Effect on Composition and Stability of Jet Fuel
From Shale 0il

Properties Original Upgraded
Sulfur, total, wt-pct 0.015 0.005
Carbon, wt-pct 86.2 85.43
Hydrogen, wt-pct 13.32 14.42
Oxygen, wt-pct 0.28 0.05
Nitrogen, ppm 1500 3.2

Total gum after 32 weeks
at 110° F, mg/100 ml 6.4 1.8
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Table 3. Elemental Analyses of Gums and Fuels

Middle Distillate, SRC II

(wt-pct)

Kerosene, Tar Sands

Solubl

Gum _Composition Gum

75.60
6.65
5.46

10.99
0.67

no=Z2xTo

Original Fuel

no=ZxTo

e

Insoluble
Gum

73.10
6.57
6.12

14.12

<0.01

86.28
9.05
0.98
3.36
0.32

Soluble
Gum

83.52
8.41
Trace
7.34
<0.01

87.05

12.42
0.0004
0.30

Table 4. JFTOT Evaluations by ASTM Test Method D3241 Conducted
for 2.5 Hours at 260°C Control Temperature

JFTOT Ratings

Spun  Spot

Description Visual Tube Deposit AP, mm Hg/Time, Minutes
Paraho shale o0il, JP-5 4 24.5 34.5 1/30 1/90 1.5/150
Tar sands, JP-5 4 15 17 0/30 0.5/90 0.5/150
COED coal liquid, JP-5 4 12 24 2/30  76/90 197/150
Paraho shale 0il, Jet A(#4) 3 15 18 1/30 1/90 1/150
Paraho shale o0il, Jet A(#23) 4 17 19 0.5/30 0.5/90 0.5/150
Paraho shale oil, Jet A(#10) 4 30 35 1/30 1/90 1/150
Petroleum based, JP-5 1 4 6 1/30 1/90 2/150
Paraho shale oil, DFM 3 1.5 19 0/30 0/90 0/150

113



UOL]BUOS JUSWLPBS UO $3D9443 [BANIONULS

€uo

SH% ‘€HD ‘H = ¥
¥

SSA'DNVH ATIAALLVIZYE

<

*L 94nbi4

H

|
N N
0
mzo/_ N
=
0 O
3T N F N

N
H

H
|
N
mzotA/ \V\omx
nmNo\
o

SNOIYAIATIA ATIIVIAAON

AA SNOTYAIATIA ATONOULS

114



8-dl ut {an4 {asalG ¢# ut

310444d |AYy3aWLQ 40 30Ld SNLuayaay g dunbry 3104aaAd{Ay33WLg 4O 30ld SNLUBYUAy °2 dunbLy
(1-%e) L7000I (-%e) 17000l
S'g vE g€ z¢ I'e o¢ 62 S ve ge 2€ K3 og 62
I [ I | I ! i I I I I !
—oz ERY 2 —oz
—log —0¢
=
o
—or 3 —Jov
~—
—os 4 —0¢
=4
—jo9 —09
m
— 4 -
-
—log . —os8
— 3 —
L]
—oo1 —oo1
S
s
2 40611
—oo2 —{ooe
—oo¢ —joos
40661
—oov —joov
—oos {008
009 009

(29001 /6w) INIWIO3S V1OL
115



THE BENEFICIATION OF GREEN RIVER OIL SHALE BY PELLETIZATION
J. Reisberg

Shell Development Company, P. O. Box 481, Houston, TX 77001

BACKGROUND

Green River shale is a sedimentary, highly laminated, fine textured rock composed
mainly of the minerals dolomite, calcite, quartz, feldspar, clay and frequently,
pyrite. A minor portion, less than 50 percent by weight and averaging about

10 percent, consists of kerogen, a solid organic, highly cross-linked polymeric
substance, polycyclic in nature, with an appreciable hetero-atom content. O0il
shale, unlike tar sands and gilsonite, is largely insoluble in organic solvents.
However, it exhibits a striking tendency to imbibe and swell in the presence of
organic liquids. Kerogen can be converted by pyrolysis to liquid and gaseous fuels
and to a carbonaceous residue.

The high mineral content of oil shale imposes a huge heat demand upon a thermal
upgrading process and calls for very large processing facilities. A reduction in

the mineral content of the feed by an ore beneficiation step can strongly influence
the process economics and may also afford the ancillary advantage of a decreased
volume of contaminated, possibly biologically harmful retort tailings. A process for
the beneficiation of Green River shale was investigated which yields kerogen-
enriched oleophilic pellets and a dispersion in water of most of the mineral matter.
The study was restricted to two shale samples, one consisting of core material from
the Marathon lease and another from the Dow-Colony surface lease.

There exist a number of familiar procedures for effecting mineral separations, includ-
ing sink-float methods based on density differences and froth flotation based on
wettability. Because of the tendency of kerogen to swell and soften in the presence
of organic liquids and thus possibly to mobilize trapped mineral particles, and
because most minerals are water-wetted and thus extractable with water, we investi-
gated a liquid-liquid (oil-water) pelletization wmethod.

Several related procedures for upgrading shales have been described in the litera-
ture. Generally these were developed as an adjunct to chemical analysis of
kerogen — to reduce interference by minerals and to avoid the risk of oxidation of
the organic matter by severe chemical deashing.

A South African shale, Torbanite,(l) was ground with water in a porcelain ball mill.
0il (unspecified) was added in sufficient quantity to form a paste with the organic-
rich fraction and grinding was continued. Mineral matter became suspended in the
aqueous phase and this was discarded. The oily paste was solvent washed, dried and
analyzed. The ash content was reduced from an original value of less than 40 per-
cent to a value of about 10 percent.

A new Brunswick oil shale containing 58 percent mineral matter(z) was processed in a
similar way except that it was preground in a heavy gas-oil prior to the intro-
duction of water. Following a 16-hour grinding period, the dried, enriched material
had a mineral content of 34 percent.

Green River oil shale(3) was treated with 5 percent acetic acid to remove carbonate
minerals prior to grinding in a water, n-octane system. The aqueous mineral sus-
pension was removed and replaced repeatedly with fresh water until no mineral
matter vas observable in the water. Analysis of the residue indicated that the
mineral content was reduced from an initial 75 percent to 16 percent.
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These procedyres resemble the process for coal purification described in 1922 by

W. E. Trent, (%) 1t comprised fine grinding of coal to a 100/200 mesh size, sufficient
to detach the mineral particles from the coal, then agitating with an organic, water
insoluble liquid possessing a "selective affinity" for the coal. The process pro-
duced an "amalgam" of coal and organic liquid and rejected the inorganic gangue as
aqueous slurry.

Recent%gj similar methods have been applied to the separation of tar from Alberta tar
sands.

EXPERIMENTAL
Procedure

The laboratory work described here was performed with two shale samples; one con-
sisted of material from cores taken at a depth of 1830-1860 feet from the Marathon
lease and the second in the form of rock fragments from the Colony mine (Dow
property).

For the beneficiation we used a porcelain ball mill, the 5.5 gallon size with a
1.5-inch type grinding medium (Burundum of cylindrical form). The mill was charged
with 10 pounds of grinding medium, 400-800 ml of water, 100-200 grams of shale
(pulverized earlier to pass through a 100 mesh screen) and 50-100 cc of organic
1liquid binding agent (heptane). The mill was rotated for an hour. Typically, after
about 10 minutes of operation, a kerogen-enriched fraction in the form of discrete
flakes or pellets began to separate. Depending on the density of the binding agent
and the degree of beneficiation, these would either float or sink in the aqueous
suspension of gangue. After a one-hour milling cycle, the aqueous gangue dispersion
was removed and replaced with fresh water. A small sample, 0.2-0.3 grams, of the
enriched pellets was recovered for analysis and the milling operation repeated for
as many cycles as deemed necessary. Both gangue and kerogen-enriched pellets were
dried under vacuum at 70-80°C (see Plate I). The size of the enriched pellets

is a function of the quantity of added organic binding agent. An insufficient quan-
tity of binding agent yields pellets too small for easy separation from the gangue
suspension by means of coarse sieves. An excess of binder results in the formation
of a voluminous, soft kerogen paste which entrains gangue. The optimum condition
described above yields pellets roughly 1 cm in diameter. The kerogen content was
determined as weight loss by plasma ashing. (We used two plasma ashing devices:
International Plasma Corporation, Model 1003B-248AN and LFE Corporation, Low Tempera-
tures Asher, No. LTA-600.) Since the plasma combustion temperature does not exceed
50°C we avoid the mineral decomposition (especially carbonates) encountered during
high temperature combustion.

Results

The results of a typical beneficiation experiment with Marathon lease material is
shown in Figure 1. This entailed four one-hour milling cycles, the aqueous mineral
dispersion being removed and replaced with fresh water after each cycle. Kerogen
contents for both the organic-rich pellets (oleophilic) and the water dispersible
mineral gangue (hydrophilic) are shown. The Figure also shows the results of two
single cycle experiments.

The Marathon sample was obtained from a depth of more than 1800 feet. Since an ore
beneficlation step would be more appropriate for a minable, shallow formation, we
also tested samples from the Dow-Colony (Parachute Creek) mine. Starting with
particles in the 8 to 10 sieve size range, the material was milled in water until

90 percent passed through a 100 mesh screen. Organic binder was added to the aqueous
slurry and the process was continued as described above. Results of duplicate
experiments are shown in Figure 2. The beneficiation obtained with this Dow-Colony
shale is less favorable than that with Marathon lease material.
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Particle Size of Shale Minerals

Analysis of o0il shale surfaces by the scanning electron microscope prior to and
following low temperature ashing reveals that the mineral matter occurs in the
form of fine, discrete particles within a continuous kerogen matrix.

Figure 3 shows size distributions of inorganic mineral particles obtained by low
temperature ashing of unprocessed oil shales. These minerals have mean particle
diameters (50 percent frequency level) of 5-6 microns.

Minerals Distribution and Beneficiation

X-ray diffraction analysis of the products of the beneficiation of Dow-Colony shale
is shown in Table 1. It is clear that the oleophilic extract (pellets) retains or
concentrates the carbonates (dolomite, calcite, aragonite), particularly the
dolomite. The hydrophilic gangue consists mainly of feldspar and quartz. Since
silica, silicates and carbonates, in a clean condition, are water wetted the above
results would indicate that the beneficiation procedure renders at least a portion
of the carbonates oill-wet. The mechanism for the wettability reversal of the
carbonate may reside in the adsorption, by the carbonate minerals, of certain car-
boxylic constituents of the shale - the bitumens. Bitumens are a solvent-extractable
high molecular weight component of o0il shale. They are rich in carboxylic functional
groups - containing about 35 percent of fatty acids, resinous acids, polymer acids
and benzenoid acids(6) (see below). Their dissolution in the added organic binder
would make them accessible to the carbonates. Carboxylic acids are the most commonly
utilized “collectors” for carbonate minerals in froth flotation processes. They
adsorb strongly and decrease the water wettability of calcium carbonate thus facili-
tating its separation from a hydrophilic gangue with the gas phase. Similarly, in the
pelletization process, the action of the adsorbed bitumen constituents on the
carbonate mineral particles renders them largely inseparable from the oleophilic
kerogen. Where pyrite is present, one would expect that, due to its inherent oil
wettability, it too would accumulate in the oleophilic pellets.

Determination of Bitumens

Samples of pulverized Dow-Colony oil shale were extracted both at room temperature
and by Soxhlet refluxing with n-heptane and with toluene. Solvent was stripped
from the extract under vacuum and the acid numbers of the tar-like residual
bitumens were determined. Results for duplicate samples are shown in Table 2. We
note that significant quantities of carboxylic acids are indeed extracted.

Table 1

MINERAL DISTRIBUTION FOLLOWING BENEFICIATION STEPS
DOW-COLONY SAMPLE
(Estimated Weight Percent in Crystalline
Portion — X-ray Diffraction)

Uncreated Kerogen Extract Gangue
(Oleophilic Pellets) (Hydrophilic)
Calcite 10 10 5
Dolomite 65 83 20
Aragonite 5 5 -
Quartz 10 1 20
Feldspar 10 1 52
Dawsonite - - 3
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Table 2
EXTRACTION OF BITUMEN FROM DOW-COLONY SHALE

Solvent Bitumen Recovered Acid Number,

% of Shale MgKOH/gram

Toluene, Room Temp. 0.7 9.2, 9.5
Heptane, Room Temp. 0.9 3.6, 2.6
Toluene, Soxhlet 1.5 12.7, 18.8
Heptane, Soxhlet 1.6 19.2, 13.1

Mineral Contents of Marathon and Dow-Colony Lease Shales

In view of the above, one would anticipate difficulty in upgrading by this method,
shales containing large quantities of carbonate mineral (dolomite, calcite, aragonite)
and/or pyrite (FeSp). 1In Table 3 we show the mineral distributions, determined by
X-ray diffraction, for samples from the Marathon and Dow-Colony leases. The sums of
the weights percent of the carbonates and pyrites in the Marathon samples lie

between 30 and 35 percent whereas in the Dow-Colony samples, they lie between 47 and
80 percent. This supports the finding that superior upgrading is accomplished with
the Marathon lease shale.

Table 3

MINERAL CONSTITUENTS OF MARATHON LEASE
AND DOW-COLONY MINE SHALE SAMPLES
(Estimated Weight Percent in Crystalline Portion)

Marathon Lease Dow-Colony
Calcite - - 10 10 10
Dolomite 35 30 27 40 65
Aragonite - - - - 5
Pyrite - - 10 10 -
Quartz 15 20 12 10 10
Feldspar 15 20 25 15 10
Analcite - - 3 10 -
Dawsonite 20 15 5 - -
Nahcolite 10 10 - - -
Clay - - 5 - -
Unidentified 5 5 3 5 -

THE MECHANISM OF BENEFICIATION

Kerogen, as noted earlier, 1s a polymeric substance that can imbibe large quantities
of organic liquids. This is accompanied by swelling and a slight softening of the
matrix. Such gross swelling, as well as exfoliation, under the influence of
various organic liquids can be observed visually with raw oil shale. We suggest
that this swelling and softening of the kerogen is a key element in the benefici-
ation scheme described here. During the milling process the inorganic mineral
particles are not ejected via a comminution of a brittle matrix (chopped out of the
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kerogen, so to speak) but are instead worked out of the softened kerogen mass by a
deforming and kneading process. The kerogen particles introduced initially become
fused rather than bridged by pendular rings of binding agent as in coal pelletization.
After drying, the gangue disintegrates into its component small particles but the
kerogen pellets dry to a hard brittle mass exhibiting no evidence of the presence of
discrete small particles.

Chemical Additives

In an effort to improve the ore upgrading process - to increase the level of car-
bonate minerals rejection - we studied the effect of chemical additives.

1. Flotation depressants: It was indicated earlier that the release of oil
soluble carboxylic acids may be responsible for the retention of carbonates by
the kerogen-organic binder pellets. Chemical flotation depressants are sometimes
applied to overcome the collecting tendency of fatty acids and thus to increase the
water wettability of the carbonate particles. (7 The introduction of such flotation
depressants, including sodium oxalate, chromium nitrate, copper nitrate, ferric
sulfate and aluminum nitrate failed to improve the beneficiation process described
here.

2. Sodium bicarbonate: Marathon lease samples which exhibit high levels of
beneficiation also contain nahcolite (NaHCO3). The beneficiation process thus
operates at an elevated pH. To investigate the effect of high pH on Dow-Colony
shale, experiments were performed with added sodium bicarbonate and sodium hydroxide.
No improvement in kerogen enrichment was obtained.

3. Surfactants and dispersants: A selection of typical commercial surface
active agents, both anionic and nonionic, were tested to determine whether beneficial
interfacial or wetting conditions could be obtained. These agents included:

Triton X-~100 (nonionic, ethoxylated octyl phenol)

Phuronic F68 (nonionic, ethylene oxide - propylene oxlde
condensation product)

NEODOLS® 25-7, 25-9, 25-30, 25-45 (nonionic, linear primary
alcohol ethoxylates)

NEODOI® 25-38 (anionic, sulfated form of NEODOKD 25-3).

Several dispersants too were checked, including:

Marasperse N22 and CB (lignosulfonates)
Guartec (industrial grade guar gum)

This approach also was unrewarding.

Product Assay

Fischer Assays were performed with samples of Marathon lease material, with both raw
shale and with the beneficiated pellets. Spent shale (char) from the assay was sub-
jected to heat value analysis (Btu content). Results are shown in Table 5.
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Table 5

FISCHER ASSAYS
MARATHON LEASE SHALE

Raw Shale Be;sgiﬁiited
0il, gal/ton 44.3 154.2
011, % by weight 16.6 57.4
Water, gal/ton 6.4 2.5
Water, 7 by weight 2.7 1.0
Spent Shale (char), 74.4 33.0
% by weight
Gas + Loss, 6.3 8.6
% by weight
Btu/lb of char 693 5,352
DISCUSSION

Two shale samples were studied - one from the Marathon lease (cores) and the other
from the Dow-Colony mine. Clearly, the latter is the more relevant to an ore bene-
ficiation process. The result obtained with this material is less favorable than
that achieved with the Marathon cores. Still the increase in kerogen content from
a value of 21 percent for the raw material to 62 percent for the upgraded pellets
represents a rejection of 83 percent of the mineral matter (neglecting a small loss
of kerogen to the gangue). This can mean a sizable decrease in the heat demand of
a retorting process. There may also be an ancillary environmental benefit. The
rejected inorganic gangue contains only a small residue of kerogen, in unmodified form.
This is no more damaging chemically than the original oil shale. The residue, char,
from the retorting of the enriched pellets has a sufficiently high Btu content
(Table 5) and low minerals content to be useful as a process fuel. Its ash would
be free of organic matter and low in silica dust., Thus the returns to the environ-
ment from a process involving ore beneficiation, retorting of the kerogen-enriched
pellets and char burning would be free of organic pyrolysis products.

The laboratory experiments were performed batchwise in small ball mills. A larger
scale operation would call for continuous processing, probably in a rod mill. At
present the procedure does not appear to be economically feasible. A major cost is
that of the initial comminution of the shale. Because the material possesses a
very unfavorable grindability work index, this step requires an excessive power
outlay. Furthermore, the process calls for a large quantity of organic binding
agent, the recovery of which too 1is very costly. Whether means can be devised for
improving the economics must await further investigation.
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RETORTED OIL SHALE DISPOSAL RESEARCH

R. N. Heistand
Paraho Development Corporation
Box A, Anvil Points
Rifle, Colorado 81650

SUMMARY

Although the retorted, or processed, shale represents the
largest by-product from o0il shale retorting operations, results
from detailed studies indicate that it can be managed in an
environmentally acceptable manner. Laboratory and field tests
have demonstrated the following properties: compaction to 1600 kg/m3,
using normal vehicular traffic; cementation strength to 1480 kPa,
using only7retorted shale and optimum water; permeabilities as low
as 1 x 10

tests have shown that dusting, auto-ignition, and leaching pose no

cn/s, using proper handling techniques. 1In addition,

special problems. These research results indicate that properly
managed retorted shale exhibits the properties of a low-grade
cement. Thermal reactions occurring during retorting and the
chemical composition of retorted shale are related to the cement-

like physical properties.
INTRODUCTION

In the quest for alternate energy sources, oil shale appears
particularly attractive because of the large domestic deposits and
because the retorting process produces liquid and gaseous fuels
directly. However, the retorting process also produces large
guantities of retorted shale which could pose a potentially
adverse environmental impact if not disposed of properly. A
mature, million-barrel-per-day oil shale industry would produce

over 125 million Mg of retorted shale during each day of operation.
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During the Paraho operations at the U. S. Department of Energy
Anvil Points Oil Shale Research Facility, the potential problem of
retorted shale disposal was recognized. A seven-stage retorted
shale research program, jointly supported by the U. S. Bureau of
Mines, was carried out using both laboratory and field studies
(Holtz, 1976). Highlights of this retorted shale research program
showed that retorted o0il shale, produced by the Paraho process,
can be effectively compacted and handled to produce strong and
water impervious structures (Heistand and Holtz, 1980). These
desirable properties of Paraho retorted shale are believed due to
the formation of a low-grade cement by thermal reactions which

occur during retorting.

In this paper, the chemistry of Paraho retorted shale, the
nature of the thermo-chemical reactions that can contribute to its
cement-like properties, and the chemistry of the leachates obtained
from permeability studies will be presented. Although civil
engineering information now exists which permits the disposal of
retorted shale in an envirommentally acceptable manner, a better
understanding of the thermal reactions of retorting and the
chemical composition of retorted shale may suggest changes in
retorting operations which would further lessen any possibly

adverse environmental impact.
EXPERIMENT DESIGN

Because the disposal of retorted shale is, ultimately, a
field exercise, this paper will discuss the experimental design
(and data) from field studies which have been carried out.
Laboratory experimentation and data will be used to complement the
results of field studies. Two field studies were carried out
during the Paraho research operations. These retorted shale field
studies included compaction studies and permeabilify, or infil-

tration, studies.
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The field compaction studies were carried out in a relatively
flat area, 2-3 km from the retorting operations (see Fig. 1). The
compaction site, measuring 55 m wide by 120 m long, was divided
into two sections. 1In one section the retorted shale was placed
dry; in the other, optimum water was added before placement. The
material was hauled directly from the retorted shale disposal
system and spread as soon as possible. No problems with dusting
or auto-ignition were noted. The material was spread in 20-30 cm
layers and subjected to various compactive efforts. Approximately
12000 m3 (15000 Mg) of retorted shale was used in these field
compaction studies.

The field infiltration studies were carried out near the
retorting operations. Two shallow ponds were constructed using
techniques developed during the earlier field compaction studies
(see Fig. 2). Both ponds were constructed out of Paraho retorted
shale placed in layers to an overall thickness about 1 m. Both
ponds had sloping sidewalls to obviate wall effects and to
eliminate any wall-bottom interface. One pond was constructed
with dry retorted shale using light compaction. The other pond
was constructed of retorted shale, mixed with optimum water, and
placed using heavy compaction. After construction, both ponds
were filled with water and the infiltration rates were measured

using staff gauges and flows through the drain lines.
RESULTS AND DISCUSSION

Compaction. The field compaction studies confirmed earlier
laboratory studies regarding the effect of compactive effort,
moisture addition, and aging on density and strength. Shown in
Figure 3 is the relationship of compactive effort and added
moisture on the densities of retorted shale. At least three
in-place density measurements were made in each layer. Results
show that densities averaging 1500 kg/m3 can be achieved. The

strength of the compacted retorted shale was measured using




unconfined compression (ASTM 1976). The relationship between this
strength data and added moisture at various seasoning times are
shown in Figure 4. The remarkable strength increase obtained with
the addition of optimum water indicates the occurrence of some
sort of cementing reaction. Further evidence of this cementing
reaction is apparent where the compressive strength gains

with aging. Aging 60 days after the addition of optimum water
produced compressive strengths of nearly 1500 kPa.

Infiltration. Infiltration data for the two ponds are listed
in Table 1. Also listed are in-place and core densities, moisture
contents, and compressive strengths. These data show that Pond I
(high compaction, optimum water) was well-constructed. Densities
matched those achieved in earlier laboratory and field compaction
tests. The strength, measured in a core sample (1480 kPa),
exceeded those achieved during those earlier tests. The field
permeability, as measured by staff gauge, (4 x 10_6 cm/s), when
corrected for initial absorption and normal evaporation,
approaches the value obtained from analysis of the core (6 x 10_7
cm/s). Actual infiltration from the highly compacted pond shows

the permeation rate to be 3 x 10_7 cm/s.

Pond II, receiving only light compaction and no added water,
showed a permeability rate of 2 x 10_4 cm/s. Although the
permeability of this material is quite high, effluents could be
contained in a disposal area using properly-placed, well-construc-
ted material such as used in Pond I. Even though the loosely
compacted Pond I exhibited a high permeability rate, an
additional field experiment indicated that permeability may not
pose a serious problem. After Pond II (light compaction) had
dried thoroughly for several months following the field infiltra-
tion test, a special test was conducted. The surface was sprayed
with 17,400 £ of water to represent a rainfall of 5 cm in 30
minutes. No effluent occurred for nearly one full day. A small

seepage began the second day and continued for two days. Only 7 %




were collected from the drain pipe. Essentially all of the simu-
lated rainfall was lost to absorption and subseguent evaporation.
This indicates that leaching and permeability may not be a
problem for Paraho retorted shale, even when lightly compacted,
because even heavy rainfall will not penetrate the pile to

significant depths.

Chemical and Physical Properties. Paraho retorted shale is

described according to standard soils classification as a
silty-gravelly material (Holt, 1976). A size distribution diagram
is presented in Figure 5. Some of the favorable properties of the
retorted shale is attributed to this size distribution - like a
good aggregate mix, this material has the proper ratio of fines to
larger sized pieces so that the voids between the larger pieces
are filled with fines. This relationship increases density,
promotes strength, and reduces dusting and erosion. The chemical
composition of retorted shale depends on the composition of the
raw shale and the retorting process. The mineral composition of
the Green River shale used in the Paraho operations consists of a
complex mixture of minerals. These include: carbonates (50%),
clays (40%), quartz (8%), and sulfides and others (2%). The
principal carbonate mineral undergoing thermal reactions during
the normal retort conditions are dolomite (CaCO3-MgCO03), or more
properly ferroan (CaCOj3-Fex, Mg)_xCO3) where a portion of the
magnesium is replaced by iron. It is believed that ferroan under-
goes the following chemical reaction during normal retorting
conditions:

(1) Ferroan + Heat = Calcite (CaCO3) + Magnesia (MgO)

+ FeO + CO»

The mean chemical analysis of Paraho retorted shale is
presented in Table 2. Although it is important to know this
chemical composition, it is not helpful in assessing the compo-
nents responsible for the cement-like properties. Much emphasis

has been placed upon the formation of reactive oxides, such as
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free lime and magnesia, from carbonate decomposition. Although
free lime can be formed under laboratory conditions (Heistand,
Jones, Morriss, 1978), it has not been detected in the retorted
shale used in the field studies. Although free lime was not
detected, magnesia (MgO) has been found in Paraho retorted shale.
Sulfur minerals, known to exhibit cement-like properties, have
been found in Paraho retorted shale (Holt 1976). These include:
anhydrite (CaSOy4), bassanite (CaSO4-0.5H,0), gypsum (CaS04+2HZ0) .
These sulfur minerals present in the retorted shale may be there
as a result of the raw shale composition or as a result of
absorption of hydrogen sulfide by the retorted shale. It is
believed that the magnesia and sulfur minerals are responsible

for the cement-like properties of the Paraho retorted shale.

Many studies have been carried out concerning the analysis of
leachates from retorted shale. Results from these studies are
highly dependent upon the procedure that is employed. Listed in
Table 3 are some of the leachate data obtained during the retorted
shale studies. The data show the variations obtained from various
test procedures. For the most part, thebleachate consists of the
major components in retorted shale (see Table 2). As the compac-
tion is increased, the column experiments show that the leachate
concentration is increased, but the total amount leached is
decreased. Also, the leaching diminishes as the leachate is
recirculated which would indicate that leaching should not
proceed to great depths in a retorted shale disposal area.

Batch experiments indicate that about 1 wt% of material is
extracted from the retorted shale; this meets established
engineering standards (Holtz, 1976). Data shown in Table 3
consists of materials which can contribute to salinity, toxic
elements had not been considered. More recently, the U. S.
Environmental Protection Agency has proposed an extraction
procedure to determine hazardous wastes (EPA, 1979). Results
obtained using the proposed EPA extraction procedure are shown in
Table 4 for both Paraho raw and retorted shales. The low
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concentrations shown in Table 4 indicate that these materials are
not hazardous wastes as indicated by the U. S. EPA. These low
concentrations of toxic materials found in leachates from Paraho
retorted shale using the proposed U. S. EPA extraction procedure
would not be increased to hazardous levels if all of these
materials present in the retorted shale (see Table 2) were

solubilized.
CONCLUSIONS

Detailed laboratory and field studies have shown that Paraho
retorted shale can be compacted easily; is not subject to dusting,
erosion, or auto-ignition; and can be handled to create structures
of very low permeability. A basis for these beneficial properties
can be found, in part, by an examination of the chemical and
physical properties of the retorted shale. However, more studies
are needed to further define these chemical and physical
properties. Results from these additional studies can further
reduce the possibility of any potentially adverse impact from

retorted shale disposal.
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TABLE 1

FIELD INFILTRATION ANALYSIS

Moisture, wt%

Density, Bottom kg/m3
Side kg/m3

Strength, kPa

-6
Permeability, cm/sec x 10

TABLE 2

Pond 1
Initial Cores
22.1 18.5
1488 1697
1395
1482
0.3 0.6

RETORTED SHALE COMPOSITION

A. Major Elements
Element
al

Ca

B. Trace Elements
Element
As
B
Ba
cd

132

Wt Element
4.6 Mg
12.6 Na
2.3 Si
1.4 Ti

ppm Element
62 Mo
140 Ni
530 Pb
1 Sb
38 Se
51 Sn

0.02 v

Zn

Pond 2
Initial
0.0

1466

2000

Wts
4.3
2.0
17.3
0.2

ppm
35
35
33



Material

Leachate Volume, 2

PH

Calcium

Magnesium

Sodium

Potassium

Silicon

Sulfate

Chloride

Alkalinity (as CaCOj3)

Arsenic
Boron
Cadmium
Lead
Mercury

Molybdenum

Arsenic
Barium
Cadmium
. Chromium
Mercury
Leéd
Selenium

Silver

TABLE 3

FIELD LEACHATES

Loose Fill

250,000
10.4

mg/L
480
2.6
1,740
161
3
1,112
651
1.9

5.8
1.7

< 0.005
0.07
0.012
1.7

TABLE 4

LEACHATE DATA
EPA EP TEST (RCRA)

< 0.1

< 0.05
<1

14
220

23

30

ppm
ppm
ppm
pPpm
ppb
ppb
ppb
ppb

Compacted

1500
11.4

mg/%
55

1.4
3510
91

3.3
1314
112

3.9
1.7

< 0.005
0.07
0.010
4.3



FIGURE 1
FIELD COMPACTION SITE

FIGURE 2
FIELD INFILTRATION SITE

POND 2 POND 1
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FIGURE 3
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FIGUPE 5
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Effect of Thermal Processing on the Properties of Cold Lake Asphaltenes
Kenneth A. Gould and Martin L. Gorbaty

Corporate Research Science Laboratories
Exxon Research and Engineering Company
P. 0. Box 45, Linden, New Jersey 07036

Introduction

A better understanding of the composition and properties of heavy feeds
such as Cold Lake and Arabian Heavy 0ils is central to the development of
improved upgrading technology. An important question which must be answered
is to what extent these materials are thermally altered during refinery distillation.
These heavy 0ils already contain large percentages of refractory materials such
as asphaltenes, and it would be highly undesirable to increase the amount or
degrade the quality of these components. We have, therefore, investigated the
effect of heat treatment during distillation on the quantity and physical and
chemical properties of asphaltenes. Cold Lake crude was chosen for this study
since it is known to be a thermally sensitive material. Any changes caused by
thermal treatment should, therefore, be more obvious than with a more stable feed.
We report here the results of a variety of measurements made on the asphaltenes
isolated from Cold Lake crude oil and from its vacuum distillation residue. It
should be borne in mind that Cold Lake crude is subjected to the high temperatures
of pressurized steam used in the production process and may conceivably have
already undergone some thermal alteration. The present study, however, is designed
primarily to learn if any further changes might occur during refining.

Background

The question of whether and to what extent asphaltenes are formed or
altered during crude oil handling and processing has remained unresolved. In
one investigation, samples of a Tartar mineral oil distillation residue were
heated for five hours to 163°C and then for another five hours to 400°C to simulate
conditions during distillation.! Both an increase in asphaltene content and a
decrease in asphaltene H/C ratio were observed. In addition, distillation residues
from various other crudes were heated to various temperatures for three hours and
then pentane deasphaltened. It was observed that asphaltene H/C ratios decreased
rapidly above 300°C from 1.1 to 0.6.

Table 11 shows the asphaltene yields obtained by these investigators
after heating maltenes in sealed vials to various temperatures. Although the
conversions were approximately first order at the lower temperatures, they changed
significantly at 450°, the region of technical interest for many refining operations.
Significant formation of new asphaitenes was seen to occur. Deasphaltened maltenes
were also separated by alumina chromatography into a non-aromatic "gasoline"
eluate, a strongly aromatic benzene eluate, and a resinous benzene-methanol eluate.
Pentane insolubles were obtained from all three fractions upon heating at
relatively low temperatures, although the rates were quite different. Resins gave
the highest yields at the fastest rates while the aromatic oils showed about the
same yield, but at a much slower rate. The yield and rate were lowest for the
non-aromatic oils, and their pentane insolubles were mostly toluene insolubles
and pyridine insolubles rather than asphaltenes. The report also claimed that
asphaltenes were formed even at 20° in the absence of air at relatively slow rates.

A study of ths effect of heat on asphaltene decomposition at 350-380°C
in a helium flow systemc resulted in the following observations: ’

1. decomposition was found to be first order in asphaltenes
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2. the percent coke make expressed as a percent of asphaltenes decomposed did
not vary with the extent of cracking implying that the mechanism is independent
of the percent cracking
3. a "20,000 fold increase in surface area" of the asphaltenes via introduction
of carbon black (manner not specified) did not change the reaction rate
4. toluene insolubles were formed in amounts that decreased with increasing
reaction time, implying that these products are intermediates in pyridine insoluble
formation.
These observations led to the proposal of a free radical, chain reaction mechanism.
Aspects of the mechanism include: (1) formation of small radical fragments
which could abstract hydrogen and leave as light products, (2) reaction of
stabilized free radicals (formed by hydrogen abstraction) which could interact
with asphaltenes to form larger and larger condensation products, and (3) formation
of toluene insolubles, i.e. linear condensation products, and pyridine
insolubles, i.e. cross-linked products. These chain reactions could be terminated
by formation of very stable radicals that could not react further.2 This mechanism
is in accord with the conclusions of Speight, who has stated that formation of
paraffins during pyrolysis of Athabasca asphaltenes probably occurs via interaction
of alkyl radicals with hygrogen produced during aromatization and condensation
of polycyclic structures.”® Carbon-carbon bond breaking in these asphaltenes was
found to occur primari]x 8 to aromatic rings.

In other work™, x-ray analysis led to the conclusion that not only did
asphaltene melting point increase with increasing fractional aromaticity, f_,
but thermal sensitivity increased in the same direction. Thus, asphaltenes“with
f. >0.32 were more sensitive and were transformed to a large extent to toluene
iflsolubles after one hour at 375°C. When f. was 0.17 and 0.24, only 18-32%
conversion to toluene insolubles was observéd.
Experimental
Preparation of Asphaltenes - Asphaltenes were obtained by n-heptane precipitation
from either Cold Lake crude or vacuum residuum using typical deasphaltening
procedures. (i.e. One part of residuum was refluxed for one hour with 10 parts
of heptane. The mixture was then filtered and the insoluble asphaltenes washed
several times with heptane and pentane and dried in vacuo at 80°.)
Pyrolysis of Asphaltenes - Pyrolyses were performed using the apparatus shown
in Figure 1.5 The appropriate material was placed in a quartz tube with 24/40
ground joints and a dry ice condenser was attached. After alternately evacuating
and flushing with nitrogen several times, the material was pyrolyzed at the
appropriate temperature for 10 min. Char and 1iquid yields were calculated from
the weights of the pyrolysis tubes and condensers before and after reaction.
Analytical Data - Instrumental analyses and spectra were made on the following
equipment: infrared spectroscopy, Digilab FTS-14 Fourier transform spectrophotometer;
vapor pressure osmometry, Hitachi-Perkin Elmer 115; gel permeation chromatography,
Waters Assoc. 200; nuclear magnetic resonance spectrometery, Varian Assoc. A60
and XL100; thermogravimetric analysis, modified Stanton thermobalance; differential
scanning calorimetry, Perkin Elmer DSC 2; and electron spin resonance spectrometer,
Varian Assoc. Century spectrometer with E102 X band microwave bridge operating
at 9.5 GHz.
Results and Discussion 1-4

The findings discussed above ~ ' indicate that changes in asphaltene
quality and quantity during thermal treatment depend strongly on both the origin
of the 0il and the severity of the treatment. This means that specific questions
concerning stability can only be answered via studies on the particular oil at
the particular conditions of interest.

138



To provide raw material for this comparative study of untreated and
heat-treated oils, asphaltenes from Cold Lake crude {crude asphaltenes) and
from Cold Lake vacuum residuum (residuum asphaltenes) were prepared by n-heptane
precipitation as described in the Experimental Section. The Cold Lake residuum
fraction was prepared by Imperial 0il Enterprises, Ltd. at Sarnia, Ontario,

Canada. The distillation history of this bottoms fraction indicates that the

pot material was subjected to temperatures as high as 314-318° during atmospheric
and vacuum distillation. The length of time at 300°C or higher was about two
hours. This is well in excess of what would be experienced in a pipestill and
should have provided ample time for any decomposition. It should be noted,
however, that since it was possible to maintain the system vacuum at 0.35 mm,

the maximum temperature experienced by the residuum was not quite as high as it
might be during refinery distillation (e.g. ca 370°C).

Table II shows the yields of asphaltenes obtained from several
deasphaltening operations on crude 0il and bottoms. The yields on bottoms were
normalized to yields on crude by correcting for the quantity of distillates in the
crude.

The average percentage of asphaltenes in the bottoms is 10.8% on crude
and is thus slightly higher than the average value of 10.2% for the crude oil.

The 0.6% difference is, however, within the observed experimental variation
of 1.0% and is therefore not considered significant.

The average elemental compositions for several preparations of crude
and residuum asphaltenes are shown in Table III. As can be seen, the two
asphaltenes are quite similar with the differences between them being less than
the typical errors from analysis to analysis. The H/C ratios are almost identical.

Both the number average molecular weights as determined by vapor pressure
osmometry and extrapolated to zero concentration and the gel permeation
chromatographic molecular weight distributions indicate that the crude and residuum
asphaltenes do differ in molecular weight. The VPO results are summarized in
Table IV and comparative GPC traces are shown in Figure 2. As can be seen from
these data, both techniques indicate that the crude asphaltenes have a significantly
higher molecular weight than the residuum asphaltenes. This result is somewhat
surprising since one would not a priori expect thermal cracking at such Tow
temperatures, ~320°C, even with a thermally sensitive crude such as Cold Lake.

This explanation, however, cannot be ruled out. Another possibility which could
account for lower molecular weights in the residuum asphaltenes, side chain
dealkylation, can be eliminated on the basis of nuclear magnetic resonance results
(vide infra). Another possible cause of the molecular weight reduction is thermally
induced dissociation of = = complexes which may help to hold the asphaltenes macro-
structure together.*

The two asphaltenes were also examined spectrometrically by infrared,
nuclear magnetic resonance, and electron spin resonance techniques. Figures 3, 4
and 5 show the results of the IR analysis. [t is immediately apparent that the
two asphaltene spectra (Figures 3 and 4) are quite similar, showing no obvious
qualitative differences. To learn if more subtle differences existed, a difference
spectrum (Figure 5) was generated by computer using the data accumulated for
Figures 3 and 4. This demonstrates that virtually complete cancellation can be
obtained. The only residual absorption of any s{gnificance in this highly
magnified spectrum is the small peak at 2950 cm™'. This may result from traces of
residual solvent or it may represent a very minor difference between the two
asphaltenes.

*Deasphaltening done at higher solvent to oil ratios, i.e. from 20:1 to 40:1,
show similar molecular weight differences between crude and residuum asphaltenes,
implying that the ratio used here, 10:1, did not cause the observed differences. (6)
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In the case of the magnetic resonance characterization, both ]3C NMR
and proton NMR were employed to obtain the percentages of aromatic carbon and
hydrogen. The results are shown in Table V. Although the measured levels of
aromatic hydrogen are within experimental uncertainty of each other, the
difference in aromatic carbon is probably significant. Nevertheless, this
difference is small and indicates that the aromatic carbon contents are qu1
similar. In addition, attempts to discern qualitative differences in the '3C NMR
were in vain. These results imply that very little, if any, dealkylation or
aromatization has occurred during the crude distillation procedure.

Petroleum asphaltenes exhibit two general types of signals when examined
by electron spin resonance techniques. One is the 16-Tine, anisotropic, vanadyl
(V=0 *2) resonance of the solid state while the other arises from unpaired
electrons which are present in the form of relatively stable free radicals. The
crude and residuum asphaltenes were examined by ESR, and the relevant data are
summarized in Table VI.

It is apparent from the chemical shifts (g-values), the hyperfine
coupling constants (A-values) and the linewidths that the free radicals and
vanadyl species are in very similar environments in both samples. It was not
possible to obtain meaningful values for the absolute numbers of spins per gram
for either species, but estimates of the relative concentrations obtained by
measuring peak heights indicate that the vanadyl and free-radical concentrations
do not differ significantly between the two asphaltenes. It thus appears that
heat treatment of Cold Lake asphaltenes to 320° does not alter the nature or
abundance of paramagnetic centers.

Since most of the physical properties of the asphaltenes did now show
any major differences, thermal reactivity was investigated in an effort to
discern any differences which might exist in chemical reactivity. Differential
scanning calorimetry and thermogravimetric analysis as well as rapid pyrolysis
were employed. The only notable features of the DSC analyses were what appeared
to be glass transitions occurring at 175° and 172° for the crude and residuum
asphaltenes, respectively. The TGA curves for the two materials were also
virtually identical, differing by less than one percent volatile matter at any
temperature. Both of these techniques thus indicate essentially no discernable
differences in the two asphaltenes.

Similarly, when the pyrolysis behavior was studied in a rapid heating
unit with a heatup time of one to two minutes, virtually identical residue yields
were obtained.

Summary and Conclusions

The characteristics of Cold Lake crude and residuum asphaltenes have
been compared by a number of instrumental and physical techniques. They were
essentially identical in quality and quantity except that the crude asphaltenes
exhibited higher average molecular weights as well as molecular weight distributions
peaking at higher molecular weights than did the residuum asphaltenes.

The thermal history of these particular residuum asphaltenes is much
more severe in terms of heating time than would ordinarily be the case for a
refinery product from a pipestill since, in the present instance, a pot distillation
was used. It therefore seems likely that refinery asphaltenes should be even
less different from their respective crude asphaltenes than in this investigation,
assuming that pipestill temperatues would be kept below the decomposition temperatures
for the asphaltenes. Furthermore, any differences should be further diminished
in t?e event that a crude which is less thermally sensitive than Cold Lake is
involved.
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Since the Cold Lake crude used in this investigation has been exposed
to the temperature of the pressurized steam used in the o0il production, one
cannot be certain that some thermal changes had not already occurred in the
crude o0il. To study this possibility the properties of cold bailed (i.e.
recovered without steam injection) Cold Lake crude asphaltenes are being investigated
by many of these same techniques and will be described in a future report.
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Table 1{1)

Asphaltene Yields from Heat Treating of Maltenes

T _(°c) Maximum % Asphaltenes t]/2 hr.
350 18 70
400 32 8
450 36 1

Table I1

Asphaltene Yields from Cold Lake Crude and Residuum

Source % Asphaltenes {On Crude)
Residuum 10.6
Residuum 10.9
Crude 9.9
Crude 9.8
Crude 10.8

Table 1I1

Average Elemental Analyses for Crude and Residuum Asphaltenes

Asphaltene Ni v

Source 3¢ %M tN %S (pem)  (ppm)  H/C
Residuum 81.81 7.75 1.42 8.01 329 893 1.14
Crude 82.14 7.65 1.28 7.78 345 935 1.12
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Table 1V

Number Average Molecular Weights
(M) for Crude and Residuum Asphaltenes

Asphaltene Source My Average M,
Residuum 5120
4400
5850 5305
5850

Crude 8250
6120 6955
6850
6600

Table V

Aromatic Carbon and Hydrogen

Contents of Cold Lake Asphaltenes

Asphaltene Source % Cy % H,
Crude 52.0 + 1 13.7 + 0.5
Residuum 50.4 + 1 14.2 + 0.5
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Table VI

ESR Parameters for Cold Lake Asphaltenes

Parameter Crude Asphaltenes Residuum Asphaltenes
Vanadyl:

Ay (6) 174.0 174.4

A (G) 56.3 56.7

9 1.9632 1.9629

9L 1.9837 1.9813

Free Radical:
g 2.00308 2.00307
1inewidth (G) 6.4 6.6
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THERMAL RECOVERY OF OIL FROM TAR SANDS BY AN ENERGY-EFFICIENT PROCESS

K. M. Jayakar, J. D. Seader, A. G. Oblad, and K. C. Hanks

Departments of Chemical Engineering and Fuels Engineering
University of Utah, Salt Lake City, Utah 84112

Oil-impregnated rock deposits, more commonly referred to as tar sands, are
found on every continent except Australia and Antarctica[l). The largest known
deposits occur in northern Alberta, Canada, where two full-scale commercial
plants for producing synthetic crude oil are in operation and two more plants
have been approved for construction. Of the 24 states that contain tar sands
in the United States, Ritzma [2] estimates that about 90-95 percent of these
tar sands lie in Utah. Although the Utah deposits contain only about 25 billion
barrels of in-place bitumen, compared to 900 billion barrels in Canada, as
discussed by Oblad et al. [3], the Utah deposits represent an important poten-
tial domestic source of synthetic petroleum.

Operating plants in Canada employ a hot-water process for recovering
bitumen from tar sands. Although Utah tar sands can be considerably different
from Canadian tar sands with respect to physical and chemical properties [4],
Sepulveda and Miller [5] have successfully processed tar sands from high-grade
Utah deposits with a modified hot-water process that uses high-shear conditions
to overcome the higher viscosity of Utah tar-sand bitumens. More recent work
by Misra and Miller [6] has been successful in processing medium—-grade Utah
deposits. Other methods for processing tar sands that have been studied
extensively [1] include various in-situ techniques and mining followed by
direct coking, solvent extraction, or cold-water separation. Of the other
methods that use mined material as the feed stock, direct coking processes,
generally referred to as thermal recovery methods, appear to exhibit the most
promise as alternatives to hot-water processing because thermal recovery methods
avoid handling of viscous bitumen, recovery of sediment from solutions, and
recovery and recycle of water and/or solvents. In the work presented here, a
new energy-efficient thermal process was developed and applied to tar sands
from three Utah deposits.

THERMAL RECOVERY PROCESSES

The concept of recovering liquid and/or gaseous hydrocarbons from solid
hydrocarbon-bearing materials by thermal treatment has been known for several
centuries [7]. Thermal treatment essentially entails processing at high
temperature. In most thermal processes, the feed material is heated in an
inert or non-oxidizing atmosphere. The mode of heating and the operating
temperature largely determine the type of changes occurring to the feed, which
can include: 1) volatilization of any low-molecular-weight components in the
feed, 2) generation of vapors by cracking reactions, and 3) conversion of part
of the material into coke, by reactions such as polymerization. In the case
of feed materials such as tar sand, which contain a significant amount of silica
sand or other inorganic inert matter that remains substantially unchanged
through the thermal treatment, coke is obtained as a deposit on the inorganic
matter.

Thermal processing can require a substantial input of energy to provide
the necessary sensible, latent, and reaction heats. However, as discussed
by Oblad et al. [3], coke, when produced as above and subsequently combusted,
can generally provide much or all of this energy requirement. Combustion,
referred to by some authors as decoking or burning, is therefore an important
aspect of thermal-recovery methods.

Moore et al. [8] classify thermal processes into two general groups,
direct heated and indirect heated, depending on whether pyrolysis and combus-
tion steps are carried out in one or two reaction vessels. The processes
further differ from each other with respect to fluidized-bed or moving-bed

148



state of solids in each of the two steps. Table I shows a general process
classification scheme that fits most known thermal processes. References
are included in that table. Regardless of the thermal process used, as
discussed in detail by Bunger [4], the synthetic crude oil product cbtained
cannot, in general, be used as a substitute for crude petroleum but must be
upgraded to reduce sulfur and nitrogen contents, average molecular weight,
and C/H ratio.

In all thermal recovery processes, tar sand is subjected to high
processing temperatures, about 450-550°C for pyrolysis, and the residual
coked sand is further heated to about 550-600°C during the combustion step.
At these conditions, an acceptable thermal efficiency can only be obtained
if a significant portion of the sensible heat in the spent sand is recovered
and introduced back into the process. Almost all the processes in Table I
provide for heat recovery from spent sand before it is discarded.

Perhaps the best known fluidized-bed process is the one developed by
Gishler and Peterson [17, 24, 25] in Canada. The process scheme resembles
that of catalytic cracking as used in the petroleum industry. Tar sand is
fed to the pyrolysis or coker bed, where the oil vapor produced is carried by
the fluidizing gas to the product collection system. Coked sand is withdrawn
from the coker and blown by preheated air into the burner where the coke is
burned. A portion of the hot sand is recycled to the coker to supply heat
for the pyrolysis step, with the remainder discarded through an overflow pipe
in the burner bed. Two serious drawbacks of this process, as noted by Camp
[1], are the large recycle of hot sand required and the high energy content of
the net spent sand. Rammler [23] has described the application of the Lurgi-
Ruhrgas process to tar sands. Like the Gishler and Peterson process, it uses
sand as the heat carrier.

DEVELOPMENT OF AN ENERGY-EFFICIENT THERMAL PROCESS

The particulate nature of the mineral matter in most tar sands permits
fluidized processing with several advantages: 1) disintegration of lumps
of tar sand to individual particles upon the pyrolysis of the bitumen;
hence such feeds do not have to be reduced to a small size prior to entry
into the pyrolysis reactor; 2) relative ease of handling solids because
fluidized solids flow through pipes like liquid; 3) high heat-transfer
rates between fluidizing medium and solid particles; 4) nearly isothermal
operation, which permits close control of the temperature of pyrolysis, a
variable affecting product yields, quality, and energy requirements; 5) high
rates for mass transfer between particle surface and fluidizing medium, which
is important for a high rate of feed per unit area without forming agglomerates;
6) accommodation of variations in bitumen content of feed by regulating the
flow of fluidizing gas; and 7) ease of immersion of heat transfer tubes or
heat exchangers in the fluidized beds with accompanying high heat-transfer
coefficients. The last factor is particularly important for the type of
process developed in this study and constitutes the primary reason for the
choice here of fluidized pyrolysis. A fluidized bed recommends itself for
burning coke for essentially the same reasons as for pyrolysis and was used,
therefore, for the process developed here.

Previously developed processes employ various features to accomplish
heat transfer for preheat and pyrolysis. These include 1) preheating the tar-
sand feed, separately from the pyrolysis step, generally to recover heat from
outgoing hot 'gaseous streams; 2) preheating the incoming process gas streams,
generally to recover heat from spent sand or solids residue leaving the
process; 3) transfer of heat from the burner to the pyrolysis reactor in the
form of sensible heat of gases leaving the burner, generally by direct heat
exchange with the contents of the pyrolysis zone; and 4) internal combustion
of coke in the pyrolysis reactor itself with a controlled amount of oxidizing
gas so that only a portion of the hydrocarbons in the pyrolysis zone,
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preferably coke, is combusted; 5) transfer of heat from the burner to the
pyrolysis step by recycle of hot, spent sand as a heat carrier.

Feature 1 has not been shown to be practical because, when preheated,
tar sand becomes soft and sticky, making it impossible to feed by common
feeding devices such as a screw conveyor. Feature 2 can be and generally is
incorporated into most thermal processes. However, a maximum of only about
25 percent of the energy in the hot, spent sand can be recovered by pre-
heating the oxidizing gas for coke combustion. In Feature 3, the amount of
energy that can be carried by gases from the combustion zone to the pyrolysis
zone is relatively small. Feature 4 requires a means for direct heat transfer
between the two zones by conduction, convection, and/or radiation. Unless
this can be accomplished on a large scale with little or no combustion of
bitumen, Feature 4 is not practical. Feature 5 is practical, but excessive
recycle of hot, spent sand is required, thus greatly increasing the required
sizes of pyrolysis and combustion reactors and necessitating large devices
to convey the sand.

another possible means of transferring heat from the coke-~combustion
stage to the pyrolysis stage is by the use of indirect heat exchange not
involving sand or gas. In the process developed in this work, this means
was implemented by incorporating heat pipes to transfer the bulk of the
energy required for solid preheat and pyrolysis from the coke-combustion stage.
A heat pipe, for the purpose here, may be defined simply as a completely
enclosed tubular device with very high effective thermal conductance, which
transfers heat by two-phase circulation of a working fluid [28].

In operation, heat is transferred to one end of the heat pipe, causing
the working fluid to vaporize. The vapor flows to the other, cooler end due
to the pressure gradient set up inside the central vapor core of the heat
pipe. There, the vapor condenses on the tube wall and inside a wick, trans-
ferring heat to the surroundings. The condensate then returns to the warmer
end, thus completing the cyclic flow of the fluid. Because a large amount of
heat can be transferred by a heat pipe, its so-called effective thermal
conductivity can be extremely high. For application to thermal processing of
tar sands, potassium was selected as the working fluid.

The essential features of the reactor system for the new thermal
process developed in the work reported here are illustrated in the simplified
process scheme of Figure 1. Freshly mined and sized tar sand is dropped into
the upper bed of a multi-staged fluidized-bed column. The upper bed is a
pyrolysis reactor, which is maintained at a temperature of generally between
400 and 550°C. Here, bitumen in the feed is cracked and/or volatilized,
leaving a coke deposit on the sand particles. The oil vapors and light hydro-
carbon gases produced are carried off by the inert fluidizing gas to fines-
separation and product-recovery sections, while coked sand flows down by
gravity through a control valve to the burner section of the column where the
coke is burned to generate heat. The burner is maintained at a temperature
of generally between 550 and 650°C. Preheated air is used to fluidize the
solids in the combustion bed and to provide oxygen for combustion. Gaseous
‘products of combustion, mostly nitrogen and carbon dioxide, then flow upwards
to fluidize solids in the upper bed as noted above.

A number of heat pipes, as required by the heat-transfer load, are
placed vertically in the fluidized-bed column such that they extend into the
pyrolysis and combustion beds as depicted in Figure 1. The heat pipes trans-
fer excess heat generated in the burner to the pyrolysis reactor, thus
maintaining the reactor and burner at proper temperatures.

Hot, spent sand leaving the burner flows down through a control valve
to a heat-recovery section, where process air recovers heat from the spent
sand. Additional energy can be recovered from the sand by heat exchange to

produce steam. A more detailed description of the process is given by Seader
and Jayakar [26].
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The new process retains most of the

simplicity of direct-heated processes.

Solids move only downwards by gravity, the equipment is essentially a single

vessel, and there is no recycle of solids.

Most importantly, the heat-

transfer features used--heat pipes, heat recovery from spent sand to preheat
process air, transfer of some heat by combustion gases, and some radiative
heat transfer from coke-combustion stage to the pyrolysis reactor--permit
efficient management of the energy that is within tar sand itself to help

achieve high energy efficiency.

The heat pipes effectively link the pyrolysis

reactor and the coke-combustion stage thermally without necessarily imposing

any other constraints on the process such
tion, or dimensions of the column (except
which is a small fraction of bed volumes).

The basic process as outlined above
and variations can be easily incorporated
overall efficiency and/or to make it more
feeds. Thus, external fuel, recycle gas,
introduced into the burner in the case of

as flow patterns, reactor configura-
for the volume of heat pipes,

is very flexible, and modifications
into it to further improve the
suitable for specific types of

or liquid fuels can be easily

lean tar sands. By providing for

a purge gas stream off the top of the combustion bed, one can adjust the flow

rate of fluidizing gas to the pyrolysis bed.

If desired, after recovery, gas

produced in the pyrolysis bed can be recycled back to that bed and used instead

of combustion gases to fluidize it.

This is very important for lean tar sands

which would otherwise have very low product concentration in the combined exit
gas stream, making product recovery difficult.

LABORATORY TESTING OF NEW PROCESS

A laboratory apparatus was used to demonstrate the new thermal process.

It consisted of a 10-foot-high by nominal

2-inch diameter, two-staged, fluidized-

bed column, a screw feeder for feeding tar sand, a hot cyclone and filter
system for separation of fines from the products, and a product-recovery section
consisting of condensers, phase separators, cyclones, and an electrostatic

precipitator.

A single 0.75-inch-diameter’by 7-foot-long heat pipe extended
into the pyrolysis and coke-combustion beds.

The apparatus was completely

insulated and instrumented with thermocouples, pressure taps, flow meters, and

sampling taps.
heat during startup conditions.

Electrical heaters and a propane burner were used to provide
The equipment was designed to handle a nominal

feed rate of 5 lb/hr of tar sands containing up to 14 weight percent bitumen.
Further details of the apparatus are given by Jayakar [27].

Several problems in solids handling
laborato;y apparatus.

were encountered in operating the

Originally solids were transferred from the pyrolysis
bed to the combustion bed by means of a weir and dip leg.

Because gas tended

to flow up through the dip leg, this system was abandoned in favor of a simple

solids downcomer with a specially designed solids flow-control valve.

Although

this valve permitted proper operation of the bed, it was a recurrent source
of operating difficulty as it tended to stick after a few runs and had to be

dismantled and cleaned every two to four runs.

Flow of solids from the

combustion bed was controlled by a similar valve, which presented no operating

problems.

Tar-sand feed materials were ground
than about 1/4-inch in size.
fines or coal dust prior to feeding. The
it was kept at a nea:s-ambient temperature.

to particles or pieces no larger

Materials tending to be sticky were dusted with

screw feeder did not plug as long as
Run durations were typically one

hour after spending several hours to reach essentially steady-state conditions.

The experimental work was divided into three parts:

fluidization studies

at elevated temperatures, processing of tar sands in the pyrolysis section
without use of the heat pipe, and operation of the complete heat-piped apparatus.
Only typical results of some of the latter tests are reported here.
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A total of 75 runs was made under thermal processing conditions at
near-ambient pressure with tar sands from three different deposits:; Tar Sand
Triangle, Sunnyside, and Asphalt Ridge. Data from representative runs for
feed materials from each of the three deposits are given in Table II. A
complete accounting of all the bitumen in the feed material was generally not
achieved mainly because of difficulties in removing oil product from the
product recovery equipment. Thus, values reported for oil yield are believed
to be low. Based on the best runs, it is estimated that for Sunnyside and
Asphalt Ridge materials, a typical yield structure for near-optimal operating
conditions would be: 70 wt% oil, 10 wt% gas, and.20 wt% coke.

CONCLUSIONS

1. The basic concept of a thermal process using pyrolysis and combustion
stages coupled by heat pipes is workable and eliminates the need to recycle
large amounts of sand.

2. Tar sands containing as low as 8 percent bitumen can be thermally
processed without external energy input to get satisfactory yields of oil.

Tar sand with even lower bitumen content can be processed with good oil
yield if a portion of. the gas or oil products or some cheaper external fuel,
such as coal, can be added to the combustion stage to provide energy.

3. Modifications of the process, such as introducing recycle of gas
and oil, allowing for purge of some combustion gas, etc., can improve the
energy efficiency of the process and the yields of oil and gas.

4. The process developed during the course of this work is simple,
direct, and efficient. It is capable of wide application to processing of
tar sands in Utah, Canada, and perhaps other deposits. Moreover, the concept
of using heat pipes is of even broader applicability in the process industries
in general and in energy-related industries in particular. For example, the
basic processing concepts investigated here may have potential for application
in the processing of 0il shale and coal.
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TABLE I. CLASSIFICATION OF AND REFERENCES FOR THERMAL RECOVERY PROCESSES

Direct Heated Indirect Heated
Moving-bed pyrolysis Cheney et al. [9] Bennett {12]
and. combustion Dannanberg and Berg {13}
Matzick {10] Fitch [14]
Saunders [11]
Fluidized-bed pyrolysis Gifford [15] Gishler and
and combustion Peck et al. [16] Peterson [17]

Nathan et al. {18]
Roetheli {19}
Murphree [20}
Alleman [21}

Fluidized~bed pyrolysis Donnelly et al. [22] No examples known
and moving-~bed combustior

Moving-bed pyrolysis..and No examples known Rammler [23]
fluidized-bed combustion
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TABLE II. LABORATORY RESULTS FOR PROCESSING OF UTAH TAR SANDS

Deposit
Tar Sand Triangle Asphalt Ridge Sunnyside

Run ¥o. 58 67 74
Bitumen Content of Feed, wt% 4.70 11.67 10.56
Tar-Sand Feed Rate, 1lb/hr 3.85 3.90 4.41
Pyrolysis Bed Temperature, °C 475 482 449
Combustion Bed Temperature, °C 603 649 604
0il vield, wt% 49.5 52.7 45.4
Gas Yield, wt% 20.6 15.7 6.2
Coke Yield, wt% 22.0 7.8 17.2
Total Yield, wt% 92.1 76.2 68.8
API Gravity of 0il, 20°C 13.1 15.2 18.2
Viscosity of 0il, cps, 25°C 142 102 291

Heat Pipe

Tar Sand ———

Alr e

Products to
Recovery

Pyrolysis

Combustion

Heat Recovery

Spent Sand

Figure 1. University of Utah Process
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THE REACTIVITY OF COLD LAKE ASPHALTENES

R. C. Schucker and C. F. Keweshan
Corporate Research Science Laboratories
Exxon Research and Engineering Company
P.0. Box 45
Linden, New Jersey 07036

INTRODUCTION

As known reserves of light crudes become depleted, the conversion of
heavy crudes and residua to distillate fuels is becoming increasingly impor-
tant. While reserves of Canadian and Venezuelan bitumen and Arabian heavy
0ils represent vast, largely untapped resources, their usefulness to a large
extent depends on our ability to chemically convert macromolecules such as
asphaltenes and polar aromatics to smaller molecules boiling typically in the
mid-distillate/naphtha range. To optimize the utilization of these feedstocks,
we need a much better understanding of the structure and reactivity of petro-
Teum macromolecules, particularly asphaltenes.

While there has been a significant amount of research done to date to
elucidate structural characteristics of asphaltenes, there apppears to be no
consensus of opinion even on major issues such as the average size of asphal-
tene aromatic units. For example, proposed structures for Athabasca pentane
asphaltenes vary from the twelve-ring naphtho-ovalene structure of Speight 1
to the two-ring sulfur polymer structure of Ignasiak et al.(2}. with this
kind of disagreement regarding crude asphaltene structures, it is easy to see
why little progress has been made in the area of asphaltene reactivity.

Recently it has been reported by Bearden and A]dridge(3) that cer-
tain molybdenum catalysts can substantially reduce coke formation in the hydro-
conversion of asphaltene - containing feeds under thermal cracking conditions.
We have now applied this method to obtain asphaltene fragments in high yields
for characterization of the structure of asphaltenes from Cold Lake crude. The
goal of our work has been to define the major building blocks in Cold Lake as-
phaltenes in order to begin to bring together the concepts of structure and re-
activity. We have approached the problem by carrying out mild, thermal hydro-
conversion reactions on neat asphaltenes and characterizing both reactant and
reaction products in detail. While previous research has concentrated on crude
asphaltenes, we have focused on reacted asphaltenes. By combining structural
and kinetic information obtained in this study, we have been able to postulate
a global asphaltene reaction mechanism which is consistent with all of our ob-
servations.

EXPERIMENTAL

Cold Lake asphaltenes for this study were prepared by precipitation
with n-heptane using a solvent to crude ratio of 20:1. The precipitated as-
phaltenes were separated from the maltenes (n-heptane solubles) by filtra-
tion, then washed with an equal volume of n-heptane and dried at 1009C in
vacuo. Total yield of asphaltenes on crude was 12.6% (by weight). Elemental
composition was measured by routine analytical techniques. Oxygen was measured
directly by neutron activation analysis and not obtained by difference. Num-
ber average molecular weights were obtained by vapor pressure osmometry (VPQ)
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in toluene at 500C. Nickel and vanadium concentrations were measured by
atomic absorption spectrophotometry. Mole fractions aromatic carbon and hy-
drogen were determined directly by pulsed Fourier transform nmr techniques. A
summary of analytical data for the reactant asphaltenes is given in Table 1.

A1l reactions were carried out as batch experiments in tubing bomb re-
actors using either Cold Lake asphaltenes as precipitated or Cold Lake asphal-
tenes impregnated with a molybdenum catalyst which had been previously shown to
reduce coke formation in the hydroconversion of heavy hydrocarbons.(3 In a
typical experiment the reactor was charged with five grams of asphaltenes and
pressurized to 6 MPa with hydrogen. It was then plunged into a preheated, flu-
idized sandbath, held for the desired reaction time while agitating, removed
from the bath and quenched in cold water. The temperature of the reaction mix-
ture was monitored at all times using a thermocouple located in the bomb. Typ-
ical heatup time from ambient temperatures to 95% of reaction temperature was
three minutes. At the end of a run gases were vented through an H2S scrub-
ber into a gas bag. Hydrocarbon gases (Cy-C4) were analyzed by gas chromato-
graphy using flame ionization detection and 1,1-difluoroethane as an internal
standard. Toluene was used to remove the 1iquid and solid products from the
bomb and the toluene solution was filtered to determine the coke (toluene in-
solubles) yield. After removing toluene from the filtrate by vacuum, n-heptane
was added to separate asphaltenes (toluene soluble, n-heptane insoluble) from
maltenes {n-heptane soluble). Coke and asphaltene fractions were dried over-
night at 1009C in vacuo. An overall material balance was obtained by summing
the coke, asphaltene, maltene and gas fractions and for lower severity runs av-
eraged between 97-101%. Further separation of maltenes into resins (polar aro-
matics) and oils was achieved in selected cases by adsorption onto Attapulgus
clay using a modification of ASTM D2007 (clay-gel separation),

RESULTS AND DISCUSSION

The thermal hydroconversion of Cold Lake asphaltenes was studied ini-
tally to provide a basis for evaluation of catalytic effectiveness in subse-
quent work. Series of thermal runs were made at 3359C, 3650C and 4000C and
the reaction products were separated as described previously. Several kinetic
models were tried, but after examining the variability of our data, we decided
on the simple first-order asphaltene decomposition model shown below:

A > aA* + bM (M

where A = weight fraction reactant asphaltenes

A* = weight fraction reacted asphaltenes

M weight fraction maltenes

3,b = stoichiometric coefficients (based on weight)

Rate expressions for total asphaltenes and maltenes were integrated to yield
Equations (2) and (3).
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At = a + (1-a)ekt (2)
M = b(1-e-kt) (3)

Equations (2) and (3) were fit to experimental data using non-linear regression
to obtain values of the first-order reaction rate constants and the stoichio-
metric coefficients at each temperature. The conversion data from the 4000C
thermal run and the best fit of the kinetic model are shown in Figure 1. It

is interesting to note that at the time of incipient coke formation {v60 min-
utes) the asphaltene and maltene data deviate from predicted first-order be-
havior. From this we concluded that both asphaltenes and maltenes were par-
ticipating in secondary coke-forming reactions. Further separation of the
maltenes into resins (polar aromatics) and oils confirmed this to be true and
showed that it was the resin fraction that was involved in coke formation.

The same experiments were run using asphaltenes impregnated with moly-
bdenum. The conversions and best fit of the kinetic model at 4009C are shown
in Figure 2. Previous work(4) had suggested that the molybdenum would sul-
fide and thus be able to activate hydrogen resulting in improved hydrogen
transfer to radical fragmentation products. Increased hydrogen transfer above
the thermal base case would explain the stabilization of resin fragments shown
in Figure 2 and the lower olefin/paraffin ratio in the gas illustrated in Table
2 for the C3 gases.

The temperature dependence of the reaction rate constants obtained
for the thermal and catalytic runs was assumed to follow the Arrhenius rela-
tionship and the resulting plot of these data is shown as Figure 3. As we can
see, the catalyst had no real effect on the activation energy. It did, how-
ever, increase the rate of reaction at all temperatures. Interpretation of
these data, though, is at best somewhat subjective. In complex reaction sys-
tems 1ike these, the measured rate is generally considered to be that of the
slowest or rate-limiting step in the reaction sequence. The low values of the
activation energies obtained strongly suggest that primary bond breaking is not
the rate-limiting step and that some other step such as hydrogen transfer might
be. This is supported by the fact that the observed rate increased under im-
proved hydrogen transfer conditions.

The unique behavior of the asphaltenes in the presence of molybdenum
provided us with an excellent opportunity to look closer at the structure of
the reacted asphaltenes. Since these reactions were carried out neat, maltenes
could be separated and analyzed directly. There were no maltenes initially so
these molecules must at one time have been attached to the reactant asphaltene
molecules. Furthermore, the reacted asphaltenes could also be analyzed to de-
termine what chemical changes were taking place during reaction,

Elemental analysis showed some interesting results with regard to H/C,
sulfur and nitrogen levels. Figure 4 shows a plot of the (H/C) values in the
reacted asphaitenes and the product maltenes. As can be seen, the (H/C) ratio
in the reacted asphaltenes drops continuously while that of the product mal-
tenes rises continuously. The weighted average of the measured asphaltene
and maltene fractions rises slightly indicating the addition of some hydrogen
to the system. This is the kind of behavior that might be expected of an as-
phaltene structure containing a large, hydrogen deficient core to which are
attached smaller, hydrogen-rich molecules. It is not consistent with the
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smaller asphaltene structure proposed by Ignasiak et al.{2) for Athabasca
asphaltenes.

Next the question of sulfur distribution was addressed. Sulfur in
the asphaltene and maltene fractions was measured directly and that in the
gas was obtained by difference. The result for this same series of runs is
shown in Figure 5. What we found was is that approximately 50% of the sulfur
remained in the reacted asphaltene, 28% was found in the maltenes while 22%
wound up in the gas (presumably as H2S). Studies with model sulfur compounds
under the same reaction conditions led us to conclude that the majority of the
sulfur in both the asphaltene and maltene products was either heterocyclic or
an intermediate reaction product from the cleavage of diaryl or alkyl-aryl
sulfide linkages. More easily cleaved bonds such as those in dialkyl sulfides
or disulfides were found to be converted very quickly.

Nitrogen was also measured in the asphaltenes and maltenes and the
results are shown in Table 3. What we found was that, unlike sulfur which is
distributed pretty evenly between the asphaltene core and the peripheral groups,
nitrogen is primarily in the core structure. In addition, during reaction very
little if any of the nitrogen is removed from the system. This suggests that
nitrogen is in predominantly condensed heterocyclic structures in the core with
only about 12-14% existing as smaller condensed nitrogen structures on the pe-
riphery.

Oxygen was measured only in the asphaltenes due to sample size limita-
tions. (Combined results indicated that over 50% of the oxygen was liberated
during these reactions as gaseous species and this is in good agreement with
recently published work of Moscopedis et al.(5) suggesting the presence of
carboxylic acid and aldehyde functionality.

In addition to elemental analyses, number average molecular weights
(Mh) were obtained on both asphaltene and maltene fractions from this series.
The resulting curves are shown in Figure 6. The starting asphaltenes are ob-
served to have a number average molecular weight of 6640 + 120. This decreases
monotonically to an apparent asymptote of 3400. At the same time, maltenes
which are produced exhibit much Tower molecular weights starting at 645 and
decreasing to 415, It is not unreasonable at this point to postulate that the
maltenes, once formed, continue to break down. Here again, the observed varia-
tion in average molecular weight is consistent with the concept that asphal-
tenes have a larger core structure to which are attached smaller {(n1/10 the
size of the core) groups. We are not saying that 3400 represents the mole-
cular weight of the core structure. Experimental nmr and other VPO evidence
points to the contrary. We are saying that at 4000C we have broken all bonds
that can be thermally broken at a reasonable rate and are left with the core
plus peripheral groups attached by much stronger bonds (i.e. biphenyl linkages,
etc.) and some alkyl side chains.

One of the most powerful tools available to us for characterization of
these fractions is nuclear magnetic resonance spectroscopy. Proton and 13C
Fourier transform nmr spectra were run in deuterochloroform on these same as-
phaltene and maltene samples and some of the spectra are shown in Figures 7
and 8. One of the first interesting points we find is _that the asphaltenes
with My = 3400 still have 40% aliphatic carbon. Both 13C and H spectra con-
firm these as predominantly paraffinic side chains although some naphthenic
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character still remains., These side chains need not be connected to the as-
phaltene core since the smaller peripheral gorups are also known to be highly
alkyl substituted. In general we can say that the increase in the fraction

of aromatic carbon and hydrogen during reaction is consistent with (1) the
loss of alkyl side chains, {2) loss of highly substituted aromatic and naph-
thenic groups, and (3) loss of naphthenic hydrogen. We believe that to a cer-
tain degree all of these are occurring but that (2) is the dominant reaction.
We can also say based on subsequent experimental work using n-decyl benzene as
a model alkyl aromatic that under these conditions (4000C, 120 min, 7 MPa

H2) B-scission of alkyl side chains is preferred 20:1 over @.

One maltene sample generated under somewhat milder conditions {3 hrs,
3650C, CoMo/y-A1503) was analyzed by gas chromatogrpphy and the resulting
chromatograph is shown in Figure 9. It is clear that while the vast majority
of the area is contained in the lower envelope, a definite pattern of regu-
larly-spaced peaks is observable above the base. These were identified by gas
chromatography/mass spectrometry as n-paraffins ranging in length from Cqy to
C39. The smaller peaks in between were identified as primarily iso-paraffins
which may have been formed by isomerization during hydroconversion over the
somewhat acidic CoMo/Y-A1703 or which may represent the natural distribution of
isoparaffins in the alkyl side chains.

In summary, we have presented experimental evidence which supports
the concept that Cold Lake asphaltenes have somewhat large, hydrogen-deficient
core structures to which are attached alkyl side chains and highly substituted
aromatic groups. We have shown that sulfur tends to be relatively evenly dis-
tributed between the core structure and the peripheral groups and that nitro-
gen is concentrated predominantly in the core. The overall picture of asphal-
tene reactivity that has emerged from this is shown schematically in Figure 10.
During mild hydroconversion, weaker linkages are thermally broken resulting in
the formation of maltenes having a higher (H/C) and reacted asphaltenes having
a lower {H/C). Some alkyl side chains are also lost predominantly by B-scission.
In the absence of effective hydrogen transfer, some of these reaction frag-
ments can recombine to form coke. With improved hydrogen transfer the coking
reactions can be significantly delayed. Total conversion of asphaltenes to
maltenes would at this point seem to be an improbable goal; however, more re-
search is needed in order to see how far the structural concepts developed here
for Cold Lake asphaltenes can be generalized to others,
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HYDROPYROLYSIS - POTENTIAL FOR PRIMARY
UPGRADING OF TAR SAND BITUMEN

J. W. Bunger, D. E. Cogswell, R. E. Wood
and A. G. Oblad

Department of Mining and Fuels Engineering
320 WBB, University of Utah
Salt Lake City, Utah
84112

INTRODUCTION

Upgrading of high molecular weight, residual materials
is becoming increasingly important as a result of scarcity
of lighter feedstocks. Conversion processes for residual
materials must contend with high heteroatom content, low
volatility (high molecular weight), high aromaticity and
high metals content not encountered to the same degree in
lighter feedstocks. These characteristics result in higher
process costs and typically lower conversion and yield of
desired products. As yield and conversion efficiency become
more important, conventional techniques, e.g. coking, may
prove economically unacceptable, especially for primary
upgrading of bitumens or black oils.

Hydropyrolysis is a process for thermal cracking in the
presence of hydrogen. This process has been shown to drama-
tically improve the(xig}ds of liquid and gaseous products
compared to coking. It does not rely on heterogeneous
catalysts but(g?quires elevated pressures. Through model
compound work and characterization and processing of high
molecular weight tar sand bitumen, an understanding of the
chemistry of this reaction is beginning to emerge. This
paper reports our latest results and hypothesis and the
general reactions which may be occurring. The implication
of the reaction pathways to the suitability of various
feedstocks for hydropyrolysis is also discussed.

EXPERIMENTAL

Elemental Analysis and Physical Properties

Elemental analysis was accomplished by conventional
microanalytical techniques in a commercial testing labora-
tory. Densities were measured on Mettler/Paar digital
density meter, model D.M. 40. Average molecular weights
were determined by VPO in benzene. Simulated distillation
was accomplished using a 1/4" by 18" column of 3% dexsil 300
on chromosorb W, programmed from -30° to 350° C at 10°/minute
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with a 4 minute hold at 350° C. The detector was a flame
ionization detector maintained at 400° C. The percent
nondistillable was determined by use of an internal stan-

dard, an equal volume mixture of C
(See also references 6,7)

to C n-alkylbenzenes.

9 16

Hydropyrolysis Process

Two hydropyrolysis reactors were used in this study.
Feeds A and B were processed on a reactor consisting of a
coiled stainless steel tube 3/16" i.d. x 236" long. T?i§
reactor has been previously described by Ramakrishnan.
Feed C was processed in a reactor originally developed for
short residence time coal liquifaction. This reactor also
consists of coiled stainless steel tubes 3/16" i.d. The
length of this tube system can be varied from 20 to 120 (8)
feet, and has been previously described by Wood, et. al.
Average residence times were calculated from the volumetric
flow rates and the reactor volume at process conditions.

RESULTS

Feedstocks for hydropyrolysis processing were derived
from Uinta Basin, Utah, tar sand deposits. Three differing
feedstocks were used for which elemental analysis and phys-
ical properties are given in Table 1. While the carbon-type
chemical structure of these feedstocks is probably similar,
some important differences are noted. Feed B is of the
highest molecular weight, carbon residue, and viscosity and
lowest in API gravity and volatility. Elevated temperatures
of 100-150° C are required to pump this material. Feed C is
the lightest of the three with Feed A of intermediate quality.
These feeds represent a range of properties among heavy
oils.

These materials were processed by hydropyrolysis under
varying conditions of space time, residence time, tempera-
ture, and pressure. The general effect of these(g?riables
on process results has been previously reported. Higher
temperatures and longer residency times contribute sensi-
tively to higher gas production. Representative results
attained at conditions determined to be operable for 1-2
hour run times are given in Table 2.

Results show virtually 100% conversion of feedstocks to
liquids and gases. Ammonia, hydrogen sulfide and water were
inferred from the material balance on the respective hetero-
atoms and direct analysis of these compounds were not
conducted. The values shown in Table 2 were used to cal-
culate the hydrogen consumption. Hydrogen cons?@Ption is
not underestimated by the method of calculation and is
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TABLE 1

Elemental Analysis and Physical Properties of Feedstocks

PROPERTY FEED A FEED B FEED C
Carbon (wt %) 86.2 86.3 86.7
Hydrogen 11.3 11.1 11.6
Nitrogen 1.1 0.8 0.7
Sulfur 0.4 0.35 0.5
Oxygen 0.9 1.4 <0.5
H/C atomic 1.56 1.53 1.59
Specific gravity 20/20 0.981 1.003 0.959
API gravity 12.7 9.5 16.0
Average M.W. (VPO) 713 778 410
Conradson Carbon Residue 9.1 14.1 6.8
% distillable below

530° C 44 34 69
Viscosity KP 77°F 69 1500 3.9%

.05/sec

1

*shear = 200 sec

modest considering the effect on yields. Calculations of
hydrogen requirements reveal that a hydropyrolysis plant
could easily operate in hydrogen balance by steam-reforming
methane gas produced.

Characteristics of hydropyrolysis liquid products are
given in Table 3. Only modest improvement has been made in
the H/C ratios and heteroatom removal, but notable improve-
ments have been made in physical properties compared to the
feed material. Average molecular weights of A and B have
been reduced in half and viscosities have been reduced by 4
to 5 orders of magnitude. The properties given in Table 3
suggest that a synthetic crude oil has been produced which
is amenable to conventional refining. Based on the obser-
vation that olefin production is inhibited by hydropyroly-
sis, it is anticipated that hydropyrolysis liquids will be
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Representitive Results of Hydropyrolysis

TABLE 2

Process Conditions

Temperature °C

Pressure (psigq)

Average residence
time (sec)

Space velocity (LHSV)

Weight % gases
liquid
residue
NH3

st

H20

Hydrogen consumption
(wt 2)

(scf/bbl)

Product A Product B Product C
525 500 525
1500 1800 1800
18 30 5
1l 1 1
Yields
Product A Product B Product C
27.3 27.3 12.8
73.7 73.9 85.6
* * 2.1
0.61 0.38 0.1
0.21 0.13 0.3
0.79 1.15 -
102.6 102.9 100.9
2.6 2.9 0.9
1600 1800 600

* Residual material for those runs was counted as liquids.

more stable for storage,
coker distillates.

transportation, or distillation than
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TABLE 3

Characteristics of Hydropyrolysis Liquid Products

Product A Product B Product C

Carbon 86.8 86.9 86.2
Hydrogen 11.4 11.4 11.6
Nitrogen 0.8 0.7 0.7
Sulfur 0.3 0.3 0.2
Oxygen 0.3 0.50 1.20
H/C atomic 1.56 1.56 1.61
Specific gravity 20/20 0.903 0.967 0.920
API gravity 25.2 14.8 22.3
Average MW (VPO) 321 352 312
% distillable below 530°C 85 68 97
Viscosity 77°F cp,

8.1 7000 246

DISCUSSION

The general reaction mechanism for hydropyrolysis fol-
lows free radical chemistry. Free radical initiation most
likely proceeds through unimolecular bond scission

RR' <+ R+ + ‘R'

or bimolecular single atom transfer reaction to an unsaturated
bond

-

RH + C=X <+« R+ + °*CXH

where X is most likely carbon or oxygen. (see reference 9
for arguments supporting this reaction)

Free radical propogation reactions proceed through
transfer of hydrogen or other radical as:
RH + *R' b R- + R'H

Perhaps the most important reaction occuring during hy-
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dropyrolysis is participation of hydrogen in this propaga-
tion reaction as follows:

H2 +

‘R < H- + HR

Shabtai, et. al.(5) have postulated this reaction in
the hydropyrolysis of n-decane. An activation energy of 14-
15 k?ia/Tg} is estimated on the basis of thermochemical
I

data

The significance of this reaction is to increase the

relative fgfects of fr

ee radical saturation compared to B-

scission., Thus, a dramatic decrease in ratio of olefin
to saturates is observed as a result of hydrogen participa-
tion. Also, the dilution of hydrocarbon species with hydro-
gen reduces the relative effect of second-order molecule-
‘molecule reactions. As a result, dehydrogenation reaction.
condensation reactions, and polymerization reactions are all
inhibited by the high partial pressure of hydrogen, or
indeed, light hydrocarbon gases.

Free radical termination may involve hydrogen radicals
to a large extent as radical-radical recombination

R+

.Rl I RR'

is again inhibited by the presence of hydrogen-rich gases.
The production of hydrogen radicals during hydropyrolysis

raises the prospect of

hydrogeneration or hydrogenolysis

reactions. The contribution of these possible reactions
(probably minor) can only be inferred from the results of
hydropyrolysis where the average number of rings in the
aromatic nucleii appears to be reduced.

The effects of hydrogen on pyrolysis of bitumen are ob-
vious when compared with coking at 525° C which exhibits
yields of 4% gas, 83% liquid and 13% coke for feedstock A.

Clearly, the formation

of coke has been severely inhibited

while considerable quantities of gas are produced. Consi-

dering that the amount
the amount of hydrogen
those which can effect
tion without attendent
dence times than those

of gas produced is closely related to
consumed, optimum conditions will be
the greatest molecular weight reduc-
high gas production. Shorter resi-
achievable on the present equipment

may afford this objective.

Preliminary estimates of capital costs for hydropyrolysis
reveal an investment of about $3000/daily bbl capacity will
be required. This is considerably less than the investments
of approximately $6000/daily bbl capacity required for
coking/ hydrotreating necessary for the Syncrude plant in
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Alberta, Canada. This advantage accrues partially from the
fact that Uinta Basin bitumen is lower in total heteroatoms,
especially sulfur, than Athabasca bitumen. Also, the hydro-
pyrolysis oil is not as light as the synthetic crude pro-

duced by Syncrude. The economic projections never-the-less
reveal that for low sulfur, highly naphthenic bitumen, that
hydropyrolysis may be an attractive alternative to coking.

SUMMARY

Hydropyrolysis promises to be a process for reducing
molecular weight of residual material without the formation
of coke, the use of catalysts or an inordinantly high con-
sumption of hydrogen. Estimations of capital costs appear
to be competitive with a coking/hydrotreating sequence. BAd-
ditionally, hydropyrolysis affords 10-15% improved yield
over coking/hydrotreating and this factor will have a signi-
ficant impact on the economics of the recovery steps.

Hydropyrolysis gains its attractiveness principally
through the inhibition of second-order hydrocarbon-hydro-
carbon reactions relative to first order cracking reactions.
Hydropyrolysis is, therefore, predicted to be most useful
for processing of very high molecular weight feedstocks of
moderate aromatic character. Naphthenic feedstocks are
particularly benefited from the inhibition of dehydrogen-
ation reactions.
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FRACTURING OF OIL SHALE BY TREATMENT WITH LIQUID SULFUR DIOXIDE

D. F. Burow and R. K. Sharma

Department of Chemistry, University of Toledo, Toledo, Ohio 43606

Introduction

Development of oil shale deposits as sources of fuels, Tubricants,
and chemical feedstocks is being considered as an alternative to
present reliance on conventional petroleum reserves. Procedures,
advantages, and disadvantages for mining/surfigg processing and for
in situ retorting have been widely discussed. In the former approach,
crushing of the shale is essential for efficient oil rgcovery. As a
result of tests with a variety of mechanical crushers, it is apparent
that the effectiveness of mechanical crushing is limited by the
characteristics of the shale. A slab-forming tendency allows larage
pieces to pass through many conventional crushers. The resilience
and slippery nature of the shale limits the effectiveness of mechanical
impact; furthermore, the shale often adheres to crusher surfaces.

In situ retorting is enhanced by fracturing with explosive charges or
expansion of existing fractures with fluids such as water. Fracturing
by explosive charges is frequently limited to the vicinity of the
charge since the explosive shock is dissipated by shale resilience.
Efficient fracturing by aqueous fluids is limited by a tendency for
capillary adhesion of water in the fissures and by available water
supplies in arid regions where 0il shale deposits oftem occur.

Employment of chemical comminution techniques for fracturing oil
shales could circumvent many of the limitations to mechanical crushing
as well as reduce or eliminate capital and maintenance costs of crushers.
Our recent success in commiguting and desulfurizing coal by treatment
with Tiguid sulfur dioxide,” suggested that similar treatments might
be successful in fracturing oil shales.

Liquid SO, is a remarkably subtle solvent with moderate Lewis
acid propertiés, a substantial resistance to oxidation and reduction
when pure, and a propensgty to support a variety of ionic, fﬁeeoradica1,
and molecular reactions.” Since SO, has a boiling point of -10°C,
it is easily liquified and/or removed after reaction; it can be
easily manipulated without the need for exotic construction materials.
Furthermore, it is an inexpensive material which is readily available in
large quantities from smelting and fossil fuel combustion; if not
utilized, it must be disposed of in some stabilized form at considerable
expense. Thus, the direct use of sulfur dioxide could provide an
alternative means of cost recovery for pollution abatement technology.
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Here we wish to report the results of preliminary experiments
in which 01 shales are treated with liquid sulfur dioxide to
effect comminution. We are, presently, unaware of any previous
reports of such experiments.

Experimental

Sulfur dioxide was dried and manipulated as described elsewhere.
Larger shale pieces (6-8 cm) were treated directly in a stainless
steel autoclave reactor (Parr model 4641). Smaller shale pieces were
sealed in fritted glass tubes with liquid S0, (ca. 2:1 or less SO,/shale
by weight) to facilitate recovery ofoany extract. Sulfur dioxide
was distilled on to the shale at -787C; the system was then sealed
and brought up to processing temperature. Temperatures of 25, 70, and
170°C were used; the latter temperature corresponds to supercritical
conditions for SO,. No mechanical agitation was employed. Upon
cooling, the SO,, shale, and extract were recovered. The shales were
inspected immediately upon recovery and at several intervals thereafter.
Sulfur analyses and infrared spectra of the shales were performed
on original, processed, and processed/heated samples to determine
residual SO, content. Infrared spectra of the extracts were also
obtained. 2

6

Results and Discussion

Resylts for samples of Green River, Antrim, and Moroccan oil shales
were obtained in these preliminary experiments. Extensive fracturing,
both along and across laminations, was obssrved with all three shales.
Initial experiments were carried out at 170°C for 3 to 5 hours;
subsequent experiments indicated that the degree of gracturing was
almost as extensive when milder conditions {e. g. 25°C for 1 hour) are
used. Some fracturing was even observed to occur by exposure to gaseous
S0, alone. With the large Tumps, laminations are frequently expanded
to"1-2 cm; fractures across laminations are less pronounced but
distinctly visible. Immediately upon recovery from the reactor, the
samples are so brittle as to be easily broken with the fingers; after
standing for a time, the samples become sTightly less brittle but
all fracturing is maintained. Although no quantitative tests of
mechanical properties have been made, it appears that little of the
resilience and slipperyness of the original shales is retained. Surfaces
of the processed samples have a soft lusterous appearance.

At this stage, the mechanisms responsible for fracturing of these
oil shales are nat obvious. Among the mechanisms which should be
considered, however, are the following: 1. partial conversion of
carbonates to sulfites would disrupt microcrystalline lattices in
carbonate rich shales, 2. displacement of hydroxyl groups on silica
surfaces would disrupt hydrogen bonding in siliceous shales, and
3. extraction of physically and chemically bound water would break
up interstitial forces in both types of shale.
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- The sulfur content of the shales was increased somewhat by
processing in Tiquid SO,; residual sulfur increases significantly
with the temperature ofzthe treatment, however. For example, gt
room temperature, residual sulfur increases by 1-2% but at 170°C,
it increases by 5-10%. Such an increase in sul fur content suggests
that processing at higher temperatures is detrimental to the shale.

Upon exposure of Green River and Antrim shales to liquid SO,, a
yellow color develops in the S0, solution which progressively déepens
to a dark brown; a brown residug is isolated upon evaporation of the
S0,. Moroccan shale, on the other hand, produces an orange SO, solution
an% an orange residue. It appears that the quantity of extrac% can
be increased somewhat by use of higher temperatures. Infrared spectra
of these residues reveal that water, aliphatics, and carbonyls are
the predominant species although a small amount of aromatiss are
also obtained. Cross polarization, magic angle spinning ' ~C nmr
results for the solids’indicate that the carbon content in the shales
themselves differs much more than do these extracts: Green River
shale organic carbon is predominately aliphatic whereas Moroccan
shale carbon is ca. 3:1 aliphatic/aromatic and Antrim shale carbon
is ca. 1:1 aliphatic/aromatic. Thus, extraction by liquid SO
would appear to be selective for the aliphatic components of
these shales. Since the organic part of these extracts constitutes
ca. 2% of the original shales, it is presumed that they represent
most of the bitumen portion of the shale and that the kerogen
still remains in the shale itself. These observations would, thereforg,
be consistent with those for extraction by more conventional solvents.
Other materials are also extracted from the shales by liquid SO,.
These materials are found as colorless or Tight brown crystals
deposited in the fissures and on the surfaces of the shale after
the isolation procedures. At present, we have not identified these
crystals.

The results of these experiments suggest that many of the limitations
of conventional crushing and fracturing procedures are not encountered
here; there are however other limitations to be dealt with. These
observations are, nevertheless, sufficiently promising to warrant
further detailed investigation into the utility of comminution with
1iquid SO, for both surface and in situ processing of oil shales.
Experimen%s designed to establish the generality of the observations
reported here, to develop an understanding of the mechanisms involved,
and to devise means of reducing the impact of present limitations
to practical use are underway.
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ION PAIR LIQUID CHROMATOGRAPHY OF
COAL-DERIVED LIGHT OILS

J. K. Olson and B. W. Farnum

Grand Forks Energy Technology Center, DOE
Box 8213 University Station
Grand Forks, ND 58202

INTRODUCTION

The growing emphasis on coal liquefaction technology has resulted in in-
creased interest in the development of methods to determine the composition of
liquids produced by the process. This information can facilitate understanding of
the relationship of the occurrence of various chemical species to the structure
and reactivity of the parent coal. This report describes an ion pair liquid
chromatography study of the light oil fraction from the liquefaction of lignite
with CO and H2 at 460°C and 27.6 MPa.

The light oil is a gas condensate collected in a water-cooled receiver at
atmospheric pressure. The sample studied was collected on the 30th recycle pass
of a Beulah lignite liquefaction test using anthracene oil as start-up solvent.
Based on MAF coal, the light oil represents about 19% of the yield. A detailed
description of the GFETC continuous process unit has been published previously (1).

EXPERIMENTAL

Waters M-6000 pumps, U6K injector, model 440 UV254 detector, and model 660
solvent programmer were used for the ion pair study. 1 separations were con-
ducted using Whatman Partisil O0DS2, a 10pm octadecyl-silica packing containing
about 15% (w/w) carbon. The column was 250 mm long, 6.4 mm O0.D. and 4.6 mm I.D.
Column temperature was maintained by a Haake FK-2 circulating water bath. Infra-
red spectra were obtained on a Perkin-Elmer 283 spectrophotometer.

The mobile phase solvents used were Baker HPLC grade water and Waters HPLC
grade methanol and acetonitrile. Buffers were prepared using Baker HPLC grade
ammonium acetate, phosphoric and acetic acids, Regis potassium dihydrogen phos-
phate, potassium monohydrogen phosphate, both 99+% purity, and Waters tetrabutyl-
ammonium phosphate (PIC A) and sodium hexanesulfonate (PIC B-6) reagents.

The liquefaction light oil sample was extracted according to a scheme, shown
in Figure 1, adapted from Fruchter et al. (2). The resulting four fractions will
be designated basic, phenolic, HA(aromatic), and HC(hydrocarbon) throughout this
paper.

RESULTS AND DISCUSSION

The light o0il is a mixture of relatively low molecular weight, volatile
hydrocarbons. The boiling point of 98% of the sample was in the 40-200°C range
and the molecular weight range was 60-365 daltons. The nature of each fraction
may be described drawing upon information from elemental analysis, shown in Table
1; infrared spectra, shown in Figure 2; and low voltage mass spectra (3).

% Reference to specific brand names or models is made to facilitate understanding
and neither constitutes nor implies endorsement by the Department of Energy.
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The oxygen-containing compounds found in the phenolic and basic fractions appear
to be of the same compound class -- substituted phenols. Almost all of the nitro-
gen-containing compounds, primarily aryl amines, were isolated in the basic frac-
tion. The HA fraction consists primarily of two- and three-ring aromatic com-
pounds. The hydrogen/carbon mole ratio for the HA fraction is 1.0 as compared to
1.6 for the HC fraction. Although the HC fraction contains some of the same
aromatic compounds found in the HA fraction, the principal components are satur-
ated hydrocarbons as indicated by the infrared spectrum. To summarize, the phe-
nolic fraction consisted of substituted phenols; the basic fraction contained
substituted phenols and aryl amines; the HA fraction contained aromatic compounds;
and the HC fraction contained primarily saturated hydrocarbons and some aromatic
compounds .

TABLE 1. - Elemental Analysis of Light 0il Fractions

%C %H %0 N %S
Basic 79.6 9.2 4.2 6.8 0.0
Phenolic 78.9 8.7 12.8 0.1 0.0
HA 89.4 1.7 1.8 0.6 0.7
HC 88.9 11.6 0.1 0.0 0.0

Favorable separations of ionizeable organic compounds such as those found in the

basic and phenolic fractions may be obtained by ion pair liquid

chromatography -- a technique originally proposed by Eksborg, Schill, and coworkers
(4,5). The method involves adjusting the pH of the mobile phase to assure maximum

ionization of the compounds of interest and adding a hydrophobic counter-ion

capable of forming ion pairs with the ionized compound. The ion pair behaves as a

neutral compound and retention by the nonpolar stationary phase is enhanced. For

example,

WEAK BASES AT pH 3-4:
. o K Ks .
(ReNHEloq + [R'S03]5q = [R'S03HN'Rel,, = [R'SO3H,N'Re]

MR I

RoNH R’SO3Na”

org

WEAK ACIDS AT pH 7-8:
o Kip

[ Rgbg]aq+ [R4N+]°q =

J1OH I

OH R4N*H.PO;

—_
Ll

[R4N*0' ] Ks [R4N*o'
0 ]

q R org

R

Criteria for selection of counter-ion, pH, and other considerations in the
development of an ion pair separation has been addressed by Gloor and Johnson (6).
Briefly, the major considerations are selecting a mobile phase pH that will insure
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maximum ionization of the solutes and selecting a counter-ion that will produce
the desired effect; for basic solutes, an alkyl sulfonate, and for acidic solutes,
a quarternary amine. In general, an increase in the length of the alkyl chain of
the counter-ion will result in increased retention of the ion pair.

Liquid chromatographic separations of each of the four light oil fractions
were carried out with several ion pair and ion suppression systems, shown in Table
2, at 25°C, 45°C, and 65°C. Because solute-liquid phase solubility and the weak
electrostatic ion pair equilibrium are affected by temperature, it was anticipated
that an increase in temperature would facilitate the separation. However, all of
the separations of the four fractions indicated a decrease in both the resolution
and the number of peaks resolved. For example, Figure 3 shows decreased resolu-
tion for the phenolic fraction at 65°C as compared to 25°C using an ion suppres-
sion system.

TABLE 2. - Ion Pair and Jon Suppression Solvent Systems

ACETATE
0.05M Ammonium acetate/acetic acid (pH 3.5) > Acetonitrile
0.05M Ammonium acetate/acetic acid (pH 3.5) = Methanol
0.01M Ammonium acetate/acetic acid (pH 3.5) » Acetonitrile
1.00M Ammonium acetate/acetic acid (pH 3.5) > Acetonitrile
PHOSPHATE
0.005M Potassium dihydrogen phosphate (pH 3.0) - Acetonitrile
0.05M Potassium dihydrogen phosphate (pH 3.0) =+ Acetonitrile
0.05M Potassium monohydrogen phosphate (pH 6.9) - Acetonitrile
0.05M KH2P04/50% Acetonitrile (pH 3.0) »> 0.05M KZHPO4/50%

Acetonitrile (pH 6.9)

SULFONATE
0.01M Sodium n-hexane sulfonate (pH 3.5) > Acetonitrile
0.1M Sodium n-hexane sulfonate (pH 3.5) » Acetonitrile
0.01M Sodium n-hexane sulfonate (pH 3.5) » Methanol
0.1M Sodium n-hexane sulfonate (pH 3.5) > Methanol

TETRABUTYLAMMONIUM PHOSPHATE

0.005H4 Tetrabutylammonium phosphate (pH 7.5) > Acetonitrile
0.054 Tetrabutylammonium phosphate (pH 7.5) > Acetonitrile

Since the extent to which the sample is ionized is influenced by the ionic
strength of the mobile phase, an increase in buffer concentration should result in
an increase in ion pair formation (7). Therefore, if ion pairing is the predomi-
nant mechanism in the separation, capacity factors, that is, elution times, of
ion-paired components would increase with increasing buffer concentration. Sepa-
rations of each of the four light oil fractions were carried out at pH 3.5 using
two buffer concentrations, 0.01 M and 0.1 M hexane sulfonate. Except for slightly
earlier overall elution times at higher concentrations, the phenolic, HA, and HC
fractions displayed nearly identical peak pattern and resolution at both concen-
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trations. This was expected since there should be no ion pair effect on the
components in these fractions. In the separations of the basic fraction, there
were distinct shifts in the positions of some of the component peaks at the higher
buffer concentration. These peaks were presumed to be due to compounds capable of
forming ion pairs at pH 3.5, such as aryl amines.

Three buffer systems were investigated at pH 3-3.5: 0.01 M hexane sulfonate,
0.005 M potassium dihydrogen phosphate, and 0.05 M ammonium acetate. At low pH,
two predominant processes affect the separation: ion suppression of weak acids
(for example, phenols), and ion pair formation of weak bases (for example, ani-
line). Compared to reverse phase separations, the buffer separations of the HC
and HA fractions indicated no change other than slight overall reduction in re-
tention times. The effect of ion suppression, that is, an increase in elution
times of weak acids due to their undissociated state, was not evident in the
phenolic fraction separations for any of the three systems. For compounds with
small dissociation constants such as phenols and cresols, the distribution coef-
ficients of the undissociated compounds are relatively unaffected by change in pH
in the 2-6 pH range (8). Since separation by ion suppression is dependent on
liquid/ liquid distribution, the addition of a buffer does not significantly alter
the capacity ratios of these compounds. Assuming that the phenolics in the basic
fraction are likewise unaffected in these systems, all changes in the separations
of the basic fraction were attributed to nitrogen-containing components. All
three separations of the basic fraction displayed increased resolution and de-
creased capacity ratios. The effectiveness of these systems is in the order 0.05
M ammonium acetate > 0.05 M potassium dihydrogen phosphate > 0.01 M hexane sulfon-
ate. TFigure 4 compares the separation of the basic fraction with reverse phase
and 0.05 M ammonium acetate systems.

At pH 7.5, weak bases are present in the non-ionic form and weak acids in the
ionic form. The counter-ion studied at this pH was 0.005 M tetrabutylammonium
phosphate. 1In comparison to reverse phase separations, the phenolic fraction, as
well as the basic fraction, displayed increased capacity ratios and improved
resolution indicating that both ion suppression and ion pair formation were pre-
dominant factors in the separation. Overall, however, the hexane sulfonate sepa-
rations were superior to the tetrabutylammonium phosphate separations. A compari-
son of the separations of the phenolic fraction with 0.005 M tetrabutylammonium
phosphate and 0.01 M hexane sulfonate systems is shown in Figure 5. Again, the
separations of the HC and HA fraction were generally unaffected by the buffer
system.

CONCLUSION

It appears that several factors and different mechanisms contribute to the sepa-
ration of eight oils by ion pair and ion suppression reverse phase liquid chrom-
atography. An increase in column temperature affected the capacity factors reduc-
ing elution times, but the viscosity change and disruption of thermal equilibrium
adversely affected the resolution.

Due to the variety of species found in the light oil, the separation behavior
of certain constituents may be affected by ion pair formation or ion suppression.
The relationship depends on the concentration of the counter-ion, its solubility
in the bonded phase, and the degree of ionization of the solute which bears a
direct relationship to the pH of the mobile phase.

The separation of heteroatom and phenolic compounds are generally enhanced by

specific ion pair and ion suppression techniques; however, aromatic and hydro-
carbon compounds show separations similar to traditional reverse phase techniques.
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In applying these relationships to the separation of light oils, optimization
of chromatographic conditions for each class of compounds must be considered. A
summary of these parameters and their influence in the separation of light oils is
shown in Table 3. Capacity ratios of certain components can be effectively altered
by ion pair and ion suppression techniques so as to significantly improve the
separation, resolution, and identification of components in the light oil.
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Figure 2. - Infrared spectra of light oil fractions.
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10uM ODS 25°C

PHENOLIC

Ol M Cg SULF. TO 95% AcN
LINEAR 30 min

4 ml/min

10uM 0ODS 25°C

PHENOLIC

005 M TBUNPO, TO 95% AcN
UNEAR 30 min

4 mi/min

Figure 5. - Comparison of phenolic fraction separations with 0.05 M
tetrabutylammonium phosphate (pH 7.5) and 0.01 M n-hexane sulfonate (pH 3.5)
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Polar Constituents of Coal Gasification 0il Samples
Leo A. Raphaelian

Argonne National Laboratory
9700 S. Cass Avenue
Argonne, Illinois 60439

In preliminary analyses by GC/MS, it was found that HYGAS oil samples contain a
variety of compounds, including toluene, the start—up and make-up oil, aromatic
hydrocarbons, phenols, anilines, pyridines, thiophenes, benzonitriles, and PNAs.
Direct analysis of the mixture by GC/MS or capillary column GC/MS is at best
difficult for at least two reasons: (1) Due to the large number (probably over 400)
of compounds present in the mixture, many overlapping peaks occur, resulting in

mass spectra that are often confusing; (2) Capillary columns that give good separa-
tion of non-polar compounds are not adequate for the separation of polar compounds.
Therefore, there is a definite need for a preliminary separation into fractions

of the complex mixtures in HYGAS oil samples.

For the separation of petroleum, fractional distillation, extraction, complex for-
mation, and column chromatography, including adsorption, partition, and gel per-
meation, are among the methods that have been used. Each method has certain
advantages and disadvantages: With fractional distillation, the toluene, which
represents a major portion of a HYGAS oil sample, could be removed. However, this
method suffers from the fact that any distillation, fractional or otherwise,
requires heat and decomposition and reaction between components in the mixture
typically takes place, altering the composition. With such extractions as the acid/
base liquid-liquid type, recoveries of individual components of the mixture are not
only variable but also often low, particularly with polar compounds; moreover, some
matrix effects frequently occur affecting recoveries. Complex formation is not only
too limited to be of use but also not applicable in this case since the complexes
would not be chromatographable by GC. Column chromatography, although useful,
suffers from being long and tedious and requires the use and workup of large amounts
of solvent; it is not recommended for a large number of samples.

It can be stated, generally, that separations that can be done by column chromatog-
raphy can also be done considerably better by HPLC. When compared to column
chromatography, HPLC gives much better resolution, much shorter run times, and much
less solvent. However, the amount of sample that can be processed per run is
considerably less than with column chromatography. To overcome this disadvantage,
several runs of the sample can be made with the attendant advantages of time, work-
up of much less solvent, and resolution.

In the petroleum field, HPLC has been used predominantly for identification of com-
ponents in a mixture or for fingerprinting oil samples. Little attention has been
paid to the use of HPLC as a means of performing gross separations although, in
certain instances, investigators have isolated peaks and identified the compound or
compounds by GC/MS or mass spectrometry. Although HPLC/MS instruments are avail-
able, HPLC does not have the resolution capillary columm GC has and, as a result,
HPLC/MS is not as useful as capillary column GC/MS for the analysis of complex
mixtures.

It was found that the use of the nBondapak NH, as 2 stationary phase in HPLC was
excellent for the separation of non-polar or weakly polar compounds; however, with
polar compounds, the phase was too retentive and, although moderately polar com-
pounds might pass through the column with a gradient, highly polar compounds are
retained. It is possible to backwash the highly polar compounds but separation
into fractions of the polar compounds can not be achieved. However, if one is
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interested only in non-polar or weakly polar PNAs, a nice separation according
to the number of rings of the parent PNAs and their alkyl derivatives can be
accomplished with uBondapak NHy, as shown in Table 1.

Table 1. Retention Time Range of Selected Benzenoid PNAs and Alkyl PNAs
as a Function of the Number of Rings (uBondapak NH,, Hexane
Solvent, Flow Programmed 1-4 mL/min)

Number of Retention Time Range (Minutes)
Rings Noncondensed Condensed
1 4.2 (1) NA
2 5.0-5.8 (3) NA
3 6.8~7.5 (7) NA
4 9.3-10.9 (5) 7.7-8.3 (3)
5 13.7-15.1 (3) 11.5-12.1 (2)

() Number of compounds from which range was
determined
NA  Not Applicable

Such a separation into fractions can be very useful for identifying a complex
mixture that contains predominantly compounds that are relatively non-polar, since
GC conditions can be tailor-made to each fraction. It is particularly useful for
identifying the higher PNAs.

Whereas HPLC with a pBondapak NH, columm affords a good separation of non-polar
compounds, it appeared that the weakly polar stationary phases, WBondapak Phenyl
and uBondapak CN, might be more useful for separating the polar compounds into
fractions. In experiments with these columns under a variety of conditioms, it
was found that, with puBondapak CN, a satisfactory separation could be accomplished
using a rather complex gradient of hexane to THF, as shown in Figure 1.

Fraction 1 (Figure 1) contained a varlety of the typical PNAs and alkyl PNAs,
including naphthalenes, biphenyls, benzothiophenes, acenaphthenes, fluorenes,
phenanthrenes, anthracenes, dibenzothrophenes, aceanthrenes, and pyrenes. (There
was also a series of alkyl benzenes present in fraction 1.) Since the remaining
fractions were more polar, they were derivatized with Tri-Sil Concentrate, BSA, or
Methyl-8. Surprisingly, Fractions 2, 3, and 4 contained, along with some alkyl
phenols, a number of hydroxy PNAs, including hydroxy styrenes, indans, benzofurans,
indenes, naphthols, benzothiophenes, biphenyls, and fluorenes. In Table 2, a
summary of the hydroxy PNAs and, in Figure 2, their retention time ranges on a

50 meter OV-101 column programmed from 20 to 240°C are shown. It can be seen from
Table 2 that the more alkylation there is in the molecule the lower the fraction, as
would be expected, since the compound would be less polar or more non-polar.

The mass spectra of the alkylated derivatives of the hydroxy PHAs typically had a
M-15 ion as the base peak from loss of a methyl from the trimethyl silyl grouping.
There was a M-31 peak indicative of a R-0-S1=CH; ion. The parent ion was also a
prominant ion. Occasionally, a M-89 ilon indicative of loss of (CHj3)3510- was
found. In the case of hydroxy biphenyls, an ion corresponding to the loss of the
underivatized phenyl ring is found.

Fractions 5 and 6 contained dihydroxy benzemes. No dihydroxy PNAs were found in
these fractions, possibly, because they might not get through the column under the
conditions used.
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Figure 1.

i-—l—ol-"l EYRE BRI B8 R S B
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25
MINUTES

Hygas 0il Samples, HPLC on pBondapak CN Column,

2 mL/min Flow, 16 Minutes Hexane Alone, Linear
Gradient, 0-17% in 10 Minutes, 1-57 in 10 Minutes,
and 5-100% THF in Hexane in 10 Minutes; UV
Detection at 254 nm
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Figure 2. Retention Time Ranges of Some Phenols and Hydroxy PNAs,
Derivatized with BSA, in Fractions 2,3, and 4
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SYNTHETIC MIMICS FOR VISCOSITY AND SPECTRA OF H-COAL ASPHALTENES
Peter A. S. Smith, James C. Romine, and Mustafa El-Sheikh

Department of Chemistry, University of Michigan, Ann Arbor, MI 48109

Asphaltenes from liquefaction of coal have characteristic proper-
ties of solubility, viscosity, and spectroscopy that on the one hand
require explanation, and on the other hand could provide insight into
the complex chemical nature of these substances. Knowing that asphal-
tenes can be separated into neutral, acidic and basic fractions and
that the acids are phenolic and the bases are apparently pyridine
derivatives, we turned our attention to the hypothesis that phenolic
structures having two or more hydroxyl groups per molecule and hetero-
cyclic bases of the pyridine type with two or more basic sites might
when mixed display properties similar to those observed in asphaltenes.

In choosing model compounds, we noted that asphaltenes have
nuclear magnetic resonance spectra showing some absorption in the
region ¢ 3 to 4. This is too far upfield to be due to aromatic or
olefinic hydrogens, and too far downfield to be due to simple alkyl
groups, even when they bear phenyl substituents. However, the
greater electron-withdrawing power of the pyridine ring might be
enough to shift aliphatic resonance to that region. We therefore
chose structures having two or more phenol or pyridine rings linked
by a series of methylene groups ranging between one and six. Such
compounds would be capable of multiple hydrogen bonding with each

OH OH
G Crow—©

other, analogous to asphaltenes (1}, and their mixtures could be an-
ticipated to have high viscosities. Furthermore, we had already
demonstrated the presence of chains of methylene groups in asphal-
tenes (2).

Methylene-4,4'-bisphenol and its 2,2'-isomer are commercially
available. Bisphenols with a two-carbon bridge were synthesized from
the appropriate benzaldehyde by the benzoin condensation and reduc-
tion. Bisphenols with other bridges were prepared as shown in the
equations, utilizing the Fries rearrangement. Trisphenols were pre-
pared by a double Fries rearrangement, and tetrakisphenols were pre-
pared from bisphenol ethers by a double Friedel-Crafts reaction
using methoxyphenylalkanoyl chlorides, reduction, and demethylation.

2-ArCH=0 » Ar~CHOH-CO-Ar - Ar-CHZCHZ—Ar

HOArCH=0 + CH3COAr'OH + HOArCH=CHCOAr'OH - HOAr—(CH2)3—Ar'OH
HOArH + ClCO(CHz)n—ZCOCl > > HOArCO(CHz)n_2COArOH > HOAr(CHz)nArOH

Bispyridines and bisquinolines were prepared as shown, or were
prepared from gquinolylmethyllithium and an «,Q-dibromoalkane.

PyCH=O + PyCH, + PyCH=CHPy ~+ Py (CH,) ,Py
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1-(2-Pyridyl) -2-(2-hydroxyphenyl) ethane was prepared analogously
from a-picoline and salicylaldehyde and reduction of the resulting
stilbene analog with H,/Pd.

The compounds and their properties are listed in Table I. The
nmr spectra of the bispyridines, and especially the bisquinolines,
simulate the aliphatic region of asphaltene spectra, including the
downfield end, reasonably well.

Mixtures of a phenol and a pyridine from this group were more
difficult to dissolve than the pure compounds, and tetrahydrofuran
was the only inert solvent that showed a general ability to dissolve
them. In this respect, there is a similarity to preasphaltenes of
H-coal vacuum bottoms.

Table I
Phenols and Pyridines a
"aliphatic"

No. Compound mp, °C NMR, ppm
4-H0C6H4(CH2)DC6H4—OH
1. n=2 198-99 2.9
2. n=3 96-98 1.6-2.8
3. n =4 158-59 1.5-2.5
3-HOC6H4(CH2)nC6H4—3—OH
4. n=3 131-33 2.0, 2.8
2—HOC6H4(CH2)nC6H4-2—OH
5. n=1 115-17 4.2
6. n =3 83-85 1.0-2.8, 5.3
2-HO-5-C 3C6H3(CHZ)nC6H3-5-CH3—2—OH
7. n=>5 103-05 2.7, 4.8
8. n==6 123-24 1.4, 2.2
C5H4N-—2— (CHZ) n—2—C5H4N
9. n=2 107-10 3.4
10. n=3 liqg. 2.0-2.5,
2.6-3.1
C5H4N—4—(CH2)D—4—C5H4N
11. n=2 109-109.5 2.95
12. n =3 57-60 1.9-2.4,
2.5-3.0
13. C5H4N—2—(CH2)2—4—C5H4K liqg. 2.95
14. C5H4N-3—(CH2)2—4-C5H4N 34-36 2.95
15. C5H4N—2—(CH2)2—3—C5H4N liqg. 2.90
Z—quinolyl(CHz)n—Z—quinolyl
16. n =2 162-63 3.55
17. n==a6 90-91.5 1.3-2.2,
2.9-3.3
18. 2-C5H4N—(CH2)2—2—C6H4OH 87.5-88 3.18
a. In all compounds, aromatic 1H resonance occurred in the region
7-9 ppm.

Initially, we planned to measure viscosity in solution, owing to
the facts that most of the compounds were solids, and the quantities
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were in most cases small, owing to the laborious syntheses. The
solvents used by previous workers to study the effect of hydrogen
bonding on viscosity (benzene, ethanol, ethyl or amyl acetate) would
not dissolve sufficient quantities of our materials, and we were
driven to use tetrahydrofuran. This solvent had already been used
to study association in asphaltenes by Schwager, Lee and Yen (1),
using vapor pressure osmometry.

Measurements of solutions of single phenols or pyridines and
mixtures of them were made in 0.1 molar solutions in THF on an Ub-
belohde viscometer at 25.00%0.02°, calibrated against water, di-
methyl sulfoxide, and THF. The values of n so obtained are shown
in Table II.

Table II
Viscosities of 0.1 M Solutions in Tetrahydrofuran

Solutes 8 (sec) p_(g/ml) n_(cp)
None 0.461
17 107.2 0.8930 0.5017
6 106.0 0.8909 0.4948
6 + 17 108.2 0.8952 0.5076
15 104.1 0.8880 0.4845
6 + 15 105.0 0.8906 0.4901
15 + methylene-2,2'-bisphenol 105.8 0.8896 0.4933

The results show that the viscosities, n, do not distinguish the
solutions in which O-to-N hydrogen bonding can occur from those in
which it cannot. This fact appears to arise from the nature of the
solvent, which can itself act as an acceptor in hydrogen bonding.
The energy of formation of the phenol-THF hydrogen bond has been re-
ported to be 2.6 kcal/mol (3) and that of the phenol-pyridine hydrogen
bond to be 8.0 kcal/mol (4). However, in the 0.1 M solutions, the
concentration of the solvent THF is two orders of magnitude greater
than that of the pyridine, such that the solvent can compete effec-
tively with the pyridine for the phenol. This leveling effect
greatly reduces the validity of studies of hydrogen bonding between
substrates in THF; unfortunately, the solubility characteristics of
the substrates did not allow a more inert solvent to be used.

The foregoing results demonstrated that viscosities would have
to be measured on undiluted melts in order to investigate the role of
hydrogen bonding. Such experiments require much larger samples than
we had been able to prepare of most of the substrates, and we there-
fore limited these experiments to those substances that were avail-
able in sufficient quantity. Furthermore, the necessity to work
with melts at elevated temperatures dictated a change in measure-
ment technique, and we therefore used a Brookfield Engineering
Laboratories model LVT rotational viscometer, using a Brookfield UL
sample cell suitable for viscosities of 1 to 10 cp, or a specially
designed small sample cell (1.5-2.0 ml) for viscosities in the range
100-10,000 cp. The entire apparatus was enclosed in a glass con-
tainer which was immersed in a thermoregulated bath of silicone oil.
Measurements on model compounds were made on 15-g. samples under an
argon atmosphere at a series of increasing temperatures. Measure-
ments were reproducible after cooling and remelting for the model
compounds, but not for coal-derived materials until the sample had
been subjected to several heating/cooling cycles.
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Although a range of temperatures was used in each case, varia-
tions in melting point and viscosity precluded comparing all samples
at the same temperature. Changes in shear rate (6, 30, 60 rpm)
showed some non-Newtonian behavior (shear thinning), which was pro-
nounced with some samples. Comparison of samples is thus more re-
liable at higher shear rates, and only values at 60 rpm are shown
here. Representative results are given in Table III.

Table III

Viscosities of Undiluted Melts at 60 rpm and Activation Parameters
lnn = A + Epn/RT
at 160° at 180° at 210° a
A =
Sample (cp) {cp) (cp) Ey

11 1.25 -5.1 4.6
12 1.39 -5.2 4.9
CH2(4—C6H4OH)2 3.99 2.70 -5.6 6.3
CH2(2-C6H4OH)2 4.84 3.45 2.13 -6.2 6.7
CH2(4—C6H4OH)2 + 11 6.55 4.19 2.26 -8.0 8.4
CH2(2-C6H4OH)2 + 11 4.24 2.12 -10.0 10.4
CH2(2—C6H4OH)2 + 12 3.58 2.45 -10.2 9.9
CH2(4—C6H4OH)2 + 12 2.48 --4.8 5.6
2 + 11 5.17 3.68 -6.3 6.9
18 b 2.77 2.08 -8.1 7.8
"oils & resins"= c 3.84 2.70 -7.5 7.6
"low mol. wt." asphaltenes—c 6.95 4.68 -5.7 6.9
"high mol. wt." asphaltenesS 1550, 04 -5.2 55.5

kcal/mol. b. Pentane-soluble fraction of H-coal vacuum bottoms.
See text. d. At 200°.

10j®

The measurements at different temperatures (a greater range and
number of points than given in Table III) allow the activation energy
for viscous flow, Ep, to be determined from the Eyring equation (5),
1lnn = A + En/RT. These values are given in Table III, although this
equation is of uncertain validity for molecules that are far from
spherical (6). The linearity of a plot of lnn vs. 1/T may be used
as a gauge of its applicability to a given system; the data for the
various model systems were closely linear, with a correlation coef-
ficient of 0.97-0.99. For coal-derived materials, the equation is
less reliable (correlation coefficient 0.91-0.96), some curvature
being noticeable at higher temperatures.

The activation energies are of the same order of magnitude as
the energy of the hydrogen bond, except for the "high molecular
weight" asphaltenes (soluble in toluene, but insoluble in 75% pen-
tane/25% toluene), the value for which is more than five-fold those
of the others, and in particular, is eight times as high as that for
"low molecular weight" asphaltenes (soluble in 75% pentane/25%
toluene).

Among the foregoing data, the system 2 + 11 provides a reason-
ably good simulation of the viscosity characteristics of "low
molecular weight" asphaltenes. Both the activation parameters and
the manifestation of non-Newtonian behavior vary with the length of
the connecting chain of methylene groups and the position of the
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H-bonding sites, and further study of the relationship may provide
a more precise delineation of the structural possibilities for coal-
derived liquids. It appears, however, even at this stage, that the
"high molecular weight" asphaltenes owe their viscosity to a major
extent to other causes.

We have made similar comparisons of the infrared spectra of
melted asphaltenes and of model systems at elevated temperatures,
using an electrically heated cell with internal temperature sensing,
and recording the spectra over a range of temperatures. As was ex-
pected, the absorptions due to associated O-H decreased in compari-
son to unassociated O-H as the temperature was raised. The general
form and the temperature sensitivity for asphaltenes and for mix-
tures of model phenols and pyridines were qualitatively similar.
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Reducing Viscosity of Coal
Liquefaction Products With Additives

T, S. Chao, H. W. Kutta and A. C. Smith, Jr.

ARCO Petroleum Products Company
Harvey Technical Center
Harvey, IL 60426

Introduction

Viscosity is one of the critical properties hindering the develop-
ment of coal liquefaction processes. A product of high viscosity
is difficult to pump, filter and atomize, affecting the flow of
process streams, removal of catalysts, transport from one location
to another and proper atomization in combustion equipment. The
use of higher temperatures to reduce viscosity is costly and is
often accompanied by problems of oxidative and thermal degradation
and safety.

Viscosity can be reduced by more extensive hydrogenation. This
practice, however, increases the cost of product and may not be
necessary. If the cause of high viscosity of coal liquefaction
products 1s thoroughly understood, an economically attractive
alternative to extensive hydrogenation can probably be found. A
research program to investigate the cause of high viscosity of
coal liquefaction products and to improve this critical property
was carried out at Harvey Technical Center under the joint sponsor-
ship by Electric Power Research Institute and Atlantic Richfield
Company, Results of this program have been i1ssued as an EPRI
report.(l) Prior to this joint program an in-house project was
also initiated by Atlantic Richfield to determine causes and
remedies for high viscosity of coal liquefaction products. One
result of these programs is the discovery that certain chemical
compounds, when used at concentrations of 1-10%, are effective in
reducing the melt viscosity and softening temperature of these
coal liquefaction products, This paper summarizes our findings
on this subject and expresses our thinking regarding their mecha-
nism of action.

Experimental

Source of Coal Liquefaction Products

1. H-Coal

H-Coal was .rovided by Hydrocarbon Research, Inc., Trenton, NJ,
and was ideu.tified as PDU Run 130-73. This pilot plant run was
operated at a fuel oil mode meaning that less extensive hydro-
genation was carried out, This yielded three fractions: atmos-
pheric overhead, atmospheric bottoms and vacuum bottoms. The
last-named fraction contained catalysts and other ash-forming
materials. It was de-ashed in our laboratory by dissolving in
tetrahydrofuran, filtering through a fine-pore filter aid
(Celatom FP-2 from Eagle-Picher Industries) and removing the
solvent by diluting with water, filtering, washing and drying
in a vacuum oven. The de-ashed vac. bottoms was then combined
with the other two fractions according to the proportions
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provided by Hydrocarbon Research. To avoid oxlidation all
operations were carried out under N atmosphere and all
materials were stored in desiccators or closed containers
under Np. Analyses of the different batches of H-Coal used
for this study are shown in Table 1.

2, SRC-Coal
Solvent Refined Coal was provided by Catalytic, Inc.,
Wilsonville, AL. It was produced from Illinois No. 6 Coal
of Burning Star Mines and was used as received in our studies,
Analyses are also shown in Table 1.

Sourqe of Additives

All the additives discussed in this paper (except naphthenic
acid and aromatic oils) were purchased. Suppliers and chemical
structure are shown in Table 6.

Blending

In the case of H-Coal the components were weighed into a Nj-
flushed screw-capped Pyrex jar, heated in an oven at 350-360°F
until the solids melted and were then stirred under a N

blanket into a homogeneous mixture. The jar was closed, cooled
to room temperature and the solid mass was pulverized into a
powder under N2 blanket. This powder was used for analysis,
for melting point and softening point determinations and for
blending with additives. H-Coal and less volatile additives
were weighed directly into the Brookfield viscometer cup. This
procedure avoided oxidation of the product during hot blending
and was more convenient than carrying out the blending in an
autoclave. However, it also limited the quantity of H-Coal
blended in each batch and a total of six batches had to be pre-
pared for this study. An autoclave was used when more volatile
additives, e.g. propylene oxide, acetic anhydride and acetic
acid were employed.

For Solvent Refined Coal the same procedure was followed except
that no blending from components was required,

Viscosity Determination

Viscosity was determined in a Brookfield Viscometer (Model RVT
at temperatures of 278-500°F and shear rates of 14 and 28 sec”<,
These correspond to speeds of 50 and 100 rpm with the SC 4-28
spindle. All viscosity data were based on an average of three
readings which were usually within 2% of each other. Tempera-
tures shown for the viscosity data were actual temperatures
based on calibration, Low and inconsistent viscosity readings
obtained for non-homogeneous samples were disregarded.
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Softening Point Determination

The softening point was determined according to ASTM Method
D-2398. To avoid excessive oxidation, the preparation of the
.sample disc was carried out under N2 atmosphere in the labo-
ratory of one of the investigators.

Results and Discussion

The additives found to be effective at 1-10% level can be divided
into two groups: those which are reactive with certain components
of coal liquefaction products and those which are unreactive. These
materials are defined as additives on the basis that they perform
an essential function at a relatively low concentration.

Reactive Additives

The presence of acidic and basic components in coal }ég?gf?igion
products is well known. Sternberg and his coworkers

reported that asphaltenes, the key intermediate of coal liquefaction,
contains both acidic and basic components and that the hydrogen
bonding between these components is responsible for the high vis-
cosity of the products. The acidic components include phenols and
pyrroles, while the basic components are pyridines.

Based on this knowledge we postulated that any chemical compound
which can react with either the acidic or basic groups will reduce
the viscosity of coal liquefaction products by converting the acid
or basic components into neutral ones and, in so doing, eliminate the
strong intermolecular forces causing high viscosity. The postulation
was proved to be correct. TFig. 1 shows the viscosity of a H-Coal
with and without the presence of 5% by weight of various reactive
additives, Table 2 shows the effect of these additives on softening
temperature and a calculated % reduction of 330°F viscosity. These
additives represent the following class of chemical compounds. Only
one or two compounds in each class were tested and consequently, may
not represent the optimum choice. The latter is dependent on cost,
availability, effectiveness and such considerations as volatility,
corrosiveness, toxicity, safety and ease of handling.

a. Acids and Anhydrides

These compounds are expected to convert the basic nitrogen com-
pounds to salts or amides, eliminating the H-bonding with the
weaker phenolic compounds. Compounds tested include naphthenic
acid, acetic acid, acetic anhydrlde and dodecenyl succinic
anhydride. At a concentration of 5% W, the reduction in 330°F
melt viscosity was 82-89%. In later work with 1 and 2% acetlc
anhydrlde and a different batch of H-Coal reductions of 355°F
viscosity of 40.5 and 52,5% were obtained. (Table 4)

b. Amines

The amines selected for testing were Cocoamine and Duomeen C,
based on considerations of volatility. At 5% W they reduced
330°F v1sc031ty of H-Coal by 72,6-81.0%. These amines (repre-
sented by B') probably function by replacing the wveaker pyridine
type components (B) from the hydrogen bonding pair A---B.

A---B + B' &——> A---B' + B
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The new hydrogen bonding pair formed A-B' will have lower
viscosity, since B' is a smaller molecule than B,

Epoxides

Epoxides can react with the phenolic compounds in the coal
liquefaction product, forming hydroxyalkyl ethers,

The epoxides tested included propylene oxide and Epoxide No. 7,
a glycidy ether of a mixture of n-Cg and n-Cjg alcohols. The
former lowered 355°F viscosity of one batch 02 H-Coal by 56.7%
when used at 2% W. The latter lowered the 330°F viscosity of
another batch by 84.3%, when used at 5% W. The effect of con-
genérgiloz of propylene oxide on viscosity of H-Coal is shown
in Table 4.

Unreactive Additives

Compounds of this type are not expected to react chemically
with components of coal liquefaction products. Table 3 shows
their effect on viscosity and softening point of H-Coal, At a
concentration of 5% W they reduced the 330°F melt viscosity of
H-Coal by 76.3-95.5% and lowered the softening point by 17-81°F.

One most promising compound is N-methyl-2-pyrrolidone (NMP). At
5% W it gave the largest reduction in viscosity, 95.5%, among
the compounds tested and is shown in Table 4. Subsequent con-
centration studies indicated that it is quite effective even at
1% W. The results of this concentration study are shown in
Table 4 and illustrate that 68,0-73.4% reductions of the 330°F
viscosity was achieved with 1% N-methyl-2-pyrrolidone for dif-
ferent batches of li-Coal. Fig. 2 shows viscosity of H-Coal as

a function of temperature and concentration of HMP.

These compounds belong to the chemical classes of amides, phos-
phoramides, lactams and ketone. They are all polar compounds
with moderate hydrogen bonding characteristics. Their ability
to reduce the viscosity of H-Coal is believed to be related to
their strong solvent powef gor the asphaltenes and preasphal-
tenes, Altgelt and Harle(3) reported that viscosity of solutions
of petroleum asphaltenes is dependent or. the nature of solvent.
A good solvent such as pyridine provide: = much lower solution
viscosity for a petroleum asphaltene than a poor solvent such
as cvclohexane. From this and related observations they con-
cluded that viscosity of asphalts depends considerably on the
intermolecular aggregation of dissolved asphaltenes and the
extent of aggregation is dependent on the solvent.
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The situation encountered with H-Coal is believed to be
similar in the sense that good solvents did reduce viscosity
and that the high viscosity 1s caused by aggregation. Dif-
ferences may exist in the cause of aggregation. Altgelt and
Harle, referring to studies by Yen et al{6), described the
aggregate as the stacking of condensed aromatic rings. For
coal liquefaction products, the work of Sternberg also indi-
cated that aggregation of asphaltene molecules is caused by
intermolecular H~bonding between acidic and basic groups.
Regardless of the exact mechanism we can expect that aggrega-
tion of molecules does exist in coal liquefaction products and
that good solvents can alter the extent of aggregation and
thereby reduce its viscosity.

One important difference between the present case and that of
Altgelt and Harle is the relative proportion of solvent and
solute molecules. 1In the latter case the highest concentration
of solute was 26,8% and the predominant species in the solution
is that of the solvent. 1In the case with H-Coal and 1% NMP it
is estimated that each molecule of NMP has to exert its effect
on 10-15 molecules of asphaltene or preasphaltenes. This seems
to indicate that these asphaltenes and preasphaltene molecules
do exist in aggregates of 10-15 and more and that NMP exerts
its effect not on individual molecules but on these aggregates.

Effectiveness in Solvent Refined Coal (SRC)

a.

Reactive Additives

SRC from Illinois No. 6 coal was treated with 1 and 2% of
propylene oxide, acetic acid and acetic anhydride in an auto-
clave. A reaction temperature of 500°F was maintained for 30
min, The treated product had a viscosity 15-407 lower than the
original SRC (Table 5). This improvement was considerably less
than that occurred with H-Coal (40.5-56.7%) under comparable
test conditions.

Unreactive Additives

0f the many unreactive additives found effective in H-Coal only
one was chosen for treatment of SRC. Results indicated that
N-methyl-2-pyrrolidone gave a 48.2% reduction of 430°F vis-
cosity at a concn, of 47 W,

However, a number of aromatic petroleum by-products were found
to be effective at concentrations of 10%. Data in Table 5 show
that the two aromatic extracts reduced the 440°F viscosity by
44.0-72.5%, These are by-products from solvent refining of 200
and 100 viscosity (SUS @ 100°F) lubricant base oils. The con-
centration of aromatic hydrocarbons by clay-gel analysis is in
the range of 66-70%. The two light cycle oils reduced the 4400F
viscosity by 78.0-83.5%. They are by-products of fluid catalytic
cracker and contain approximately 60% aromatic hydrocarbons. ~The
effectiveness of these additives is apparently related to the
presence of high concentrations of aromatic hydrocarbons and
their better solubility for the components of SRC. The greater
effectiveness of light cycle oils than the aromatic extracts

is believed to be related to their much lower viscosity.
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Table 1

Composition of Coal Liquefaction Products

Identity H-Coal SRC
Batch No.2 1 2 3 [ I
Analyses
We. % C 85.65 85.65 86.75 85.34 86.90
H 6.71 7.15 7.30 7.38 5.75
0 4,66 4.11 4,12 4,80 5.00
S 0.70 0.62 0.57 - 0.67
N 1.39 1.28 1.27 1,28 2.00
Ash 0.14 0.17 0.21 0.15 0.24
H,0 0.32 1.86 0.13 - -
Mol, Ratio H/C 0.93 0.99 1.00 1.03 0.79

8 Batches 4 and 5 were blended with same proportions of atmos-
pheric overhead, atmospheric bottom and de-ashed vac. bottoms
, as Batch 3. They were not analyzed.

Table 2

Effect of Additives on Viscosity and Softening Point of H-Coal?

% Reduction

Softening Point Viscosity

Additive We. % oF at_330°F
Determined Reduction
None - 275 - -
Naphthenic Acid 5 210 65 82,1
Acetic Anhydride 5 235 40 88.8
Dodecenyl Succinic 5 223 52 84.4
Anhydride

Cocoamine 5 200 75 81.0
Duomeen C 5 210 65 72.6
Epoxide No. 7 5 203 72 84.3

4 Batch 2, Brookfield Viscosity 22.10 poise at 330°F and 28 sec”l.
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Table 4

Effect of Concentration of Additive on Viscosity of H-Coal

H-Coal Brookfield Viscosity %
Additive Wt. % Batch No. Poised Reduction
330°F 3550F
Acetic Anhydride 0 5 - 24,13 -
1 " - 14,35 40.5
2 " - 11,46 52.5
4 " - 9.00 62.7
Propylene Oxide 0 6 - 16.08 -
2 " - 6.97 56.7
4 " - 4,53 71.8
N-Methyl-2- 0 4 37.50 - -
Pyrrolidone 1 " 8.10b - 78.4
2 " 5.58 - 85.1
4 " 3.17 - 91.5

a8 At shear rate of 28 sec~!
b Extrapolated from Vis. at 340 and 355°F

Table 5

Effect of Additives on Viscosity of Solvent Refined Coal

Brookfield Viscosity % Reduction
4400F, 28 sec-l Viscosity
Additive We, % Poise at 440°F
None - 10.00 -
Propylene Oxide 1.0 8.50 15,00
Acetic Acid 2.0 7.00 30.00
Acetic Anhydride 1.0 6.00 40,00
Aromatic Oils
2095 Extract 10.0 5.60 44,0
1095 Extract 10.0 2,75 72,5
Light Cycle 0il 10.0 2.20 78.0
Hydrotreated 10.0 1.65 83.5

Light Cycle 0il

206




Additive

Naphthenic Acid
(200 A.N.)

Acetic Anhydride

Dodecenyl Sueccinic
Anhydride

Propylene Oxide

Epoxide No. 7

Cocoamine

Duomeen C
Dimethylacetamide

Tetramethylurea

Hexamethyl-
phosphoramide

N-methyl-
2-pyrrolidone

Methylheptyl
ketone

Table 6

Supplier and Nature of Additives

Supplier

Atlantic
Richfield

Eastman Organic

Chemwicals

Hunmphrey Chem,

Co.

Union Carbide

Procter &
Gamble

Armak

Armak

Aldrich

Aldrich

Aldrich

GAF

Arour
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Chemical Nature or Structure

A mixture of carboxylic acids
containing a cycloparaffinic
ring and isolated from naph-
thenic crude oil. Avg. Mol.
Wt. 260.

(CH3CO) 20

C12H23-?H-CO\\ o

-~
CH-CO

CH3-CH-CH
3-CH-CHa
0
ROCHZ-C§69H2
R = n-CgHy; & n-CygHy;

Primary amine produced from
coconut fatty acids,

N-Coco-1,3~propanediamine
CH3CONMe 2

MeyN-CO-NMe

P(0) (KMe,) 5

CHy-CH»

(ﬁ{z-é =0

Me
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ULTRAFILTRATION DE-ASHING PROCESS
FOR SOLVENT REFINED COAL

Abdelkader Bensalem*

Chemical Engineering Department, Columbia University
New York, New York 10027

*Leaving on a fellowship to: Technisch-Chemisches Laboratorium
P
ETH - Zurich, CH-8006 Switzerland

INTRODUCTION

Most ultrafiltration (UF) studies have focused on agueous
systems where solutions are concentrated by the removal of water(l),
References to the UF of non-aqueous solutions are infrequent. The
paucity of studies on non-agueous solutions has been due primarily
to three reasons. First, present-day membrane technology is primar-
ily directed toward the demineralization of saline and brackish
waters. Second, the organic fouling in water of conventional cellu-
losic type membranes has limited their use in non-aqueous, organic
solutions. Third, the low price of energy during the last two
decades did not encourage engineers to develop low pressure, thus
low energy techniques of separation which were capital intensive.

But now with the necessity for energy conservation and the develop-
ment of membranes made of new polymeric materials, ones which provide
both good mechanical characteristics and good resistance against
chemical attack, membrane technologies are being applied to non-
agqueous systemS(Z 3)-

Virtually all of the coal liquefaction processes require the
separation of ash particles from the coal derived liquids in order to
qualify the product as a furnace fuel. The SRC, Solvent Refined
Coal, process produces a liquid having about 5% ash; a reduction of
ash to below 0.1% is necessary to obviate the use of electrostatic
precipitators in the furnace, thus reducing capital costs in product
utilization. A further de-ashing to less than 0.005% would qualify
SRC as a gas turbine fuel. Also, since most of the sulfur in SRC
(0.55%) is concentrated in the ash; a UF de-ashing process would
partially obviate the need for extensive desulfurization of the
product4 . A typical analysis is shown in Table 1. The asphaltenes
(benzené goluble, pentane soluble) are believed to be responsible for
the high viscosity of the product. A separation of these asphaltenes
from the fuel could serve to avert viscosity-related problems in use.
These asphaltenes could be further treated by thermal hydrocracking
to produce more oil.

The objective in this investigation was to study the de-ashing
(also de~-sulfurization) of SRC using UF membranes including ones of
fixed-charge, sulfonic acid nature. Principally such parameters as
feed viscosity, temperature, use of solvents, cross-flow velocity,
nature of the membrane and its fouling were of interest.
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Table I

Analysis of SRC (SAMPLE from Filter feed from INDIANA V Coal)

Specific gravity at 90°C 1.087
Viscosity at 105°C 19.8 (cp)
0ils (Pentane solubles) 65.0% (wt. %)
Asphaltenes (Pentane Insolubles) 27.9% (wt. %)
Organic Benzene Insolubles 5.7% (wt. %)
Ash (Inorganic Insolubles) 5.45% (wt. %)
Sulfur 0.55% (wt.%)
EXPERIMENTAL

A. Apparatus: The system used in this investigation is shown in
Fig. 1. The 2.0 1 stainless steel reservoir was heated by heating
tapes and its temperature controlled by a variac. The device readily
withstands pressures up to 1500 psi. The operating pressures were
provided by compressed nitrogen gas applied directly to the reser-
voir. The flow lines were made of 0.5 in. schedule - 40 pipes.
Re-circulation rates were monitored with a high temperature and
pressure (up to 1400 psig. and 205°C) dial indicator purgemeter
Model 10A2227, manufactured by Fischer and Porter Co. of Warminster,
Pennsylvania. The operating temperature was measured at the exit of
the cell with a stainless steel Weston thermometer. A special posi-
tive displacement pump from the Viking Pump Division, Model GG1950
with steel external direct drive unit, acted as a feed carrier to the
system. This pump can handle many types of liquids with viscosities
up to 15,000 S.S.U. at temperatures up to 1070C.

B. Membranes and their Conditioning: UF membranes are usually
stored and conditioned in water before use. 1In this study, the first
treatment was to condition the membranes in a non-aqueous environ-
ment. To avoid osmotic shock this transfer was accomplished gradual-
ly at regular intervals, every 10 minutes, by increasing the concen-
tration of the solvent with respect to water, using a water miscible
solvent such as methanol. Then the membrane could be transferred
directly to any other non-agueous solvent (toluene, hexane, kerosene,
cee).

The membranes used in this study were cast from a solution of
polyacrylamide onto a spun bonded polyster support. The membranes
pore radii were about 1.5 nm and 70% pore volume (Poiseuille).

C. 24 CB - Creosote Solvent: This solvent was obtained from Allied
Chemical, Semet Solvey Division of Morristown, New Jersey. This is a
specially refined creosote distillate of tar obtained by the high
temperature carbonization of bituminous ccal, and further processed
to remove excess crystalline salts and make the oil more fluid. The
24-CB creosote oil has a specific gravity at 389C/15.5°C of 1.06,
and its viscosity is about 2.1 Cp at 100°C.

D. Analysis for Ash: A muffle furnace operating at temperatures up
to 9509C was used for the analysis for inorganic ash. Weighted
samples of the feeds and the permeates of SRC (each weighing about

10 g) were dried overnight at about 100°C; following this the temper-
ature of the furnace was increased by 500C increments every half hour
until 900°C and then kept there for 2-3 hours, after which the red-
dish brown powder which resulted was cooled in a dessicator and
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weighted. To insure total decarbonation, the process at 900°C was
continued until no further weight loss was observed.

RESULTS AND DISCUSSION

As shown in Figure 2, an increase in temperature from 85°9C to
100°C increased the flux by a factor of about 2.5. It is known that
high temperatures reduce the viscosity of the fluid. With SRC, on
going from 85°C to 100°C the viscosity was lowered from about 42.0 Cp
to about 20.8 Cp, or by a factor of 2.0. As for ash rejection
(99.8%.at 85°C; 99.9% at 100°C) this improves with higher tempera-
tures and with higher axial velocity of the fluid due to its lowered
viscosity. From Figure 3, one can see that high pressures tend to
increase the resistance to flow because under high pressures parti-
cles are forced against the membrane and possibly into the pores.
These effects create a polarized boundary layer which may prevent
higher fluxes. We observed that at the beginning of the run, at high
pressures (15.51 x 10° Pascals or 225 psig) the rejection is low
compared to the one measured at the end of the rungy. High pres-
sures force the smaller particles into the larger pores, which are
responsible for the low rejection. After the gel slime has formed,
the rejection is usually 100% but the fluxes are much lower.

UF of SRC was run, at the same temperature and pressure but at
different axial velocities, as shown on Figure 4. At high axial
velocities the fluxes leveled off smoothly to reach a higher steady
state level; at low velocities, fluxes decreased sharply as shown by
the curve for the velocity of v = 305 cm/sec. Higher velocities
apparently prevented the formation of the gel slime on the surface of
the membrane, and reduced the thickness of the boundary layer by pro-
moting turbulence, in the flow of the fluid in the cell. As for ash,
rejection, (99.90%1, 99.892; 99.803) it increases with increasing
velocities for the same reasons given above.

The permeabilities of diluted SRC with 24-CB Creosote oil is
shown in Figure 5 (Curve #2). It shows that a 10% dilution almost
doubled the fluxes. This again is explained by the fact that Creo-
sote oil has a low viscosity (about 2.0 Cp at 94°C) compared with the
SRC viscosity of 35.8 Cp at 94°C, this reduces the viscosity of the
SRC solution and makes the fluid much easier to flow. Ash rejection
also increased with dilution, 100% compared with that of pure SRC
(99.9%). One observes that dilution has the same effect as tempera-
ture; both serve to reduce the SRC viscosity.

With toluene, as shown in Figure 5 (Curves #3 and 4), one can
see a strong effect of dilution. A 10% dilution increased the flux
by a factor of 3.5; a 25% dilution increased the flux by a factor of
6.5. Ash rejection also increased with dilution, 99.99 - 100%

compared with 99.9% for undiluted SRC.

From the results shown in Figure 5, one observes that toluene
served much better than 24-CB Creosote o0il, primarily because it has
a lower viscosity than creosote oil.

= 366 cm/sec.
2 at v = 335 cm/sec.
= 305 cm/sec.
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SEPARATION OF COAL MACERALS*

Gary R. Dyrkacz, C. A. A. Bloomquist, Louis H. Fuchs,
and E. Philip Horwitz

Chemistry Division, Argonne National Laboratory,
9700 South Cass Avenue, Argonne, Illinois 60439

INTRODUCTION

As coal science progresses the need for pure coal macerals be-
comes increasingly obvious. The chemical and physical properties of
the various macerals are known to differ substantially(l), but a
large portion of the work is based on European coals. Furthermore,
separated macerals used for previous studies were not always of high
purity. Little attention has been given to the actual procedures for
separating the macerals. We are currently involved in a program to
define the parameters necessary for efficient separation of macerals
using differences in density and to build up stocks of macerals for
additional analyses. Our technique is based on density gradient
centrifugation (DGC) rather than the often used sink-float procedures.
As we will show, DGC has much more latitude for separation control
and has the advantage of superior resolution in less time than pre-
vious methods, e.g., sink-float.

EXPERIMENTAL
Coal Samples

All coal samples used in this study were obtained from the
Pennsylvania State University data bank.

Microscopic Analysis

Petrographic analysis of the fine ground coal was performed in
both incident blue light and white light at 1200x. The exinites
autofluoresce in blue light making them more visible. Standard pro-
cedures were used for mounting, polishing, and analyzing the coal
materials.

Grinding

The grinding of the coal was performed in two steps. Initial
grinding of the coal to below 200 um particle size was performed
u;ing a planetary ball mill. The resultant ground coal from the ball
m}ll was then used as a feed for fine grinding in a Sturtevant Micro-
nizer fluid energy mill. This type of jet mill has no moving parts;
the.coal is fed into a high velocity gas stream of nitrogen moving in
a circular pattern where it self-grinds. In addition, the mill is to
some degree self-classifying; therefore, a narrow particle size dis-
tribution is produced.

*This work was performed under the auspices of the Office of Basic
Energy Sciences, Division of Chemical Sciences, U. S. Department of
Enerqgy.
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In the case of PSOC-297 coal, one pass through the fluid energy
mill produced particles which were <6 um in size. This size range
gave particles which were largely homogeneous with respect to a given
maceral. In the case of PSOC-124 coal, two passes through the mill,
followed by demineralization, six freeze-thaw cycles between liquid
nitrogen and 80°C, and then a final pass through the mill was required
to reduce the particle size to <6 um.

Demineralization

After fine grinding, the coal was demineralized chemically using
standard procedures(2). Both coals still had ~2.6% mineral matter
present after chemical treatment.

Density Gradient Centrifugation (DGC)

DGC techniques were used for all separations. Linear density
gradients were used throughout this work, and were pre-formed using a
commercial density gradient former (ISCO, Model 380 or 382). Agqueous
CsCl was used to form all gradients. The coal was dispersed with
either Brij® 35 (polyoxyethylene-23-lauryl ether) or dodecyltrimethyl-
ammonium salt (8 g/L) added to all solutions. Two separation systems
were used: analytical DGC and preparative DGC. In the analytical
mode, 5-50 mg of coal was dispersed into a low density solution by
mild ultrasonic treatment, layered on a 40-45 ml gradient (+~1.0 to
1.5 g/cc), and then centrifuged at 12,000 rpm (v16,000 x g) in a
Beckman J-21C centrifuge for 30 minutes. After this period the cen-
trifuge was stopped and the contents of each of the tubes were forced
out with a dense chase solution of fluorinert® FC-43. The contents
leaving the centrifuge were then passed through an absorbance monitor
and into a fraction collector. The density of each fraction was found
by measuring its refractive index.

Large scale amounts of coal (2-3 g) were separated using a com-
mercial zonal centrifuge rotor (Beckman, model JCF-2) which holds a
1.6 L density gradient. After loading and centrifuging, the contents
were again pumped out with the high density chase solution and col-
lected in 30 ml fractions. Each fraction was filtered through a 1 um
pore diameter nuclepore® membrane filter. The resultant residue was
washed with both room temperature and hot water to remove CsCl and
surfactant, dried in a vacuum at 80°C and stored under nitrogen.
Selected fractions were then microscopically analysed.

Atomic ratios for some fractions were measured using a microwave
plasma detector (Applied Chromatography Systems, model MPD850)
equipped with a solid probe.

RESULTS AND DISCUSSION

Two bituminous coals were used in this study, PSOC-297 and -124.
PS0OC-297 is a cannel-like coal, and PSOC-124 is a true cannel coal.
The composition of these two coals is shown in Table I. These coals
were chosen for their large inertinite and exinite concentrations;
PSOC-297 was also interesting because of its high mineral matter con-
tent. We expect that any separation difficulties with mineral matter
would be most evident in this coal.
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Scheme I shows the sequence of procedures used to obtain sepa-
rated macerals. The first and one of the most important aspects in
maceral separation is the grinding stage. The initial grinding step
(using a planetary ball mill) is necessary to reduce the particle
size below 200 pm, which is required for the feed to the fluid energy
mill. The average particle size after grinding in the fluid energy
mill is 2.6 um, with 95% of the material below 6 um. After grinding,
the coal is demineralized. We have found that demineralization is a
necessary step for the two coals investigated in order to achieve a
good maceral separation.

The density gradient separations were carried out using a maxi-
mum and minimum density of 1.5 and 1.0 g/cc, which encompasses the
range of maceral densities. All gradients were linear (by volume).
CsCl was used to form the gradients because of its relative inertness
to coal, convenience in handling, and maximum density of 1.9 g/cc.
However, the hydrophobic nature of coal presented a problem in dis-
persing the fine particles in a hydrophilic medium. 1In fact, very
little maceral separation can be achieved without the use of surfac-
tants to improve the dispersibility of the coal in CsCl solution. We
tested three classes of surfactants: anionic, cationic, and nonionic,
for their ability to disperse the two coals in aqueous density gradi-
ents. Quaternary ammonium salts, particularly dodecyltrimethyl-
ammonium bromide, and the nonionic Brij® 35 (polyoxyethylene-23-
lauryl ether) were found to imgrove the wetting properties of the
agueous medium. However, Brij® 35 was used for all runs because it
has good solubility in aqueous CsCl, is readily available, and was
found to be better than the quaternary ammonium salt in regard to the
stability of the dispersion of PSOC-124.

Figure 1 presents the combined results of analytical DGC runs
for the two coals. All densities are solution densities corrected to
25°C. The absorbance scale can be taken as a measure of the relative
amount of coal at a particular density, but the curves have not been
normalized; thus direct comparison of yields per fraction between the
two coals is not possible. As would be expected for such dissimilar
coals, the curves are quite distinct and reflect at least crudely the
proportion of the various maceral groups, with the exception of in-
ertinite. From Dormans et al.(3), we expect the densities for the
various macerals to be: exinities ~1.2, vitrinites ~1.3, and inertin-
ites 1.4 g/cc. It is interesting to note that the fractograms do
not show peaks where inertinite is expected to appear.

Figures 2 and 3 show the results of preparative DGC runs on
PSOC-297 and PSOC-124. The top curves in each set compare very well
with the analytical runs. The lower graphs show the corresponding
volume percent of the three maceral groups for selected fractions.

It can be seen that for both coals many fractions are better than 90%
pure with respect to a maceral constituent. In the case of alginite
many particles apparently split out of the coal as single entities
during grinding and could be identified from other exinites by their
morphology. The actual yield of alginite is probably higher but
smaller particles were counted as alginite only if they exhibited the
morphological characteristics of alginite.

) The %ngrtinites present an interesting case because they seem-
ingly exhibit high concentrations in more than one density region.
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This can be seen more clearly in Figures 4 and 5, where we have plot-
ted the data in a different manner. The ordinate is the weight of
coal in each equal volume fraction collected. The percentage of each
maceral in a density fraction was multiplied by the weight of that
fraction. The weight of vitrinite was divided by 10 in Figure 4 for
convenience of plotting. We have neglected the difference between
vol. % and wt. % because of the difficulty of accurately calculating
wt. % from a volume distribution. Neglecting the difference in vol.
and wt. % only affects the results where there is an overlap of two
Oor more macerals, but not significantly enough to change the overall
results. Note that there seems to be multiple inertinite peaks with
both coals. The reason for this behavior was revealed by microscopic
examinations, which showed that the low density inertinite consisted
of micrinite particles bound to other macerals.

In the case of PSOC-297 the micrinite is bound to exinites and
vitrinites, whereas with PSOC-124 the micrinite is bound only to
exinite. 1In both unground coals the micrinite is highly dispersed
throughout the coal rather than localized in definite regions, and
thus does not seem to selectively split out of the coal on grinding.
For PSOC-297 this does not constitute a major problem, but for PSOC-
124 a large fraction of the inertinite is obtained as composite par-
ticles. However, these composite materials prevent us from seeing
the true distribution of a particular maceral, and therefore we
modified our counting procedure. If the crosslines (of the micro-
scope) fell on a particle which contained more than 10% of a second
maceral, then we described that maceral under the crosslines as being
bound. The error in such a counting procedure is high (v10%),
especially where the macerals are generally of a fine nature, but
for our purposes the error was not a severe problem. This procedure
allows us to effectively eliminate, albeit in an artificial manner,
mixed maceral particles and only observe the distributions of pure
constituents. Figures 6 and 7 show this data. It is an easy task to
read off from Figures 6 and 7 the maceral distribution and density
peaks. For PSOC-297 coal: alginite, 1.06 g/cc; sporinite, 1.19 g/cc;
vitrinite, 1.29 g/cc; and inertinite, 1.35 g/cc. Alginite constitutes
only 2% of PSOC-297 and yet we achieved an excellent separation, which
shows the effectiveness of the density gradient method. For the PSoC-
124 separation, the alginite was present as a shoulder (1.0 to 1.1 g/
cc) on the concentration profile of the exinites (see Figure 3), but
was not counted because the fluorescence was not as distinctive as in
the case of PSOC-297. The exinite distribution in Figure 7 shows a
rather asymmetric shape. We believe this asymmetry represents two
different types of exinite material, possibly different spore types;
one showing higher fluorescence than the other. Vitrinite has a peak
density of 1.25 g/cc and inertinite, 1.30 g/cc.

Figure 8 is a plot of the H/C and S/C for selected PSOC-297 frac-
tions. An almost linear dependence of H/C on density is exhibited in
the early fractions (<1.35 g/cc); however, the inertinite fractions
show little change. The H/C behavior in the exinite-vitrinite region
may be explained according to Van Krevelen's correlation between den-
sity and atomic ratios (1). However, we cannot explain the H/C inde-
pendent region (>1.35 g/cc) at this time.
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CONCLUSIONS

We feel the density gradient technique offers significant advan-
tages over previous methods of maceral separation. It provides a
rapid method of measuring the overall density ranges of the various
macerals and of separating macerals having any density range desired.
0f course, the smaller the fraction cuts, the less coal per fraction.
Our current fractions range between 0.007-0.010 g/cc. To obtain the
same range using sink-float techniques would require over 40 separate
stages. As the results show, we have had good success with PSOC-297
and -124 coal samples using the DGC technique, although micrinite
presents some problems. In the case of PSOC-297, the micrinite con-
tribution does not drastically affect the material in which it is
mixed, e.g., vitrinite is still over 90% pure. 1In the case of PSOC-
124 much more exinite material is contaminated by micrinite inclusion,
undoubtedly because of the very high micrinite concentration initially
present.

Two important points can be made from this study. First, the
broad distribution of densities for exinite and inertinite and the
corresponding large drop in H/C ratio for the exinites suggests large
changes in chemical structure must be occurring. Thus, caution must
be used in studying the properties of exinites and inertinites to in-
sure that structural information is based on narrow range density
fractions. In fact, this is probably why in the past the properties,
both chemical and physical, have much broader limits for exinites and
inertinites(l). Second, the density range for vitrinites is rela-
tively narrow in both coals, suggesting that the properties of vit-
rinite should be generally less erratic and therefore considerably
more predictable.
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Composition Data for Coals

Volume $%

PSOC-297 PSOC-124
Sporinite 16.4 51.7
Resinite 0.4 1.5
Cutinite 0.4 1.7
Alginite 2.0 1.6
Vitrinite 63.0 14.6
Micrinite? 17.0 27.4
Semi-fusinite 0.8 1.0
Fusinite 0.4 0.4
M.M (wt. %) 22.8 10.7
% C (dmmf) 82.17 84.99
$ H (dmmf) 5.62 7.20

a s
Includes: micrinite,

FIRST GRIND
to <200 um

ANALYTICAL DGC
Optimize conds.

PREPARATIVE DGC
Microscopic purity,

etc.
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Figure 2. Preparative Density Gradient Separation and Maceral
Analysis of PSOC-297.
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Figure 3. Preparative Density Gradient Separation and Maceral
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Rapid Estimation Of % Ash In Coal From % Silicon Obtained Via FNAA, XRF,
And Slurry-Injection Atomic Absorption Spectrometry Techniques
by
Donald G. Hicks, James E. O'Reilly, and David W. Koppenaal

Departments of Chemistry, Georgia State University, Atlanta, GA, 30303 and
University of Kentucky, Lexington, KY, 40506; and Institute for Mining and
Minerals Research, Kentucky Center for Energy Research, Ironworks Pike,
Lexington, Ky, 40583.

INTRODUCTION

The ash content of coals is an important classical parameter for their
eventual use as fuels, as feedstocks in liquefaction and gasification processes,
and in metallurgical processes. For example, it is a fairly common procedure to
blend various lots of coal to obtain a more constant ash content when it is used
in coal-fired boilers and power plants. Among other parameters, the relative
rate of combustion as well as the maximum combustion temperature of aqueous coal
suspensions were found by Isaev and Delvagin(l) to be dependent on the ash
content of coals used in the study. Other workers have noted that the content
of ash and certain minerals in coal can affect the yields from gasifiers and
liquefiers.

The conventional method for determining the percent high-temperature ash
of coal is simply to burn slowly a representative sample at elevated temperature
in a muffle furnace. The method is simple, accurate, and reproducible; but
requires a considerable amount of time in the laboratory.

A number of approaches, and refinements thereof, have been reported to be
useful for estimating the mineral matter and ash contents of coal from the levels
of the major inorganic elements present(2-7). For a variety of reasons, the use
of elemental content for the estimation of ash or mineral matter in coals is
considerably less exact than, for example, a somewhat similar approach for
estimating BTU values(8-10).

Recently, Loska and Gorski(ll) and Block and Dams(12) have shown that a
reasonable correlation exists between the ash content of coal and the silicon
level determined by fast instrumental neutron activation analysis (FNAA) for
Silesian and Belgian coals, respectively. They reported that best results
came from a logarithmic correlation, % ash = a(% Si)P where a and b are constants.
Their mean absolute error for estimation of ash content was about 1.8 % ash, or
about 8 % relative error. We have recently developed a very rapid atomic
absorption method for analyzing coals for many trace and minor-level elements by
directly aspirating aqueous slurries of finely powdered coal into a conventicnal
AR spectrometer(l13,14). Because AA spectrometers are so common, it was our
desire to see if the slurry-injection atomic absorption spectrometry (SIAAS)
method would provide a suitable and fast method for estimating the ash content
of some typical U.S. bituminous coals simply from measurement of their silicon
concentrations. Comparisons between simple linear plots and log-log plots of
data were also of particular interest to us.

This paper reports the results and statistical analyses we have obtained
for the correlation of the ash content of a number of eastern Kentucky, western
Kentucky{Illinois basin), and West Virginia coals with the silicon content as
determined by slurry-injection atomic absorption (SIAAS), X-ray fluorescence (XRF),
and fast neutron activation analysis(FNAA). In addition, results are compared

with the % silicon and % ash data published by the Illinois State Geological
Survey (15, 16) for a wider variety of coals.
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EXPERIMENTAL

Coal samples were crushed, pulverized in a swing-mill, and sieved as
previously described(13). The high temperature ash values for coals used in
this work are from standard 750°C ASTM ashes(17).

The percent silicon in about 20 coals was determined by Drs R. C. Young
and W. D. Ehmann of the University of Kentucky Department of Chemistry using
FNAA procedures described elsewhere(18). These silicon contents from FNAA
were considered to be benchmark values, and were used as standards to calibrate
the signals from the XRF and AR spectrometers for determination of si in these
and other coals. The XRF and AR signals were then converted to values of % Si
by XRF and % Si by slurry-AAR for the various coals. Subsequently, correlations
of the % ash with the % Si obtained by the several instrumental techniques were
compared.

X-ray fluorescence measurements were performed using a Finnigan 900B
energy-dispersive spectrometer fitted with a rhodium target tube, and operated
at 14 kV and 0.30 mA. Samples were run as powders and counted for 1000 seconds.
Total and net fluorescence counts were acquired for the Si K photopeak (1.74 keV).
For SIAAS determinations, coal samples were further ground and sieved by
procedures already reported(13). The final slurries aspirated into the burner
were 1.5 % wt/vol solids in 0.5 % Triton X-100 surfactant. A 5-cm nitrous
oxide/acetylene flame was used, and the analytical wavelength was 251.6 nm.

The atomic absorption spectrometer employed was a Varian AA-6 whose standard
tantalum nebulizer intake capillary had an inside diameter of 0.400 mm.

RESULTS AND DISCUSSION

To summarize, our results show that a reasonably useful linear correlation
can be made between the % high-temperature ash and the % Si for typical
Appalachian and Illinois Basin bituminous coals. Figure 1 illustrates a plot
for such a correlation involving % Si from SIAAS data for 24 arbitrarily chosen
Kentucky and West Virginia coals which range from about 4% to 28% ash. The
linear least squares line fit to the data (see Table I) has a correlation
coefficient of 0.890; and the standard error of estimate(SEE), the root-mean-
square deviation of the y-values for the straight line fit, is 2.4 % ash.
Exemplified by Fiqure 2, similar correlations of % Si by XRF or FNAA vs. % Ash

for the same coals result in a roughly similar appearance, but the fits are
significantly better as seen by the SEE values of 1.73 and 1.71 in Table I.

The visual appearance of the linear plots such as shown in Figures 1 and 2
are somewhat less satisfying than those of Loska and Gorski(ll) and of Block
and Dams(12). In the latter cases, however, the plots are log~-log and cover
a considerably wider range of % ash (about 3% to 40%)! Thus, the deviations
from straight line fits appear to be less. But statistically, the fits are
more or less equivalent.

Table I presents a comparison of the linear-least-squares fit for Kentucky
and West Virginia coals when the % Si is determined by a number of different
instrumental methods. The correlations are all roughly comparable---similar
slopes, intercepts, standard errors, and correlation coefficients---except
for the fact that the fit is significantly worse with the simple SIAAS method
for Si determination. This is understandable in view of the facts that SIAAS
is not a highly accurate method, and, is somewhat affected by the varying matrix
and different particle-size distributions from one coal to another(13). Still,
the median relative error in determining % Si by SIAAS is only 10 % for these
coals. The larger method errors inherent in SIAAS itself, relative to XRF or FNAA,
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apparently add to some degree to the natural uncertainties in the correlation,
and decrease the overall fit. However, initial studies with a recently

developed acid-slurry-AA method (ASIAAS) for determining silicon(19) have produced
% ash-% Si correlations comparable to those obtained from XRF and FNAA data.

In this ASIAAS procedure, powdered coal is slurried with a relatively dilute acid
mixture (HCl-HF-Triton X~100) for a few minutes in an ultrasonic bath. Further
results will be reported at a later date. Similar to previous observations(11,12),
we found that relative errors of the worst individual cases seemed to be somewhat
larger for coals with lower % ash.

Correlations within a Rank of Type of Coal: Included in Table I are some
results for similar correlations using data published by the Illinois Geological
Survey (15,16) for a greater number and wider range of coals. These were studied
in order to see if significantly better correlations could be obtained within one
type or rank of coal than seemed to be the case with the arbitrarily selected
set of Kentucky and West Virginia coal samples we used. It was distressing at
first to find the very poor correlation for coals from a single source. For
example, 15 Harrisburg{No. 5) coals exhibited a correlation coefficient of only
0.417. Apparently, this is primarily a result of the restricted range of % ash
values for these coals. However, it is interesting to note that the standard
error of estimate (a more meaningful parameter) is actually better for these than
any other set of coals. The selection of coals with more widely spaced % Si values
covering a wider range of ash values results in better correlations and better
appearing plots(ll). This notion was tested by arbitrarily selecting one coal
within each 0.1 % Si interval from the 172 coals analyzed by the ISGS(15). The
correlation (labelled "arbitrary" in Table I) is about as good as any of the
others.

Linear versus Logarithmic Correlations: Table II presents the results of
logarithmic correlations on the same sets of coals as in Table I, and compares
these with previous findings(11,12). On the whole, the logarithmic correlation
coefficients for American coals were slightly worse than those from the linear
correlations, and there seems to be no particular reason to prefer the former
over a simple linear fit. The general conclusion from the results presented in
this work is that, regardless of the source or rank of the coal or the rapid
method used to measure the silicon content, the % ash of typical American
bituminous coals can be estimated by simple linear correlations to within a
standard absolute error of about 1.7 % ash---approximately 10 % relative error.
This compares with a value of about 1.8 % ash absolute error for Silesian
coals(11l), and about 8.0 % relative error for Belgian coals(12).
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FORMULAS FOR CALCULATING THE HEATING VALUE OF COAL AND COAL CHAR: DEVELOPMENT,
TESTS AND USES

D. M. Mason and K. Gandhi

Institute of Gas Technology
3424 s, State St.
Chicago, Illinois 60616

The heating (calorific) value of coal and char is of great importance in the

conversion of coal to other useful forms of fuel, as well as in its direct use.

The significance of the correlation of heating value with composition in ordinary
fuel usage is shown by the development, as early as 1940, of some 9 different for-
mulas for calculating heating value from the ultimate analysis and 11 formulas for
calculating it from the proximate analysis (1). Three additional ultimate analysis
" formulas have been proposed within the last three years (2,3,4). The correlation
is perhaps of even greater importance for the rationalization and modeling of con-
version processes now being developed.

Our own work on this problem was carried out for a project on preparation of
a "Coal Conversion Systems Technical Data Book," supported by the U.S. Department
of Energy and its predecessors.

A data base (including experimental heating values, ultimate analyses and some
other parameters) was established, consisting of 121 samples from the Coal Research
Section of Pennsylvania State University (5), and 681 samples analyzed by the Bureau
of Mines and reported in various state and Federal government publications (6,7,8,9).
The Penn State samples, representing large deposits of coal, had been selected for
tabulation in the Data Book (10). The data base covers a wide range of coal fields
of the United States.

Four formulas were selected for test. They are as follows:

Dulong (1)
Q = 145.44 C + 620.28 H + 40.5 S - 77.54 (0) 1)
Boie (11)
Q= 151.2 C + 499.77 H + 45,0 S - 47.7 (0)+ 27.0 N 2)

Grummel and Davis (1,12)

654.3 H

Q= [m+424.62] [C/3+H—(0)/8+S/8] 3)

Mott and Spooner (1,13)

144.54 C + 610.2 H + 40.5 S - 62.46 (0) (0) s 15% 4a)

Q

30.96(0)

Too-ny 1¢© (0)> 15% 4b)

144.54 C + 610.2 H + 40.5 S - [65.88 -

o
]
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In the above, Q is the gross heating value in Btu/lb on the dry basis and C, H,
S, (0), N, and A are the respective contents ot carbon, hydrogen, sulfur, oxygen,
nitrogen, and ash in weight percent, also on the dry basis.

For a fair test of the formulas on samples representing commercial coal we
eliminated samples with more than 30% ash, leaving a total of 775 samples in the
data bank. Results of applying the several formulas separately to the various ranks
of coal and also to the combined (all ranks) data are presented in Table 1. The
bias (average algebraic difference between observed and calculated values) and the
standard deviation after correction for the bias are the most significant criteria.
For most of the formulas there are large differences in bias among different ranks
of coal, so we have calculated standard deviations for each rank after correcting
for the bias shown for that rank. The standard deviation is also given with
application of a bias correction averaged over all ranks. Note that the often-used
Dulong formula has a substantial bias for all ranks, but of opposite sign for low-
rank coals compared with bituminous and anthracite coals. Thus the overall bias
is low, but no advantage is gained by its application. Also note that although
results from the Boie equation have the highest bias of any, after application of
an overall bias correction the results are among the best.

In addition to calculation with the formulas per se, we also calculated heating
values by use of Given and Yarzab's modified Parr equation for mineral matter content,
and their corrections to obtain carbon, hydrogen, sulfur and oxygen on a mineral-
matter—free basis (14), This calculation requires values for pyritic sulfur that
were not available for some of the samples. Results obtained with the modified Mott-
Spooner equations on 646 samples having pyritic sulfur contents are also shown in
Table 1; results from other formulas were improved, but the Mott-Spooner equation
gave the best results. Details of this calculation and full results are reported
elsewhere (15).

The data bank was also subjected to a least squares regression analysis. Carbon,
hydrogen, sulfur, ash, and oxygen terms were signitficant; nitrogen and cross and
square terms were not. To avoid the implied necessity of determining nitrogen, we
adopted an oxygen-plus-nitrogen term. 7The resulting equation, which we refer to here
as the Data Book Equation, was as follows:

Q = 146.58 C + 568.78 H + 29.4 S - 6.58 A - 51.53 (0 + N) 5a)
When 100- C-H-S-A is substituted for O+N, an equivalent form is obtained:
Q = 198.11 C + 620.31 H + 80.93 S + 44.95 A — 5153 5b)

Results from this new formula are z2lso shown in Table 1. The bias for different ranks
of coal ranges only from -45 Btu/lb on lignite to 13 Btu/lb on subbituminous coal and
does not show a trend with rank. The standard deviation is significantly less than
those of the other unmodified formulas, even after improving these by a bias correc-
tion. The new formula has about the same accuracy as the Mott-Spooner with modified
Parr corrections, but the latter is more complicated and requires pyritic sulfur de-
termination.

The effect of ash content on the accuracy and precision of the formula was in-

vestigated, with the results shown in Table 2. For this test, the formula was also
applied to the 27 high-ash samples that had been removed from the data bank.
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Table 1.

Dulong
Anthracite

Bituminous

Subbituminous

Lignite

All Ranks
Boie

Anthracite

Bituminous

Subbituminous

Lignite

All Ranks

Grummel and Davis

Anthracite
Bituminous
Subbituminous
Lignite
All Ranks
Mott and Spooner
Anthracite
Bituminous
Subbituminous
Lignite
All Ranks

Mott & Spooner,

Modified Parr Basis

TEST OF FORMULAS FOR CALCULATION OF HEATING VALUE

Standard Deviation

All Ranks

New Formula
Anthracite
Bituminous
Subbituminous
Lignite

All Ranks

% Average observed value ~ average calculated value
#*% Bias obtained over all ranks

Average Before After After Over-
. of Absolute Bias Rank Bias all Bias**
Samples Deviation Bias* Correction Correction Correction
Btu/lb
40 137 ~123 157 97 146
406 181 ~138 221 173 212
130 174 127 213 170 222
149 218 174 255 185 266
775 184 -15 223 - 222
40 400 -400 417 100 177
406 253 ~248 279 129 129
180 217 -207 249 138 146
149 301 ~298 330 138 145
775 262 -256 291 - 139
40 107 79 134 106 165
406 164 -128 208 164 184
180 130 46 168 161 185
149 127 39 171 167 187
775 146 -44 189 - 184
40 84 -56 107 91 100
406 160 -134 197 144 149
180 113 -31 152 149 162
149 124 -85 170 147 147
775 138 -96 178 - 150
646 106 42 - - 132
40 73 -14 93 92 93
406 30 10 124 123 124
180 103 13 140 139 140
149 96 -45 137 129 137
775 93 0 129 129 129



Table 2. EFFECT OF ASH CONTENT ON THE CALCULATION OF HEATING VALUE

Ash Content, Number of Avg. Absolute Standard
wt 7% Samples Difference Bias* Deviation
0-10 394 82 6 113
10-20 320 104 —15 144
20-30 61 112 26 141
>30 27 155 20 211

Average of observed minus average of calculated values

The absence of significant bias, here and among different ranks of coal, indi~
cates that no improvement by change in the formula appears possible as long as it
is based on ultimate analysis only. The increase of the standard deviation with
ash content can be attributed to the effects of differing ratios of mineral matter
to ash, and differing contributions of the mineral matter to determined carbon and
hydrogen contents. A computer analysis of the data in which it was assumed that the
variance 1s linear with ash content indicated that the variance increases by 4/2
(Btu/1b)2 per percent of ash, and that the standard deviation on ash-free samples
would be 106 Btu/lb.

It is of interest to determine whether the remaining variance can actually be
attributed to the laboratory determinations. The latter can be estimated according
to —

Var (exp) = Var Q + 198.112 var C + 620.312 var H
+80.93% Var S + 44.952 Var A 6)

where Var Q, Var C, etc., are variances of the respective determinations. Some
precision data have become available from the HYGAS® program at IGT, which can be
used for a test.

Sources of variance of the experimental determinations need to be considered for
the purpose at hand. The heating value and the analytical determinations (carbon,
hydrogen, sulfur, and ash) are all run on a sample of coal (or char) that has been
ground finer than 60-mesh sieve size. Thus, the variance from sampling of the coarse
sample submitted to the laboratory is not of concern. If the moisture content does
not change during all of the sample withdrawals for the various determinations, no
variance is contributed by the moisture determination; however, if several days
elapse between heating value and carbon-hydrogen determinations, a contribution from
this source is likely, either from the change in moisture or from the variance of its
redetermination. Variance can also be contributed by day-to-day variations in equip-
ment and operator; thus redetermination on the same day would not serve the purpose.
Instead, our procedure consisted of resubmitting from time to time a number of ground
samples of coal (in the same 4-o0z bottles as originally sampled from) for redetermi-
nation of moisture, heating value, carbon, hydrogen, sulfur, and ash. Each reported
value for carbon, hydrogen, ash, and heating value is the average of two determi-
nations run at the same time; for sulfur only one determination is made. Completion
of the duplicate analysis ranged from 9 to 46 days after completion of the routine
analysis. Slight average changes in values from the original analysis to the dupli-
cate, such as an average decrease in heating value of 13 Btu/lb, occurred; the
standard deviations were calculated both with and without correction for this bias.

The duplicate differences from this program were examined for outliers. Three
sulfur, one ash and one heating value, all with differences between duplicates
greater than 3.8 V2 0, were discarded. In addition, a heating value with a duplicate
difference of 2.8 v2 0, and also having a difference between observed and calculated
values of 3.5 0 was also discarded. The analysis of the remaining data is pre-
sented in Table 3.
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The variance contributed to the difference between observed and calculated
heating values by the variance of the experimental determinations can now be calcu-
lated according to Equation 6. The standard deviations after bias corrections
(Table 3) yields the value 64 Btu/lb as the expected o. This represents 77% of
the variance found for a large set of routine HYGAS data on raw bituminous coal
discussed later in this paper. The remainder of the variance can be attributed
to the effect of outlying laboratory determinations, and the effect of mineral

matter.
Table 3. SUMMARY OF HYGAS REPEATABILITY DATA
Standard Deviation#**
No. of ‘Average Before Bias After Bias
Duplicates Value Bias* Correction Correction
Btu/1b
Heating Value 56 11680 13 29 27
wt %
Carbon 41 64.07 0.037 0.25 0.24
Hydrogen 41 4.52 0.028 0.051 0.051
Sulfur 55 4.39 ~0.011 0.084 0.086
Ash 40 16.77 0.037 0.14 0.14
*
Original minus duplicate
E

Of reported values, each the average of two determinations run at
the same time, except single determinations for sulfur.

TEST AND USES

Data for testing of the new formula were solicited from outside laboratories.
Results from two laboratories presented in Table 4 show good precision, but the
large bias values suggest the presence of systematic error or differemce from the
original data.

Results from a third laboratory illustrate an important use of the formula. The
experimental data covered a period of several years and were furnished in the sequence
in which they were obtained by the laboratory. We eliminated a few samples having
over 35% ash or less than 3% oxygen, because the latter are likely to be chars. On
the remaining data, the standard deviations obtained from consecutive sets of 50
samples are shown in Figure 1. On the first 650 samples the bias was 32 Btu/lb and
the standard deviation was 136 Btu/lb, in good agreement with results on the original
data bank. On subsequent samples the results indicate a substantial deterioration in
laboratory precision. Thus, a control chart of this kind can serve as a monitor of
laboratory performance. Also, the difference between observed and calculated heating
values on an individual sample can be used by the laboratory supervisor as a criterion
of acceptability of the heating value and carbon-hydrogen detarminations. The
difference is less sensitive to the sulfur and ash values.
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Another important use of a heating value formula is in computer modeling of coal
conversion processes. Data on heating value and composition of samples of coal and
char obtained at IGT under the HYGAS pilot plant program were analyzed for this pur-~
pose. 1In the HYGAS process, non-agglomerating coals are dried but are not otherwise
pretreated. Bituminous coals are pretreated at temperatures of 750°F to 800°F to
destroy their agglomerating properties. The resulting product is referred to here as
"pretreated coal" rather than “char". Samples referred to as "chars" are from later
intermediate stages or are spent (residue) char. Ash in the spent char from the runs
on bituminous coal averaged 36%, but ranged up to about 85%. To augment the data from
runs on subbituminous and lignite coals, we have added some samples taken from streams
that contain feed coal in addition to char, such as the dust collected by a cyclone in
the reactor product gas stream. Results are presented in Table 5, together with those
obtained on the original data bank.

The most important criterion for use of a heating value formula in a computer
model of a coal conversion process is the bias or average difference between observed
and calculated values, because it shows how closely the formula represents the prop~
erties of the coal. On the 294 samples of raw (untreated) bituminous coals, the
calculated values are, on the average, 18 Btu/lb less than the observed values. This
differs by only 8 Btu/lb from the value found on the 406 samples of bituminous coal
in the original data bank. There is only about a 20 percent chance that the differ-
ence is significant; if so, it can be attributed to a slightly lower ash content
obtained at IGT, because at IGT the amount of sulfur trioxide in ash is routinely
determined and deducted from the reported ash. Ash as customarily determined is
likely to contain small amounts of sulfur trioxide.

The standard deviation shown for these coal samples is substantially less than
was found on the bituminous coals of the original data bank. The difference may be
a result of the limited range of source of the HYGAS samples: all were from the
Illinois No. 6 seam and 95% were from a single mine; the ash content averaged 10.7%.
(The samples from the repeatability set of data had higher ash, averaging about 17%).

On pretreated bituminous coal the calculated values are, on the average, 157 Btu/lb .
lower than the observed values. The Data Book formula is thus unsatisfactory for use
in a computer model applied to this material; for such use a bias correction can be
applied or a formula can be obtained by regression analysis of the pretreated coal
data. The difference in bias between the parent and pretreated coal, 139 Btu/lb, can
be attributed to a difference in structure (bonding); the formula has already taken
into account differences in elemental composition. Such differences in structure
include effects of incorporation of oxygen in a different form from that ordinarily
present. In other processes the difference in bias may be greater or less, depend-
ing on processing conditions such as temperature and presence or absence of oxygen;
in the HYGAS process the difference is reduced to about 40 Btu/lb at the stage where
the temperature reaches about 1200°F.

On the set of samples of char from bituminous coals the calculated values are,
on the average, only 28 Btu/lb less than the observed values; the difference is of
about the same order for chars from subbituminous coal and lignite. A more accurate
formula could be obtained for the chars from the bituminous coal, but the Data Book
formula should be adequate for most practical purposes; the accuracy should be judged
according to unit weight of coal feed rather than unit weight of char.

CONCLUSIONS

A new five-term formula for calculating the heating value of coal from its car-
bon, hydrogen, sulfur and ash content was obtained by regression analysis of data on
775 samples of U. S. coals of all ranks. The standard deviation of the calculated
valu? from the observed value was 129 Btu/1lb, compared to apparent standard deviations
ranging from 178 to 229 Btu/lb obtained from the Dulong, Boie, Grummel and Davis,
and Mott and Spooner formulas. An analysis of the variance of the difference between
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Table 5. TEST ON HYGAS ROUTINE SAMPLES OF THE DATA BOOK FORMULA
FOR CALCULATION OF HEATING VALUE

y HYGAS Data Bank
. . a
Bituminous Coal

. Raw Coal

Pretreated Coal

Chars
First Stage Hydrogasification
Second Stage Hydrogasification
Spent Char
All Char

Subbituminous Coalb
N Coal
Chars
Mixtures of Coal and Char
Lignitec

Chars
Mixtures of Coal and Char

Original Data Bank

Bituminous Coal

Subbituminous Coal

Lignite

All Samples, Including Anthracite

Standard Deviation

No. of Before Bias After Bias
Samples Biasd Correction Correction
Btu/1lb
294 18 73 71
572 157 174 76
105 58 98 79
106 2 106 106
570 23 97 92
781 28 98 94
49 =47 69 51
80 15 59 57
66 15 55 53
80 34 78 77
44 12 88 77
406 10 124 124
180 13 140 140
149 =45 137 137
775 0 129 129

From Illinois No. 6 seam. About 1/8 of the samples were from runs on hvBb

coal from Saline County, and the remainder from runs on hvCb coal from Christian

County.
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From the Rosebud Seam, Rosebud County, Montana.

From the Savage Mine, Richland County, Montana.

Average observed value minus average calculated value.



observed and calculated values obtained with the new formula on IGT coal data
indicated that at least 77% is contributed by the variance of the experimental deter-
minations; the remainder can be attributed to the effect of mineral matter and out-
lying experimental determinations.

Application of the formula to coal oxidatively pretreated at 750°F to 800°F to
destroy agglomerating properties yields a bias indicating that its heat of formation
is higher than expected from elemental and ash composition by about 140 Btu/lb; this
is attributed to differences in structure (bonding) of the pretreated coal in comparison
to unpretreated coal. The formula gives satisfactory results on higher temperature
HYGAS chars, and, with application of a bias correction, on pretreated coal

Thus, the formula is advantageous for use in the computer modelling of coal con- ¢
version processes and for monitoring test data on coal and char.
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COAL CHARACTERIZATION RESEARCH: SAMPLE SELECTION, PREPARATION, AND ANALYSES

R. C. Neavel, E. J. Hippo, S. E. Smith, R. N. Miller
Exxon Research and Engineerina Company P.0. Box 4255 Baytown, Tx. 77520
INTRODUCTION

There are few procedures available to predict process responses or to assess

“the relative values of coals from fundamental coal properties. Therefore, a
comprehensive coal characterization proaram has been established at Exxon Research

and Engineering Company, Baytown, Texas to evaluate coals as process feedstocks.

The objective of this program is to relate fundamental coal properties and process

response patterns by analyzing and testing a large suite of U. S. coal samples.

This report defines the technical rationale behind the coal characterization
program and describes the procedures used in the selection, preparation, and
testing of the coal library samples.

RATIONAL APPROACH TO COAL CHARACTERIZATION

The principle goal of a coal characterization research program should be to
develop procedures that define the minimal testing required to evaluate coals as
process feedstocks. The alternatives available are (1) to test any 'unknown' coal
(coal %) empirically in a commercial or small-scale process or {2) to develop
information about the fundamental relationships between coal properties and process
responses, and to use this information and appropriate analyses of coal X to
predict its response.

The empirical technique is direct and provides an unequivocable answer
about the response of the tested sample. The results, however, cannot be extrap-
olated to other samples with different characteristics. This 1is particularly
critical during exploration programs where the coal characteristics may change
significantly over the areas being evaluated. Thouah development of fundamental
understanding is more difficult, it provides much areater flexibility in subsequent
testing. Only a program designed to relate fundamental properties of a broad ranae
of coals to their process responses has value to the coal community.

Criteria Used in the Selection of a Set of Coal Samples for Research

Coal characterization efforts aimed at predicting coal responses from funda-
mental properties must follow a rational scientific approach {viz. characterization
by rank, type and grade), if they are to yield extrapolatable results{1). Major
differences between "typical” coals in the U.S. are rank-related. Therefere,
we employed criteria for selecting our coal samples that maximized coal rank
variability. Variations in type, thouah purposely minimized could not, however, be
eliminated and are dealt with as part of this study.

A set of research samples was selected according to the following criteria:
(1) Broad range in rank. In effect, this maximizes variation in
organic chemical composition, principally the elements C, H, and O.

High rank coals (anthracites) were excluded, because they are of
little economic value from a synthetic fuels standpoint.

246



(2) Vitrinite-rich. Vitrinite is the predominant maceral in most
U.S. coals and for that reason its reactivity is of most concern
in utilization. Also, the properties of vitrinite vary progressive-
ly with rank.

(3) Low in inorganic matter content (preferably less than 10%). This
restriction minimizes problems which can arise during analyses
and subsequent calculations of the properties of the organic
components.

(4) Geographically and geologically diverse (within the continental
U.S.). Samples were obtained from the major coal-bearing regions in
the United States so as to include different metamorphic histories
and geological ages.

(5) Fresh and unweathered.

The optimum range in rank variation of vitrinites is best defined by the
classical H/C vs 0/C diagram from van Krevelen{2) . When published data (from
the Pennsylvania State University coal-data base 3) for high vitrinite (>80%),
low mineral-matter coals (<10%) from various regions in the U.S. are plotted on a
van Krevelen diagram, a broad band is obtained (shown in Figure 1). From along the
length and breadth of this band a random set of coals was identified and then
located for collection. Sixty-four samples were ultimately selected for the
research study. Two foreign samples were also added to the library. Oistribution
of these 66 samples on the van Krevelen plot is shown in Figure 1.

The coal samples were collected by experienced coal geologists directly from
freshly exposed seam faces. Where possible, the samples were selected from 1itho-
types rich in vitrain. Some samples were obtained as run-of-mine samples, provid-
ing they were recently mined and free of extraneous rock.

Most samples were collected as coarse lumps (larger than 5-6 cm). Samples were
sealed within heavy gauge, polyethylene bags, placed in epoxy-lined containers
(when possible, they were placed under water) and shipped. Any information that
might ultimately be pertinent to sample quality was logged. Upon receipt, the
samples were stored in a cold room (at 30-40°F) until preparation.

SAMPLE PREPARATION

Initial Bulk Sample Preparation

The procedure for the general workup and subsequent characterization of coal
samples for this study is summarized by Figure 2. To minimize oxidation during
preparation, samples were handled in nitrogen-filled alove boxes (where possible).
Maintaining water filled pores minimized exposure of the internal surface to air
and prevented irreversible pore collaspe. The initial sample was inspected and a
hand specimen was taken for display. Extremely coarse (>5 cm), particles were
broken by hammer to about a 5-cm top size. The coal was then washed on a 16 mesh
screen {or 100 mesh if the sample was fine) to remove any extraneous mineral
matter, debris and fines. Such physical beneficiation to provide sample con-
sistency can be performed when seam-representive samples are not required, as in
studies such as this. Subsequently, the coal was surface dried under nitrogen,
frozen for at least 4 hours in solid COp ("dry ice"), and then crushed to -4 mesh
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using a swing-hammer mill. Freezing the samples minimizes the risk of thermal
change, oxidation, and volatile release due to heat generation during size reduc-
tion.

The coal was then riffled into 3-kg representative splits. Bottles containing
these splits (and all subsequent samples) were placed in a bell jar with the bottle
1ids loosely in place. The system was evacuated and refilled with nitrogen three
times to replace any air. All bottles were capped with tightly fitted 1ids which
were then secured with tape. Sample identification numbers are permanently etched
into the bottles. Samples were stored in the manner indicated in Figure 2.

Preparation of a 16 x 100 Mesh Analytical Sample

One of the 3-kg samples of the -4 mesh coal (the "working sample") was stage-
crushed using a mechanical gate mill (a "coffee grinder") in a nitrogen filled
glove box. After passing through the coffee grinder, the coal was screened on a 16
mesh screen and the top size recycled. The process was repeated until all the
sampie passed through the 16 mesh screen. This stage crushing maximized the
particle size consist of the crushed coal.

The -16 mesh material was wet-screened on a 100 mesh screen by washing repeat-
edly with water. The fines were discarded. Approximately 70 to 80% of the 3 kg
split was retained by this method. Wet screening physically beneficiates the coal
by removing fines. Excessive fines are undesirable in certain analytical tests
(i.e. HGI, petrography and some process response determinations). Also, removal of
fines decreases fusinite and mineral content of the sample, since these components
preferentially report to the fines fraction during size reduction.

Excess water left on the 16x100 mesh coal from the washing procedure was
removed by placing the wet coal in a 25 cm Buchner vacuum filtration assembly
inside of a nitrogen-filled glove box. The aspiration forces nitrogen through the
sample and dries the surface of the coal, so that it can be riffled, without
exposing the pore structure to air (oxygen).

Four splits containing about 5009 of 16 x 100 mesh coal were obtained using a
mechanical riffling device. Two splits were stored for future work. The other two
fractions were equilibrated in nitrogen at 50% relative humidity and used for all
of the analyses. Equilibration at 50% relative humidity is required to obtain
reproducible weighings (50% relative humidity is typical for most labs). Nitrogen
is used as the equilibrating gas to minimize oxidation. The 50% relative humi-
dity nitrogen was obtained by bubbling nitrogen through water under 2 atmospheres
of pressure and subsequently expanding the saturated nitrogen through a regulator
to one atmosphere of pressure. The partially moist nitrogen was passed through a
manifold into a number of bottles containing coal, and after passing through the
coal, was vented. A top loading balance was used to record the weight of each of
the bottles of coal as a function of time. When the weight stabilized, equilibra-
tion was achieved.

Some coal analyses require coarse-sized coal and other analyses require
pulverized (-60 mesh) coals. Splitting the 16 x 100 mesh fraction into a 16 x 60
mesh fraction for coarse analyses and -60 mesh fraction for chemical analysis would
not have been valid since coal components seqregate to different size fractions.
Therefore an aliquot of the 16 x 100 mesh coal was pulverized to -60 mesh.
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Preparation of Aliquots for Analysis

Numerous aliquots of about 5g each were riffled in a nitrogen-filled alove box
using a rotary riffling device. The rotary system is far superior to other sample
splitting methods in that it affords better reproducibility between splits and
allows a rapid production of multiple aliquots. Each aliguot was used for only a
few tests or analyses. By preparing many aliquots at the outset, oxidation,
contamination, or non-representativeness often associated with repeated handling of
bulk analytical samples, is avoided.

ANALYTICAL PROCEDURES AND DATA QUALITY

Analyses and tests performed on the samples are shown in Figure 2. Most were
performed according to ASTM standardized procedures. Brief descriptions of
non-standard tests are described below.

Extraction with citric acid and benzene/ethanol azeotrope.

Assessment of acidic functionality by Ca(OH)2 and Ba(OH)2 ion exchange.

Density by helium pycnometer and by water displacement.

Gasification in a small fluidized bed.

Pyrolysis in a rapid-heating, fixed bed system. Yields of char, tars, water
and gases assayed. Product properties assessed

Liquefaction in small batch system (tubing bomb(a)).

Combustinl;ty by burning in a thermogravimetric analyzer (combustion profile
technique(5)).

8. Total oxygen by instrumental neutron activation analysis (INAA).

G WA —
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A number of internal checks described below were applied to the standard coal
library data to ensure that all basic compositional analyses were accurate and
meaningful.

Duplicate Analysis Scrutiny

A1l standard ASTM tests of elementary composition and for proximate analyses
were done in duplicate. Samples were reanalyzed if the differences between dupli-
cates exceeded #2 standard deviations of the mean difference of all coals. If
the rerun was still outside #2 standard deviations, the test was repeated until
the error was corrected. About 10-20% of the standard data required reanalysis, a
figure which we believe would be typical for any well-run coal analysis laboratory.
The data which were used for subsequent manipulation in the 1library were the
arithmetic averages of two "best" duplicate runs.

Determined Versus Calculated Calorific Value

The calorific value of a coal can be calculated from the elementary composi-
tijon and this value can be compared to the experimentally determined value as a
check on the accuracy of both elemental and calorific value analyses. We checked
the coal library data using a combination of three different formulae, two obtained
from the literature and one derived specifically from the coal library samples.

*A11 on % dry coal basis except for moisture and calorific value which is
Btu/1b on dry coal.
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The Mott-Spooner formula calculates a dry, mineral matter-free (dmmf) calori-
fic value (Btu/1b) using elemental analyses on a dmmf basis as:

Ciys = 144.54 * Cgnpf + 610.2 * Hygnf - 62.46 * Ogmnr + 40.5 * Sgpgy o (1)

If the dmmf oxygen content is greater than 11%, the Mott-Spooner Btu calcula-
tion (CVys) is modified by:

CVMS (Ogpm > 11%) = CVus + [(0.31 * Ogmmf - 3.42) * Oggnf] (2)

Anoth?r formula was derived by the Institute of Gas Technology in Chicago
as follows(6):

CVigT = 146.58 * C + 568.78 * H+ 29.4 * S - 6.58 * A - 51.53 (0 + N) (3)

where C, H, N and S represent total dry carbon, hydrogen, nitrogen and sulfur
respectively (dry basis), and A is the standard ASTM ash yield (dry basis). O+N is
obtained by difference (100 - all other factors). The IGT formula gives the
calorific value of the whole, dry coal whereas the Mott-Spooner gives the calorific
value of the organic matter only. We derived our own formula using a stepwise
regression for the 66 coals in the library. The basis for this formula differs
somewhat from that used in the IGT or the Mott-Spooner formulae in that it yields a
calorific value (Btu/1b) for dry coal from "corrected" dry analyses (an explanation
of the corrections is discussed in a later section).

CVERE = 151.31 * Copg - 47.87 * Ogrq + 549.74 * Hopq + 68.96 * Spyr (4)
+47.58 * Sopg - 400.24

Using the above equations we calculated the calorific values for all 66 coals
and compared them to the determined calorific values. If the differences exceeded
+250 Btu/1b, the analyses were evaluated for errors and where appropriate, the
samples reanalyzed. Table 3 summarizes the differences between determined and
calculated calorific values using the Mott Spooner, IGT, and the Exxon Research
(ER&E) formulae.

Table 3
COMPARISONS OF DETERMINED VERSUS CALCULATED CALORIFIC VALUE/(BTU/1b)

Mean Std. Value Range
Formula Diff. Dev. Min. ax.

Mott Spooner (dmmf) -59.3 113.6 -43. 213
IGT (dry) -9.2 110.9 -399. 167
ER&E (dry organic) -7.8 95.4 -298.  205.

A1l but a few of the coals gave excellent comparisons of calculated versus deter-
mined calorific values. We have not been able to determine why the few coals
appear as outliers, even after re-analysis.

Elemental Balances

Total oxygen on dry coal can be determined independently using instrumental
neutron activation analysis (Ojpaal- Total oxygen can also be calculated by
difference from dry analyses as:

Odiff. = 100-C-N-H-S4-C1-Ash Elements (5)
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where ash elements are the sum of the Si, Al, Fe, Mg, Ca, K, P, Na, and Ti calcu-
lated as a percentage of dry coal, and St is total sulfur. A comparison of the
oxygen by difference against the oxygen by neutron activation serves as an indepen-
dent check on the accuracy of the combined elemental analyses. The overall mean
difference for the 66 coals was -1% with a standard deviation of 0.93 about the
mean. The slight negative bias is probably due to the absence of minor and trace
elements in the material balances. Several of the samples show significant devia-
tions even though the elementary analysis appears to be valid. We believe the
discrepancy may be due to moisture fluctuations or to interferences in the neutron
activation analysis of oxygen.

Ash Checks

Ash determinations were done in duplicate on both the 16x100 mesh and the -60
mesh fractions. For all 66 coals, the minimum and maximum differences were -0.43
and +0.30 and the overall mean difference in ash between the two fractions was
-2.089. The standard deviation was 0.15, well within the ASTM repeatability limit
of 0.3,

CALCULATION OF DATA TO VARIOUS BASES

As-analyzed data are seldom of any direct use. Most raw analytical data must
be calculated to some more meaningful basis in order to be effectively employed.
A1l of our data were calculated to the dry basis. Because in most instances we
were interested in properties and responses of the organic fraction, data were also
calculated to a dry, mineral-matter free basis as described below.

Determination of the Mineral Matter Content

We estimated the inorganic matter {so-called mineral matter) content for the
library coals from adjustments to the high temperature ash yield. The formula
should apply ta coals of all ranks and to coals that contain a variety of inoraganic
materials. Mineral matter content is calculated using the following relationship:

MM = Ash + Hp0c1ay - 2.5(Sash-Sspq) + 0.626 * Spyr + COp - Oje (6)

In Equation (6) the high temperature ash yield (Ash) is corrected using
terms for the water of hydration of clays (Hp0c1ay), the net amount of sulfate
fixed in the ash (S,op - Ssg,) expressed on the "coal basis, the decomposition
of pyrite (0.626 x §p ), the decomposition of carbonates to oxides {(COp loss)
and a correction for ¥he amount of organic oxygen that is retained in the ash
(Oie) owing to partial decomposition of humate salts in the lower rank coals.
Other reactions of inorganic species during ashing are assumed to be negligible.

A1l but the HypOc15y and 04 are determined directly. S¢g, refers to sulfate
sulfur in the coal; coé is determined according to ASTM 017%6. The water of
decomposition of clays is estimated using these relationships:

HoOc1ay = 0.10 * CLAY )
CLAY = ASH - 1.2852 * Sy, - 1.274 * C0p - 1.280 * Feacid sol. (8)
= 2.5 % Sy - QTLC ALK

Expression (8) approximates a clay content (CLAY) by subtracting estimates
for the contributions of pyrite, carbonates, iron and sulfur oxides, quartz and any
organically derived alkali oxides in the ash. Ten percent of the clay (Eq.7) is
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then assumed to be the average water of decomposition. The organically derived
alkali oxides (ALK) for use in Equation (8) are estimated from the analyses of the
acid soluble alkalies by:

ALK = (Calpet * Mg0 + Nap0 + K20)acid sol. (9)

where Calpet represents all of the acid soluble Ca that is not stoichiometric
with the amount of carbonate, estimated from the COp yield as:

Capet = Calzcid sol. - 1.274 * COp (10)

The ash element analysis can be used to estimate excessive amounts of ocuartz
as:

QTZ = 2.1393 * [Si - (2.089 * A1)] (11)

Equation (11) assumes that all aluminum is clay-associated and compensates
only for coals that contain an exceptionally high content of free S5i0p.

A large portion of the alkali metals in lower rank coals are exchanged to
oxygen functional groups. When coal is ashed, at either low or high temperature
conditions, these organic/inorganic complexes decompose to yield alkali salts.
Therefore, some of the oxygen in the ash is actually derived from organic oxygen.
This can be approximated by summing the oxyden that would be stoichiometrically
associated with the exchanaeable alkali metals present on the coal. These are
estimated from acid soluble data by:

Oje = [Oca0 + 0M,0 + ONaD * Ok,0)acid sol. (12)
net g 2

The Oje term in the mineral matter Equation (12} should be valid for the
total range of coals. Most of the alkali metals in lianites, that are acid solu-
ble, are bound to the organic matter. For the high rank coals, we found that by
compensating for carbonate the Oj5 term in the mineral matter expression is
negligible.

Low Temperature Ashing

Mineral matter contents were also determi(‘ue)d directly for the coals in the
library using low temperature plasma oxidation 7), a techniaue which produces an
inorganic residue from coal in more or less unaltered state. Most of the major
minerals do not decompose under carefully controlled LTA conditions. Figure 3
shows a comparison between the calculated and experimental {LTA) mineral matter
contents of the coals. In the figure, data points with an "x" refer to low rank
coals whose oxygen contents are greater than 16% (dmmf). When these coals are
excluded, there is good agreement between the two methods; the mean difference for
the 52 higher rank coals is essentially zero (-0.01), but with fair amount of
scatter (the standard deviation is 0.85).

As shown in Figure 3, the LTA yield of the high oxygen coals is much greater
than the calculated mineral matter content. Lignites and subbituminous coals
contain appreciable alkali cations bound to oxygenated functional groups. These
tend to inhibit the oxidation process, preventing complete ashing; thus, the
LTA yields tend be too high. Also, a substantial amount of combustion gas (as
either S- or N-oxides) adds to the weight of the LTA by reacting with the molec-
ularly dispersed alkalies. When these coals are extracted with acid, the alkali
cations are removed, and no analytical difficulties are encountered with the LTA
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technique. Thus, the best direct measure of the mineral matter content in low-rank
cqals is the sum of the yield of LTA on acid-extracted coal and the weight frac-
tion of acid-soluble inorganics, or

MMacid+LTA = CLTA* (100-A/100) + A (13)

where CLTA is the LTA yield on dry, acid-washed coal and A is the weight loss upon
acid extraction.

Figure 4 is a plot of the mineral matter calculated from Equation (6) against
the mineral matter from the modified LTA method (13). Note that significant
improvement is seen with the high-oxygen coals (indicated by "X"). The summary
statistics of mean differences indicates that the modified LTA method for estimat-~
ing the mineral matter content is unaffected by differences in rank.

The formula-derived mineral matter content is applicable to all ranks;
to maintain consistency within the library, we used the formula for all calcula-
tions to the dmmf basis.

Volatile Matter and Calorific Value

The ASTM volatile matter yield, determined at 950°C, includes components from
decomposition of inorganic materials. To obtain an organic volatile content we
used a formula modified from Leighton and Tomlinson(8) where

VMcorrected = YMgry ~ H20c1ay - 0.41 * Spyr - 0.9 * C02 - 0.76 * C1 (14)

This formula compensates for volatile loss of clay water, pyritic sulfur,
carbonate C0p, and chlorine.

Calorific value (Btu/1b) determinations should- be corrected for contributions
due to the exothermicity of pyrite oxidation, thus,

CVeorrected = CVdry - 55.67 * Spyr (15)
Fixed carbon content on the dmmf basis is calculated as:
FCammf = 100 - VMdmmf (16)

Elemental Analyses

Carbon and hydrogen determinations by the ASTM method include carbonate carbon
and clay water hydrogen respectively. Corrections to obtain the organic carbon and
hydrogen contents are made as:

Corg = Cdry - 0.2729 * C0p (17)

Horg = Hdry - Hclay (18)

Where Hcyay = 0.1119 * HpOcyay estimated from equations (6) and (7).

Odmmf = 100 = Hammf = Cdmmf - Ndmmf - Cldmmf - Sorgdmmf (19)

Corrected analyses are multiplied by the factor 100/(100-MM) to convert to
the dmmf basis.
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To express the calculated organic oxygen on the dry basis (Oorg) the Ogmmf
value is multiplied by (100-MM)/100.

CORRELATIONS

The purpose of the coal characterization research program is to establish
relationships between fundamental coal properties, derived coal properties, and
process responses. Many novel relationships have been found employing multivariate
statistical analysis techniques. These results will be reported in publications
to follow. Three examples of the kinds of correlations that have been developed
are reported below.

Coal density by helium pycnometry is related to the elemental composition as
defined by Equation (22).

OHe(dmmf) = 0.023 * Cynme + 0.0292 * Ogmf -0.0261 * Hymng (22)
+0.0225 *Sorgy o - 5

The above e;preision accounts for 94% of the variance of the densities
of the samples (viz. r¢ = 0,943)

For those coals exhibiting a free swelling index (FSI) greater than zero,
91% of the variance of the FSI for the samples can be explained according to
Equation (23).

FSI = 0.875 * Cymmf *+ 0.859 * Symme + 1.308 * Hygme + 0.347 * R/1 (23)
- 77.715

In Equation (23), R/I refers to the ratio of reactive macerals (vitrinite,
liptinite) to "inert" macerals (fusinite, micrinite)} plus mineral matter.

Volatile matter is also strongly correlated with elemental composition
(r2 = 0.96) according to the relationship shown in Equation (24).

Wammf = 1.281 * Ogume *+ 12.345 * Hypre + 1.915 * 42.251 (24)

Sorqdmmf ~

CONCLUSIONS

Procedures for estimating responses of coals in synthetic fuels conversion
processes are practically nonexistent. Consequently, a new look at coal charac-
terization and classification procedures is propitious. We believe that meaningful
understanding of the relationships between coal properties can be obtained only
through the study of a large suite of carefully selected, prepared and analyzed
coal samples. We have, therefore, begun a comprehensive coal characterization
research program at the Baytown, Texas, laboratory of Exxon Research and Engineer-
ing Company. Sixty-six fresh samples of coal representing the coalification band
in an H/C vs 0/C plot have been analyzed in detail. Eighty percent of the samples
contain <10% mineral matter. Eighty percent also contain >80% vitrinite. Through
meticulous preparation procedures designed to minimize exposure to air, through
numerous cross-checks of validity of the analytical data, and through calcutation
of the data to a mineral-matter-free basis we have assembled a data library that is
being used to define interrelationships between coal properties. Numerous multi-
variate correlations have been found indicating strong dependence of properties
such as density, free swelling index and volatile matter on elemental composition.
Such correlations promise to shed considerable Tight on the area of coal charac-
terization and classification.
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ALKALI CATALYZED CARBON GASIFICATION
I. NATURE OF THE CATALYTIC SITES
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Exxon Research and Engineering Company
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INTRODUCT ION

The published Titerature regarding the catalysis of gas-carbon reactions by
alkali salts spans more than a century.l! Diverse and sometimes conflicting
mechanisms have been proposed to account for the catalytic activity. It is often
difficult to make comparisons among the various studies because of differences in
temperature range covered, carbon substrate used, and the gas atmospheres employed.
The purpose of this study was to unify quantitatively the catalytic effect of
potassium salts on the reactions of H,0 and CO, with microcrystalline or "amorphous"
carbon. These poorly organized carbons are formed from a variety of precursors at
temperatures greater than ~600°C. They consist largely of “"graphitic" (or trig-
onally bonded) carbons in small microlayers.?2 The size of these layers is a function
of heat treatment temperature, carbonaceous precursor, and the presence of impurities.

We show that potassium catalyst at one atmosphere and low conversions behaves
reproducibly on many of these carbon substrates and in many modes of preparation.
Because of this reproducibility and because the alkali dominates the effect of other
impurities, this system is in some ways easier to understand than the "uncatalyzed"
H20-carbon reaction.

EXPERIMENTAL

Most experiments here were performed in a small tube flow reactor at one at-
mosphere total pressure. The gasification rates were measured under gas compositions
far from gas-carbon equilibrium. Most of the rate data are for the H,0-carbon
reaction. Unless stated otherwise, analogous behavior was observed in the C0,-
carbon reaction. Reactivity profiles (instantaneous gasification rates vs. fraction
of carbon remaining) generally show constant activity which holds from ~20% to ~70%
of total burnoff. We take this steady state rate to represent the characteristic
rate of the alkali catalyzed reaction when the system is catalyst limited.

CATALYST LOADING RESPONSE

Fig. 1 shows the dependence of the “"steady state" rate on the concentration of
alkali catalyst. A wide variety of carbon types was examined with both K,C05; and
KOH applied. The K/C ratios for the coal chars are corrected for the loss of
potassium in reactions with mineral constituents in the coal, principally to form
aluminosilicates.

A1l the data fall near a linear correlation for this range of catalyst loadings.

(The rate eventually saturates, as shown later.) The addition of an incremental
amount of potassium produces an equivalent response on a wide variety of carbon
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txpes. Equal numbers of reaction centers are formed for each mole of salt. The
dispersion is independent of loading. The "activation" energy is independent of
catalyst loading, thus supporting the idea that increasing the catalyst concen-
tration simply increases the number of active sites. The linear correlation gives
a tusnover rate with respect to potassium atoms of 8.2 hr, "l at these conditions
{(700°F, (H,0)/(Hy) = 1). It is also generally found that there is no major depend-
ence of the reactivity on the methods by which the carbons are catalyzed. Provided
there is adenuate physical contact, a mixture of carbon and the dry powdered

K2€03 gives a sample of roughly equivalent activity tn one which has been
impregnated by a solution (see shaded points in Fig. 1). This has been noted by
others.3 Alternatively, if one attempts to maximize dispersion by ion exchange of
potassium onto an oxidized coal", the response does not significantly differ ?ha]f
shaded points in Fig. 1).

CATALYST SATURATION

The gasification rate saturates at a catalyst concentration which depends on
the identity of the carbon substrate. Although the reactivity per site is insen-
sitive to the method of impregnation, the number of catalytic sites on coal char
can be controlled to some degree by pretreatment. Fig. 2 shows the rate saturation
behavior for I11inois coal catalyzed in three different ways. Curve A resulted
from carbonizing the I11inois coal first and then adding potassium catalyst (either
KOH or K,C03). Similar reactivity to the previous correlation was produced for
samples with K/C loadings below 0.05. Above this loading additional alkali did not
produce additional catalytic activity. Curve B in Fig. 2 shows rates for a set of
K2C03 solution impregnated I11inois coals. Note that the rate now saturates at a
K/C ratio of ~0.1. Curve C results from digesting the coal in concentrated KOH
solution and then carbonizing. The hope was to stabilize more catalytic sites
during carbonization by reaction of a strong base with the coal. As can be seen,
higher rates were achieved than in the previous series. When alkali was washed off
this char sample and its loading reduced below 0.1, the gasification rates fell on
the Tinear correlation obtained for all the other carbons in Figs. 1 and 2. It is
possible in case A that carbons with larger microlayers - and therefore fewer edge
carbons = were able to form in the absence of the alkali salts. However, the
saturation 1imit of a particular carbon can be limited by physical as well as
chemical effects. We also show gasification rates for SP-1 graphite for comparison.
Very few sites are available on this substrate.

K,C03 is predicted to be the thermodynamically stable salt under gasification

atmospheres.5 We heated IT1inois coal with KoCO3 in which the carbonate carbon was
labelled with 1*C. The evolution of !*C0, proceeds essentially to completion in
10 minutes at temperatures above ~500°C. No !“C was detected in the form of CO or
hydrocarbon products. The reaction temperature of 500°C is far below the decompo-
sition or melting temperature of K,C03. Fig. 32 shows that the amount of K»CO3 which
can react with IT1inois coal at 700°C is limited. When approximately one potassium
atom is present for every 10 carbon atoms in the resultant char, no further CO, is
liberated from the carbonate. The saturation behavior seen in the K,CO3-carbon
reaction is reflected in the gasification rate, shown in Fig. 2b and"3b. The
parallelism strongly suggests that the complex formed in the K,C03-carbon reaction
is the site of gasification chemistry. Finally, panel 3€ shows that an important
reaction step in gasification, the transfer of oxygen to and from the carbon surface,
is catalyzed in an identical manner to the ?asification rate. The reaction rate
was monitored by the appearance of *CO in 1%C0,/C0 gas mixtures. A similar set
of experiments performed in H,0/D, and D,0/H, mixtures gave similar results.
Oxygen exchange rates on catalyzed activated charcoal are included in panel 3C to
show that the oxygen exchange rates are independent of carbon substrate. We will
discuss the relative rates of the various elementary steps and their mechanistic
implications in the following paper.
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The above indicates a unique, reproducible degree of catalyst dispersion in
this system. We obtained evidence that the dispersion is very high from poisoning
studies of the H,0-D, oxygen exchange reaction. In the absence of C0, this reaction
proceeds with measurable rates at 300°C. The loading dependence of this reaction
rate is analagous to that of oxygen exchange in 11‘coz/co mixtures and gasification.
We may therefore suppose that the catalyst is in the same state of dispersion upon
cooling to 3009C as at 7000C. At 3000C the exchange reaction between H,0 and D,
can be poisoned by addition of HC1. Figure 4 shows the "titration” of reactivity
by HC1 on a catalyzed I11inois char sample. The reaction is quantitative - no
HC1 breakthrough is seen until the exchange activity has been poisoned. At the
end point, one HC1 molecule is adsorbed for every two potassium atoms. The stoi-
chiometry of the poisoning reaction is independent of loading unless the sample
has been saturated with catalyst.

If the poisoned system is heated to temperatures >4500C the species can re-
arrange to form KC1, which can be seen by X-ray diffraction, and liberate the
remainder of the potassium for catalysis. The gasification rate at 700°C is then
roughly one-half that of the original sample. When subsequently cooled to 300°C
the H,0-D, exchange rate is also one-half the original value. This activity can
again be titrated in a similar manner (see Figure 4). Thus the catalyst
dispersion based on HC1 chemisorption is approximately one-half. The high degree
of dispersion achieved by K,C0; accounts for the reproducibility seen here.

Alkali salts of strong acids are much less effective catalysts than the car-
bonate and other salts of weak acids. !bsd In a thermochemical sense stable anions
of strong acids provide a more attractive environment than the carbon surface for
the alkali ion. Thus KC1 remains as KC1 on the carbon surface at K/C ratios below
saturation values. This is confirmed by X-ray diffraction of KC1 catalyzed samples.
Much of the previous work in the literature can be explained in this framework.

CONCLUSION

Active potassium gasification catalysts are highly dispersed on the carbon
substrate. We believe that K,C03 reacts with the carbonaceous material to form
groups at the edges of the carbon microlayers. These are the sites of the
dominant gasification chemistry on amorphous carbons. This self-dispersion explains
the reproducibility seen in this system. The relative catalytic activities of
other alkali salts can also be rationalized by their propensity to react with the
carbon surface. In the following paper, we will discuss the kinetics of the
individual gasification reactions in terms of the discrete site picture presented
here.
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INTRODUCTION

The kinetics and mechanism of carbon gasification have been the subject of
many investigations. Kinetic measurements and mechanistic interpretations are
often complicated by uncertainties concerning the identity, activity, and number
of gasification sites. In the previous paper, a dispersed site picture was pre-
sented for catalysis of carbon gasification by potassium. This appears to be a
well-defined, reproducible system consisting of a predictable number of essen-
tially equivalent catalytic sites, and is therefore well suited for kinetic
studies. We have examined the kinetics of both gasification and oxygen exchange
(believed to be an elementary step in gasification) at the catalytic sites. This
paper will discuss those results and some mechanistic implications.

EXPERIMENTAL

The kinetic experiments were performed in a small, atmospheric pressure
fixed bed reactor charged with about 0.25 g. of catalyzed char or carbon. H30
from a syringe pump and other gases metered through a gas manifold system were
mixed and preheated in the top portion of the reactor. Unreacted H,0 was re-
moved from the product gas which was then fed directly into a GC and/or MS for
analysis. Both coals and model carbons were impregnated to incipient wetness
with K,C03, dried in a vacuum oven, and devolatilized under N, at 7000C for 30
minutes.

RESULTS AND DISCUSSION

OVERALL KINETICS

It is well known that gasification of carbon by H.0 is highly product in-
hibited. (1) Figure 1 shows that the gasification rate increases linearly with
the (H,0)/(H,) ratio over a broad range. The impact of product inhibition must
be carefully considered when treating the kinetics of these systems in integral
reactors. For simplicity, the kinetic data reported in this paper were obtained
in a pseudo-differential mode by feeding a mixture of H0 andH; across the carbon
bed at low H20 conversions and at sufficient (H20)/(H2) ratio so that the re-
activity of the gas did not change significantly across the bed.
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In developing a mechanism for gasification, the strong product inhibition
must be explained. The concept of gas/carbon oxygen exchange involving surface
carbon oxides as gasification intermediates is the key to many mechanistic schemes.
A simple surface oxide mechanism has been discussed frequently in the Titerature: (2)

_ ki, 2
H0 + ¢ —;—;> c + Hp OXYGEN EXCHANGE 1)
k2 _
g— —> 0+ ¢ SURFACE OXIDE DECOMPOSITION 2)

In the context of the dispersed site picture for potassium catalyzed gasifica-
tion, € is a carbon atom associated with an active catalytic site, and ¢ is the
oxidized form of the active site. Upon decomposition of the surface oxide a new
site is regenerated perhaps as the alkali specie becomes associated with another
carbon. The number of active sites, Ct, remains approximately constant up to high
carbon conversions as reflected by the flat gasification burnoff curves discussed in
the previous paper.

According to this and similar mechanisms, the gasification rate is proportional
to the number of surface oxides present under gasification conditions, dc/dt = (%).
This scheme suggests that H, inhibits gasification by decreasing the number of surface
oxides through the reverse oxygen exchange reaction. (Several other mechanisms have
been proposed in which H, is thought to block active gasification sites through
chemisorption.(3)) If the oxygen exchange reaction is in equilibrium and the number
of surface oxides is determined by the equilibrium constant of reaction 1 (i.e.

@) /(c) = K1(H20)/(H,)) then the relative rates of gasification of carbon by different
reactants can be predicted by their relative oxygen activities. For example, the
relative rates of carbon gasification in H,0 and D20 at the same (H,0)/(H;) and
(D,0)/(D,) ratio would be given by the ratio of the oxygen exchange equilibrium
constants, i.e.

RATE, H20 _ Ki, H20
RATE, D20 K1, D20

This ratio is equivalent to the equilibrium constant for the reaction H,0 + D,==D,0 + Hj,
which can be calculated from thermochemical data and is plotted in Figure 2 as a function
of temperature. The data for the measured rate ratios fall very near the predicted

line in the temperature range studied. Oxygen activity therefore does appear to be

an important factor in determining the gasification rate. This supports the idea that
H, inhibition occurs through reversal of oxygen exchange rather than by site blocking
due to chemisorption.

From the simple surface oxide mechanism represented by Equations 1 and 2,
assuming a site balance Ct = © + &, a Langmuir-Hinshelwood type rate expression can
be derived (2):

4(C0). _ k1 ka2 Ct (H20) _ 3)

dt ki(H20) + k- (Hz) + k;

For agreement with the overall gasification kinetics, this expression must be reduced
to a form which reflects the linear dependence of the rate on the (H»0)/(H,) ratio. "
This dictates that the k-j(H,) term dominate the denominator, in which case the rate
equation reduces to

—LSEO) = Kok, Ct ~—(—Y(H§2) ) 4)
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The k.1(Hz) term will outweigh the other terms in the denominator if the oxygen
exchange reaction is in equilibrium, the equilibrium constant is small, and the
subsequent surface oxide decomposition is slow. In addition to providing for the
dependence of the rate on the (H,0)/(H,) ratio, Equation 4 also reflects the
Tinear dependence of the rate on catalyst loading discussed in the previous paper,
and on the oxygen activity of the gas {i.e.K;).

This simple mechanism based on the concept of oxygen exchange is useful in
understanding how a number of factors can influence the gasification rate. For
further evaluation of this mechanism, the assumptions which had to be made in
order to reduce the rate expression to a reasonable form must be tested. This
was done by studying the kinetics of the oxygen exchange reaction.

OXYGEN EXCHANGE

The oxygen exchange reactions can be readily followed using isotopic exchange
techniques. For the case of H,0/C oxygen exchange, a mixture of H,O and D, is
fed across the carbon bed. Since, as it will be demonstrated, oxygen exchange is
very fast compared to gasification, the experiments can be performed at conditions
where the gasification rate is negligible. Isotopic scrambling occurs as H,0 and
D, undergo oxygen exchange with the catalyzed carbon according to Equation 1. In
the experiments the water products (H,0, HDO, and D,0) were trapped out of the
product stream and the gas products (H,, HD, and 023 were fed directly into a mass
spectrometer for analysis. At gasification conditions, statistical scrambling of
the isotopes between the gas and water products was observed, indicating that the
reaction was in equilibrium. Under conditions at which the reaction was not at
equilibrium, the rate of oxygen exchange was calculated from the rate of appear-
ance of H in the gas products. (4)

Turnover rates {per C atom) for H,0/C oxygen exchange were measured for
111inois char as a function of K,CO3; loading (expressed as K/C atomic ratio) and
are shown in Figure 3. The gasification rate is plotted as well for comparison.
The oxygen exchange rate increases linearly with catalyst Toading until saturation
which occurs at a K/C atomic ratio of approximately 0.12/1. The figure includes
data for several other carbon forms as well. Below catalyst saturation the oxygen
exchange rate shows very little dependence on the form of the carbon substrate.

In both instances this parallels the behavior of the gasification rate (as discuss-
ed in previous paper), very strong evidence that oxygen exchange is occurring at
the gasification sites. Although they were measured at a lower temperature, the
rates of oxygen exchange were considerably higher than the gasification rates,
indicating that the measured oxygen exchange is not rate controiling in gasifi-
cation.

The kinetics of oxygen exchange occurring at the gasification sites are im-
portant in developing and evaluating an overall gasification mechanism. Figure 4
shows that oxygen exchange is first order in (D;) and essentially independent of
(H,0). In terms of the simple oxygen exchange model, oxygen exchange occurs via
Equation 1, and a Langmuir-Hinshelwood type expression can be derived for the rate
of oxygen exchange:

ki
Hy0 + C ‘k_l Hy + &

_ kik.p Ct gHzoz {Hp) . 5)
RATE ky(H0) + k_y (H,



For the model to be consistent, the conditions imposed on the various rate co-
efficients in deriving the overall rate expression (Equations 3 and 4) must
apply here as well. This requires that the k_;(H,) term again dominate the
denominator, in which case Equation 5 reduces to

RATE = ki (H20)Ct . 6)

This predicts that the oxygen exchange rate should be first order in (H,0), in
direct conflict with the data shown in Figure 4. The assumptions which were
made in deriving a reasonable rate expression from the simple model were there-
fore incorrect, indicating that the simple model cannot adequately describe the
system. More complex oxygen exchange models can be visualized which could re-
concile the data, and these will be the subject of future studies.

Kinetic studies of gasification and oxygen exchange in the CO,-carbon system
have also been performed as part of this investigation. An oxygen exchange
mechanism for CO, gasification analogous to that discussed here for H,0 gasifica-
tion has been proposed in the literature (2). Our results do support a strong
analogy between the two systems. The kinetic results and mechanistic implications
drawn for the C0,-carbon system were essentially identical to those discussed
here for the H,0-carbon system.

CONCLUSTONS

Oxygen exchange is catalyzed by the potassium gasification catalyst and
occurs at the same sites as gasification. Product inhibition of gasification
occurs through reversal of the oxygen exchange reaction by the product rather
thgn by chemisorption. This implies the participation of a critical surface
oxide in gasification. However, this critical oxide does not react with the gas
phase via Equation 1 as the dominant mode of oxygen exchange.
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This paper will present the recent status of developments in moving the Exxon Donor
Solvent coal liquefaction technology to commercial readiness. It will discuss .
results from the operations of totally integrated coal liquefaction pilot plants in
which the vacuum tower bottoms are recycled back to the liquefaction reactor system.
The paper will give an overview of the EDS coal liquefaction process and will present
selected results of the vacuum bottoms recycle studies that have been undertaken to
date. In discussing these studies, coal feed flexibility, yield and product flexi-
bility and pilot unit operability will be stressed. Finally, these results will be
summarized with a short discussion of the benefits and issues involved in EDS bottoms
recycle development.

In the first figure options available with the EDS process involving liquefaction and
bottoms processing technologies necessary to provide the required fuel and hydrogen
are shown.

In the EDS process, coal is slurried with a hydrogen donor solvent. This slurry is
fed in admixture with molecular hydrogen to the liquefaction system. The reaction
products are separated by conventional fractionation steps into gases, liquids and a
vacuum bottoms stream. Part of the liquid stream is catalytically hydrogenated in a
fixed bed, hydrogenation reactor in the presence of molecular hydrogen and becomes
the donor solvent. The hydrocarbon gas can be reformed to produce process hydrogen,
it can be sold or it can be burned as a process fuel gas. Liquids are the ultimate
product from the EDS process and are quality distillates boiling below 1000°F.
Options for the vacuum bottoms include partial recycle, feed to a FLEXICOKING unit
which produces 1iquids and process fuel gas or feed to a partial oxidation unit to
produce hydrogen or fuel gas. For operations where the vacuum bottoms production

is not sufficient to meet the necessary fuel and hydrogen requirements, additional
coal can be used as feed to a partial oxidation unit to supplement hydrogen and fuel
manufacture.

This paper will address results from the liquefaction step in the EDS process; or in
Figure 1, the shaded portion. References will be made to bottoms processing for
comparative purposes only.

In the development of the EDS process, extensive use has been made of small integrated
coal liquefaction pilot plants of 75 pound-per-day and 1 ton-per-day feed coal capaci-
ties. The key features of these pilot plants are shown schematically in Figure 2. In
the slurry preparation area, coal is slurried with a recycle donor solvent. The smaller
unit uses a batch preparation technique involving manual addition of the solvent,
crushed coal and bottoms (if recycled) on a six-hour frequency. The larger 1 ton-per-
day unit has continuous slurry preparation. Both units feed from a slurry holding tank
using high pressure positive displacement pumps.

The slurry is mixed with hydrogen before preheating and fed to tubular upflow reactors
in both units. The reactors are staged to achieve the desired nominal residence time
under study and the stages are connected by tubular transfer lines.

The liquefaction reactor effluent is separated by a series of conventional fractionation
steps. Gases are separated by high and low pressure flashes. The unconverted coal and
mineral matter are separated from the heavier coal liquids by recycle gas stripping in
the smaller unit and by vacuum distillation in the 1 ton-per-day unit. Products are
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split into naphtha and distillate using fractionation towers on both units. Part
of the distillate is used for producing the recycle solvent.

This unhydrogenated distillate is introduced with molecular hydrogen into a con-
ventional fixed-bed catalytic reactor. The hydrogenation conditions are tailored
to produce the recycle solvent of the right specification, and this donor solvent
is then used for slurrying the crushed coal.

In Figure 3, one of the very important findings obtained early in the bottoms re-
cycle studies is shown. These data show that coal conversion with vacuum bottoms
recycle is very sensitive to the liquefaction conditions. In this figure, the
pyridine insoluble fraction in the vacuum bottoms, on a DAF coal basis, is plotted
against the hours of onstream pilot plant bottoms recycle operations. This data

is for West Virginia coal (Ireland mine) and was obtained from operations using the
75 pound-per-day pilot unit. As was discussed above, the 75 pound-per-day pilot
unit utilizes a batch slurry preparation technique. This is important because it
influences the amount of time required for equilibration of the bottoms stream.
This is evident from the very early period of time when the bottoms recycle mode of
operations was just starting. During this period, the data show the pyridine in-
solubles are about 4-5% on a DAF coal basis. As time progresses, the pyridine in-
solubles are observed to be increasing with time. This is indicative of retro-
gradive reactions taking place in the liquefaction system and is a result of the
necessary hydrogen not being available for quenching the reactive coal fragments.
Consequently, the formation of pyridine insolubles increased to an equilibrated
level of about 8% as the bottoms recycle operation was continued. In Figure 3,
spot samples are shown as points, bars indicate periods during the operation used
for material balance purposes. During this period of time there was no observed
change in coal conversion over that observed from coal-only operations due to these
retrogradive reactions taking place. After returning to coal-only operations in
which the recycle of the bottoms was discontinued, the pyridine insolubles in the
bottoms dropped back to their previous level of around 4-5%.

The data was initially puzziing but in fact helped in understanding the phenomena
that were occurring. Earlier work had suggested the sensitivity of bottoms recycle
to hydrogen availability. By increasing pressure and solvent-to-coal-to-bottoms
ratio a continuation of the low pyridine insoluble content in the bottoms product
was realized. This is also shown in Figure 3 and comes from the fact that additional
hydrogen is being supplied from the gas phase as molecular hydrogen and from the
liquid phase due to the higher level of donatable hydrogen present with the solvent.
At the higher solvent rates and higher pressure that were employed in this successful
bottoms recycle experiment, the coal conversion did increase. Discussion of the
additional conversion from bottoms recycle will be presented in detail subsequently.

This_study has been expanded from the West Virginia coal to include other coals in-
c1ud1ng an I1linois No. 6 coal and the Wyoming coal. These data along with con-
ventional coal-only data are shown in Figure 4.

In Figure 4, the 1000°F* liquefaction conversion on a DAF coal basis obtained from
the integrated pilot plants is presented. Here both the coal-only and bottoms re-
cycle operations under EDS liquefaction conditions are shown. High conversions for
a]] the coals in the range of 55-65% DAF coal are obtained with coal-only operations
with the exception of the I1linois No. 6 Burning Star coal. These include bituminous,
subbituminous and Tignitic coals and confirm the fact the EDS process on a coal-only
basis is applicable to a wide variety of coals. The initial data on the bottoms
recycle operations show substantial increases in the conversion of the coal for three
of the coals: the I11inois No. 6 and West Virginia bituminous coals and the Wyoming
subbituminous coal.



In Figure 5, results are provided that show the liquid yields for the conversion
conditions that were discussed previously. Despite the fact that there are differ-
ences in liquefaction liquid yields for each of the coals, additional liquids can
be recovered from the FLEXICOKING operation on the bottoms to give total liquids of
about 45-55% of DAF coal for all of the EDS program coals. For bottoms recycle,
liquid yields of the same magnitude are achieved from the liquefaction step.
Additional data will be forthcoming to define what additional liquids can be
recovered from FLEXICOKING of vacuum bottoms from bottoms recycle operations.

In summary, pilot plant studies have successfully confirmed that the EDS process
is flexible to process a wide variety of coals. In the 75 pound-per-day unit all
of the EDS project coals have been processed to high yields of liquid products.
In the 1 ton-per-day unit, investigation of three EDS project coals has confirmed
the liquid yields from the smaller unit. Additional studies to investigate the
remainder of the coals are planned using the 1 ton-per-day pilot plant.

Initial pilot plant studies indicate that bottoms recycle may be an attractive mode
of operations. This is based on data from the 75 pound-per-day unit for three

EDS project coals--the I11linois, the West Virginia, and the Wyoming coals and data
from the 1 ton-per-day unit for the I11inois and Wyoming coals. Additional dis-
cussion of these data will follow.

The pilot unit data indicate there is a syngerism between higher pressure and
bottoms recycle which leads to the higher conversion and liquid yields. Small
autoclave studies, although not covered here, indicate bottoms recycle is generally
applicable under EDS conditions to all the coals discussed here.

In Figure 6, data showing the product distributions from bottoms recycle operations
with I11inois No. 6 bituminous coal from the Monterey No. 1 mine is presented. The
product yields in wt % based on the dry coal fed to the unit are shown for different
operating conditions and for the different units. Comparison is made between a
previous base set of coal-only operations which resulted in a liquid yield of
approximately 34% on dry coal. These yields were achieved for coal-only conditions
at 840°F, 60 minutes residence time, at 1500 pounds pressure. In the bottoms

recycle mode of operation at 2000 psi an additional 7% liquids and an additional

10% C1-C3 gas is obtained. This is counterbalanced by increased hydrogen consumption
of about 3 wt % on coal. These data have been taken from operations of the 75 pound-
per-day unit and similar results are obtained from the operations of the 1 ton-per-
day unit as shown in the companion figure. Here we do have a direct comparison at
the higher pressure. Notice that the increase in liquids is maintained along with
the increase in C1-C3 gas. As would be expected, the corresponding increase in
hydrogen consumption is there also. 1In data from both pilot units, an increase in
the amount of C4-400°F naphtha is observed compared to coal-only operations.

In Figure 7, similar data are shown but for the Wyoming subbituminous coal from the
Wyodak mine. The product yields for coal-only and bottoms recycle conditions from
both the 75 pound-per-day unit and the 1 ton-per-day pilot unit are shown. Here the
liquefaction conditions have been changed to 800°F, 100 minutes. From the 75 pound-
per-day unit and for coal-only operations at 1500 psi approximately 29% liquids are
obtained, for coal-only operations at 2500 pounds the liquids are increased to
about 34%. For bottoms recycle at 2500 pounds an additional 7% liquids were re-
covered to total 42% based on dry coal. The increase in liquid yields is accompanied
by a significant increase in the fraction in the C4-400 naphtha and also in the
Cj-C3 gas. As would be expected these increases are accompanied by an increase in
hydrogen consumption as was observed with the I11inois Monterey coal. The data from
the 1 ton-per-day unit gives similar total liquid yields of around 43%. The product
distribution is slightly different in that there is less of the C4-400 naphtha and
less of the C1-C3 gas. Here the comparison is data from 2000 pounds pressure
operation with the data from 1500 pounds pressure operation for the Wyodak coal.
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The results in Figure 8 are presented to show a wide range of flexibility with the
bottoms recycle mode of operation to alter the product slate from essentially an
all naphtha slate to one in which the naphtha content is approximately 50%. One
set of data are from the 75 pound-per-day unit and one set from the 1 ton-per-day
unit and it is expected that there will be slight differences in comparison but
the general theme of the flexibility to change the product slate significantly is
valid. Notice that the high liquid yields that were shown previously are maintained
at the 42-44 wt % on a dry coal basis. The all naphtha product slate shows ac-
companying high C1-C3 gas yields. For the naphtha/fuel oil product slate, the
naphtha is only about 50% and the 400-1000°F liquid is on the order of 50%. For
the operating conditions leading to this product slate, the gas is substantially
reduced.

In summary, the EDS bottoms recycle operations impact on the yield and product
flexibility that can be obtained in the EDS process. Bottoms recycle operations
provide increased 1iquid yields of about 8-~10 wt % on dry coal and there is a general
trend toward a Tighter product slate. Bottoms recycle has provided product flexi-
bility. Results showing an all-naphtha product and a naphtha/fuel oil product have
been presented. Additional studies are currently underway aimed at a naphtha/distil-
late product. This would produce a product of all 700°F- material; part of which
would be naphtha, part of which would be 400-700 distillate. The bottoms recycle
mode of operations has been shown to be applicable to three coals--two bituminous
coals and a subbituminous coal. As mentioned previously, based on small scale bench
liquefaction studies, bottoms recycle should be applicable to all coals that are
being investigated in the EDS project. This is an additional target of the current
studies.

It is now appropriate to return to the discussion of the vacuum bottoms produced
from coal-only and bottoms recycle operations. As discussed previously, in the
initial studies of bottoms recycle operations for the West Virginia Pittsburgh
seam coal, increases in pyridine insolubles due to retrogradive reactions were
occurring at conditions not optimium for bottoms recycle operations. The results
shown in Figure 9 are for the I11inois No. 6 bituminous coal from both the 75
pound-per-day pilot unit and the 1 ton-per-day pilot plant. For all operations,
the pyridine insolubles are approximately the same; in the range of about 16% of
the 1000°F* organics in the vacuum bottoms. The asphaltenes which are the benzene
soluble fractions of the bottoms are on the order of 25-55% of the bottoms and the
preasphaltenes are on the order of 55-25% of the bottoms. The use of bottoms
recycle at the higher pressure significantly improves the quality of the bottoms
as shown by the increase in asphaltene content of the bottoms when compared to

the coal-only bottoms. This has led to better pilot plant operations and improved
bottoms handling properties.

Additional data of this same nature is shown in Figure 10 for the Wyoming sub-
bituminous coal. Here again comparison of data for both the 75 pound-per-day
pilot unit and the 1 ton-per-day pilot plant is presented. For the 75 pound-per-
day pilot unit, the data at 2500 psi show additional increases in the asphaltene
content when bottoms recycle is compared to coal-only operations. In this figure,
the pyridine insolubles for Wyodak bottoms are higher than for the I11inois bottoms
and are approximately 20% of the DAF 1000°F* bottoms. There is significant change
in the asphaltene content based on the increased pressure; note that in the data
from the 75 pound-per-day pilot unit, the asphaltenes increase from about 20% to
about 43% for coal-only operations by increasing the pressure from 1500 psi to
2509 psi. Additional improvements in the bottoms quality is obtained by incorpo-
rating bottoms recycle into the operations. A similar relationship for the 1 ton-
per-day unit is observed although the coal-only data at 2000 psi is not available.

In Figure 11, the results of the improved bottoms character is shown. The data
in this figure show the vacuum tower bottoms viscosity in poise, measured at 550°F
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and 21 reciprocal seconds shear rate as a function of the amount of liquids that
are left in the vacuum tower bottoms. These liquids are characterized as nominally
boiling in the 850-1200°F temperature range. Figure 11 shows two distinct sets of
data: one for coal-only at 1500 pounds and one for bottoms recycle at 2000 pounds.

In Figure 11, data from two different pressure levels are being compared. The
effect of higher pressure on coal-only data would be to move the coal-only curve
directionally toward the bottoms recycle curve. Based on a small amount of
additional data, these data sets are not expected to be identical. The data shown
on this slide indicate that the conditions of the vacuum tower may be relaxed to
give a similar amount of liquids in the bottoms for both coal-only and bottoms
recycle but have a substantial decrease in bottoms viscosity for bottoms recycle.

In Figure 12, similar data for Wyoming subbituminous coal is shown. There is some
overlap in the two data sets which was not observed with the I11inois coal operations.
The viscosities for bottoms recycle derived bottoms are considered to be comparable
or lower than those for coal-only derived bottoms. Here there is considerable
scatter observed for the coal-only viscosities. This is contrasted to relatively
tight band of data for bottoms recycle operations. This consistency of the bottoms
recycle data compared to coal-only data on viscosities is indicative of the rela-
tively uniform vacuum tower operation during bottoms recycle. The bottoms produced
from bottoms recycle operations with Wyoming coal have essentially the same vis-
cosity as the bottoms from the Monterey coal under coal-only conditions.

Alternative to operating the vacuum tower in a manner to deliver products with a
single liquid content there is the opportunity to deliver bottoms at a specified
viscosity. For this case, the bottoms from bottoms recycle operations will have
less liquid associated with them compared to the bottoms from the coal-only oper-
ations. This would lead to additional liquid recovery for bottoms from bottoms
recycle as opposed to the coal-only case.

In summarizing, operability advantages have been observed during bottoms recycle
studies. Smoother pilot plant operations have been observed due in part, to higher
asphaltene content of the bottoms which implies fewer degradative reactions. The
vacuum tower operations have been more stable which probably follows from the lower
bottoms viscosity and higher asphaltene content. Record operating times in both the
75 pound-per-day unit and the 1 ton-per-day unit have been achieved with bottoms
recycle.

Overall, there are benefits from bottoms recycle operations but there are still
concerns that must be addressed. Bottoms recycle operations result in higher
conversions for three different coals. Bench scale laboratory studies imply
general coal applicability of the bottoms recycle mode of operations, and the
additional coals are under investigation. Product slate flexibility has been
demonstrated and naphtha and naphtha/fuel oil product slates produced from oper-
ations of the integrated coal liquefaction pilot plants. Operating conditions
for naphtha/distillate product slate are under investigation. Significant pilot
plant operability benefits of longer, smoother operations due to the improved
bottoms character have been observed. These benefits should translate into
operability advantages for the larger 250 ton-per-day pilot plant.

Commercial application of EDS bottoms recycle will require reassessment of the
process bases. The increased hydrogen consumption will require rebalancing of
the hydrogen/fuel supply. The processability of higher ash containing streams
will require further definition. Due to the additional recycle stream, higher
investment and operating costs will result. Here the reduction in bottoms pro-
duction implies only one bottoms processing technology would be necessary, but
development of alternative bottoms processing technologies should be pursued to
ensure flexibility and reliability. The lower bottoms production will also allow
a decoupling of process fuel and hydrogen production which should improve startup,
operability and the service factor of a commercial facility.
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EIGURE 3
COAL CONVERSION SENSITIVE TO LIQUEFACTION CONDITIONS
WITH BOTTOMS RECYCLE OPERATIONS
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FIGURE 4
COAL RANK EFFECT ON CONVERSION
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