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EXECUTIVE SUMMARY

Principal Investigator: A.G. Oblad

The Oil Sand Research and Development Group at the University

of Utah prepared, submitted and had approved a comprehensive

environmental assessment of the impact of program related

activities in accordance with the requirements of the National

Environmental Policy Act.

The Asphalt Ridge bitumen was separated into several boiling

range fractions for detailed analysis and characterization. The

lighter fraction (477-617 K) was evaluated for use as an aviation

turbine fuel and the residue (>617 K) was evaluated for use as an

asphalt. The 477-617 K fraction appeared to meet most of the

specifications for high density aviation turbine fuels. The 617 K

plus residue from the Asphalt Ridge bitumen can be classified as a

viscosity grade AC-30 asphalt. Several physical properties were

also measured to evaluate the potential of the 477-617 K fraction

as high density-energy aviation turbine fuel after mild

hydrotreating. The detailed structure of the low molecular weight

fractions of the Asphalt Ridge bitumen (477-617 K and 617-711 K)

was determined by combined gas chromatography and mass

spectrometry. Additional insight regarding the chemical structure

of the bitumen was also obtained by Fourier transform infrared

analysis. The tentative identification of saturated and aromatic

components in the 477-711 K fractions indicated that these can be

related to bioiogically-derived compounds which are found in coal,

petroleum, oil shale, and oil sand.

The effect of volatile hydrocarbons on the solubilization of

intrinsic asphaltenes in the Athabasca bitumen was investigated.

The bitumen was fractionated into maltenes and asphaltenes using

two different solvents; hexane, and heptane. In addition, vacuum

distillation was performed on two samples to remove portions of the

volatile fraction. The distillation residue from each sample was

collected and fractionated into maltenes and asphaltenes using the

same set of solvents. The experimental results show that the
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volatile fractions of the bitumen do solubilize the asphaltenes,

J

and when they are removed from the bitumen the asphaltene content

increased slightly. However, it was noted that the influence of

volatile fraction on the asphaltene content is smaller than the

effect of the solvent used for fractionation of the bitumen.

Similar to our previous reports on water-based separation

technology for tar sands processing, the 91-92 Report provides an

account on our activities both in basic and applied research.

Considerable progress has been made in the development of

processing strategies which require less energy and which lead to

higher grade bitumen concentrates. This water-based process

development has been aided by fundamental research on the surface

chemistry of bitumen-sand mixtures, the natural porosity of the

oil sands accessible by various hydrocarbon diluents, the

identification of natural surfactants released from the bitumen

during processing and FTIR microscopic studies of tar sands.

Tar sand natural porosity data for samples from five different

tar sand deposits have been determined. The previously used

technique for porosity determination involving methanol penetration

into the tar sand was supplemented by a new analytical technique

based on extraction of the tar sand sample in an organic solvent

and simultaneous volumetric determination of the gas phase released

during extraction. These more reliable measurements allow for

improved understanding of the variation in amenability of tar sand

samples to hot water separation.

Optical microscope examination of digested tar sand slurry

revealed that some sand particles are still covered by bitumen.

Further, air bubbles adhere firmly to sand grains which seem to be

bitumen free. A newly acquired FTIR microscope was used for

detailed examination of single tar sand grains for both digested

and undigested tar sands. In the case of the Whiterocks sample,

the analysis revealed a noncontinuous bituminous film for some of

the tar sand quartz particles (60 _m to 180 _m). A preliminary

analysis of surfactant adsorption by in situ FTIR/IRE revealed the

complex phenomenology of the process and the need for better
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identification of the role of surfactants in the wetting phenomena

which control the hot water process.

Gravity separation has been incorporated in the tar sand

processing strategy for domestic tar sands. In this regard, the

design of a new gravity separation vessel has been proposed, based

on our surface chemistry research. A more detailed analysis of the

bitumen gravity concentrate has also been completed.

Additional experimental efforts were dedicated to the study of

water recycle in hot water (50-60°C) bitumen separation.

Supernatant tailings water was recycled six times and no

deleterious effect on the amount of fine mineral particles

reporting to the bitumen concentrate occurred during gravity

separation.

In view of the water recycle results, fundamental surface

chemistry studies have helped to define the mechanism of bitumen

disengagement in a model system. The release of air bubbles from

the oil sand at the onset of digestion was observed in a glass cell

and found to precede the disruption of the bitumen-layer covering

the surface of the mineral particles, and the formation of bitumen

lenses. The subsequent bitumen spreading at the air bubble surface

indicated a minimum in the surface Gibbs free energy.

It is expected that the high specific capacity of air-sparged

hydrocyclone (ASH) flotation should have some distinct advantage in

scavenging tar sand tailings. In this regard a better knowledge of

the role of surfactants on oil filming of air bubbles has led to

significant improvement in the performance of dispersed oil

flotation from O/W emulsions by ASH flotation. The results of this

phase of our research have been very promising. Oil recovery of

between 80 to 90% is possible, the exact value depending on the oil

type and composition.

A new method for determining the onset of slugging in

fluidized beds was explored. Pressure-drop fluctuations, measured

from below the distributor to the gas exit line, are transformed to

the frequency domain by the power spectral density function (PSDF).

A fluidized bed is in the slugging regime when the dominant
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frequency of the PSDF, fd' remains constant with changing gas

velocity. This method was used to determine the gas velocity

corresponding to the transition from the bubbling to the slugging

regime for a 10-cm diameter bed of sand fluidized with air and

containing three 1.9-cm diameter vertical rods on 5.2-cm center-to-

center triangular spacing and extending the length of the bed, and

to compare the results with those from the same bed without any

internal rods. It was determined that the presence of the vertical

rods inhibited the onset of the slugging regime, and significantly

extended the bubbling regime into higher gas velocities.

A fluidized bed was operated in the bubbling regime with sand

to determine the effects of process variables on in-bed metal

wastage due to erosion and/or corrosion of immersed 316 SS rods.

Weight loss as a result of erosion was determined by conducting

experiments with air at room temperature and high fluidizing

velocities. Weight loss due mainly to corrosion was determined by

carrying out wear tests at 500t and relatively low gas velocity.

By comparing the total weight loss obtained from the tests at high

temperature and high gas velocity conditions with the sum of weight

losses from erosion-dominated and corrosion-dominated studies, it

was found that erosion and corrosion took place simultaneously and

interacted in a way leading to accelerated wear of the 316 SS rods.

The wear rates increased with increasing temperature and excess gas

velocity and were also affected by rod orientation in that wear

rates of vertical rods were less than those of horizontal rods

under identical test conditions. In all cases, average wear rates

were less than 3.0 nm/hr in the radial direction

A new 6 inch ID fluidized bed reactor system has been

designed, constructed and tested. A new process variable, reduced

pressure, was identified and fluidization studies were initiated.

Data for fluidization at less than ambient pressure is seldom

reported in the open literature. A novel reactor design and

configuration was tested which permits the use of propane

combustion for heating and fluidizing gas supply at reduced

pressure.
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The relevant variables for successful feeding of oil sands to

the top of the fluidized bed and for withdrawal of spent sand from

the bottom of the fluidized bed were identified. These two aspects

of the reactor system have been problems for several years that are

now considered solved. The solution represents a significant step

forward in the materials handling aspect of our process

engineering.

The operation of the fluidized bed at reduced pressure has

been characterized and found to differ from conventional fluidized

beds. One significant difference is the finding that deep beds can

be fluidized without slugging when the gas flow is based on pulling

gas from the top of the reactor.

A simple relationship between bed temperature and minimum

fluidization gas velocity was found and reported based on previous

studies. Work with the new fluidized bed reactor system this year

has produced additional data to support the relationship.

The bitumen from the Whiterocks oil sand deposit was

hydrotreated in a fixed-bed reactor to determine the extent of

upgrading as a function of process operating variables. The

process variables investigated included pressure (11.2-16.7 MPa);

temperature (641-712 K) and liquid hourly space velocity (0.19-0.77

h'1). The hydrogen/oil ratio, 890 m3 m "3, was fixed in all

experiments. A sulfided Ni-Mo on alumina hydrodenitrogenation

catalyst was used in these studies.

The effect of temperature, weight hourly space velocity, and

pressure on denitrogenation, desulfurization and residuum

conversion were studied and apparent kinetic parameters determined.

The effect of process variables on residuum conversion and

Conradson carbon residue reduction was also investigated.

Substantial molecular weight reduction occurred during

hydrotreating which was the result of thermal and catalytic

cracking. Catalyst activity remained stable for over 700 hours

during normal hydrotreating conditions. The deactivation rate was

0.2°C day "I. The activity was substantially reduced after

processing bitumen for short times temperatures above 700 K.
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Denitrogenation was pseudo-first order, while desulfurization

and residuum conversion were adequately represented by two parallel

first order reactions. Sulfur conversion was linked to residuum

conversion because sulfur contained in residuum moieties is

unreactive until those moieties are cracked. The apparent

activation energies for denitrogenation, refractory sulfur

conversion, and refractory residuum conversion were 93 kJ mol "I, 146

kJ mol "I and 134 kJ mol "I respectively

The volatile fraction (<IO00°F) of the Whiterocks bitumen;

the bitumen-derived liquid produced from the pyrolysis of

Whiterocks oil sand in a fluidized bed; and the total liquid

products obtained from subsequent catalytic hydrotreating have been

analyzed by high resolution gas chromatography-mass spectrometry.

Major compound types found in the IO00°F minus fraction of the

bitumen were substituted and unsubstituted cyclohexanes, benzenes,

decalins, tetralins, naphthalenes, perhydrophenanthrene (tricyclic

terpanes), octahydrophenanthrenes, tetrahydrophenanthrenes,

phenanthrenes, phenyl(cyclohexyl) alkanes, indan (cyclohexyl)

alkanes, perhydrochrysenes (17,21-secohopanes), steranes (C27-C29),

hopanes (C2z-C35) and traces of paraffins. Several additional

compound types were also identified in the bitumen-derived liquid:

normal alkanes (Cz-C30) and _-alkenes, branched alkanes (C7-C28) and

alkenes, cyclopentanes, styrenes, indenes, dihydronaphthalenes,

dihydropenanthrenes, and the olefin related to perhydro-@-carotane.

The hydrotreated bitumen-derived liquid consisted primarily of

saturated compounds, such as alkanes (normal and branched) and

cycloalkanes (1-5 rings). It also contained low concentrations of

aromatic compounds which were predominantly monoaromatics. Several

thermal reaction pathways have been proposed based on the

structural analyses of these three samples. These reactions

include cleavage of long side chains or bridges, dehydrogenation,

polymerization and condensation, and decarboxylation.

Hydrogenation, hydrogenolysis and heteroatom removal were the

principal reactions which occurred in the hydrotreater.
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This work demonstrates that most of compound types in the

volatile fraction of the bitumen, bitumen-derived liquid and

hydrotreated products of the bitumen-derived liquid can be

determined by GC-MS analyses. Two types of compounds present in

the nonvolatile fraction of the Whiterocks bitumen have been

proposed: long alkyl chain attached to two- to five-ring

terpenoids through C-C bonds (alkyl groups linked to naphthenic,

naphtheno-aromatic and aromatic moieties) and ester linkages formed

during reactions between steroid and hopanoid acids and alkanoid

alcohols and/or between fatty acids and condensed alcohols and

phenols.

Several reaction pathways in the bitumen pyrolysis-

hydrotreating sequence can be rationalized through the structural

identification of various samples. In the thermal process, these

reactions include cleavage of long side chains (or bridges),

dehydrogenation, cracking, polymerization and condensation and

decarboxylation. On the other hand, hydrogenation, hydrogenolysis,

hydrodealkylation and heteroatom removal were the principal

reactions which occurred in the hydrotreater. The processing

sequence oil sand pyrolysis-hydrotreating over an HDN catalystic

appeared to be a technically reasonable concept for the upgrading

of the bitumen from mined oil sands to a hydrogen refining

feedstock.

Continuous supercritical fluid extraction experiments were

performed on a Uinta Basin bitumen using propane as the solvent at

several temperatures and pressures and the asphaltene contents of

the original material and residual fractions were determined.

The experimental data indicated that as the cosolubilizing

lighter components of the oil are extracted, more of the heavier

compounds precipitate in the pentane-insolubles test, thus showing

an increase in the asphaltene content of the residual fractions.

The polar to nonpolar compounds ratio also increased for the

residual fractions relative to the original bitumen. This

indicates that asphaltenes, defined as pentane-insolubles, are not

a definite compound class and that their nature and quantity in a
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given mixture was determined by the overall composition of the

mixture. The study also indicated that it may be inappropriate to

perform asphaltene balances on different fractions of crude oils

and bitumens since the solubility and precipitation characteristics

of the mixtures change with composition. The asphaltene content of

the original oil may not be an appropriate index in order to define

the precipitation characteristics since this is not the only

fraction susceptible to precipitation in a dense gas flooding

process.

As the extraction pressure increased at a constant temperature

of 380 K, the asphaltene content of the residual fraction also

increased. This was consistent with the observation that the

extraction yields increased with pressure and that heavier

compounds were extracted at higher pressures.

The H/C retio in the residual fractions was lower than the

original oil establishing that saturated compounds were

preferentially extractedieaving the residual fractions richer in

unsaturated compounds (and thus more polar) than the original oil.

The nitrogen and sulfur contents of the residual fractions were

also higher which indicated that heteroatomic compounds

concentrated in the heavier (unextracted) portion of the original

oil.

This study indicated that care should be exercised when

performing material balances on asphaltenes from fractionated oils

and/or bitumens and that it may be inappropriate to presume that

only the pentane-insoluble asphaltene fractions of the original

materials are susceptible to precipitate in a given recovery

(enhanced oil recovery) or refining process.

The three product cyclone exhibited a forced vortex and

therefore a lower centrifugal force. It should recover 90+% of

solids coarser than a particle size between 150 to 250 microns.

The unit was tested with polyelthylene pellets of 0.97 specific

gravity and less than 1% was found in the underflow. As the

pellets were around 1/4 inch in size, these results cannot be

considered as representing bitumen recovery. Furthermore, most of

8

...... ,....._ _,........
L ,,,, . i i



Utah bitumen has been indicated to lie between 0.99 and 1.0

specific gravity which will add to its separation difficulty. We

hope to reduce its specific gravity by exposing it to very small

bubbles of air.

The 'two product hydrocyclones must be tested on digested Utah

tar sands to see if it will recover 90+% of bitumen in the

overflow. If it cannot, we would be unable to use it. This

testing has to await the development of the pilot plant. We can

size the pilot plant equipment from the literature.

The three product classifier-thickener can be designed for the

pilot plant through Canadian operating data available to us as it

obtains 90+% recovery of bitumen in the overflow stream. It would

seem logical that it can be achieved on Utah tar sands, although

the higher specific gravity of Utah bitumen should also increase

the difficulty. It is also known that in Canada, bitumen grade of

6-8% is much more difficult to achieve recovery in the overflow and

flotation must also be employed on the middling stream.

The secondary classifier (spiral classifier) should be able to

remove at least 80% of the remaining fine solids from the primary

classifier underflow which should permit reduced coarse solids

moisture content to 18 wt% or less. This should be transportable

by a belt conveyor.



INFORMATION REQUIRED FOR THE
NATIONAL ENVIRONMENTAL POLICY ACT

Principal Investigator: Alex G. Oblad
Co-Principal Investigators: M.D. Deo

F.V. Hanson

INTRODUCTION

The University of Utah tar sand research and development

program is concerned with research and development on Utah's

extensive oil sands deposits. The program has been intended to

develop a scientific and technological base required for eventual

commercial recovery of the heavy oils from oil sands and processing

these oils to produce synthetic crude oil and other products such

as asphalt. The overall program is based on mining the oil sand,

processing the mined sand to recover the heavy oils and upgrading

them to products. Multiple deposits are being investigated since

it is believed that a large scale (approximately 20,000 bbl/day)

plant would require the use of resources from more than one

deposit.

The various oil sand recovery technologies can be classified

as follows:

i. Thermal recovery methods

2. Water extraction methods

3. Solvent extraction methods

Thermal Recovery Methods

Thermal processes are used extensively to produce lighter

products from heavy petroleum. These include thermal cracking, and

coking with the latter still being an important process in modern

i0
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petroleum refining. Since the heavy oils present in tar sands are

similar in many respects to heavy petroleum residua, thermal

methods are bein<_ explored for the recovery of the hydrocarbon

values from Utah oil sands. These include rotary kiln and

fluidized bed methods both of which are continuous processes.

Batch processing of oil sands by pyrolysis while technically

possible is not feasible economically.

Extensive studies have been carried out investigating thermal

processing of Utah's oil sands by rotary kiln and fluidized bed

methods. On the basis of results obtained so far both methods

appear to be technically feasible for the oil sands investigated

(mainly Whiterocks). Much more work including scaled-up operations

ar_ necessary before economic comparisons can be made regarding

commercial feasibility of these two processes vis-a-vis each other

and with other processes including water based extraction and

solvent extraction methods.

The current program on thermal recovery is concerned with

rebuilding and operation of the small diameter fluidized bed,

determination of optimum conditions for fluidization of the various

Utah oil sands, operation of the redesigned large fluidized bed

reactor system at various conditions with different oil sands,

comparison of yields with those previously obtained in fluid bed

and rotary kiln studies, characterization of the liquid, gaseous

and coke products and conducting combustion studies of the coked

sand in a fluidized bed reactor system, continuation of process

variable studies with the rotary kiln reactor and initiation of

II
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combustion studies of coked sand in the rotary kiln. Th_se studies

will help develop scale-up correlations and will generate process

data for technical and economic process optimization and eventual

commercialization.

A novel combination of two fluid bed reactors has been

dev_loped at the University for pyrolysis of oil sands. This

combination involves two reactors one above the other. Pyrolysis

occurs in the top reactor and combustion of the coked sand in the

lower reactor with spent sand flowing from top to the lower. The

heat from the combustion of coked sand with air is transferred to

the top reactor by means of potassium loaded heat pipes. The

feasibility of this system has been proven and mathematical models

of the system have been developed. Currently, the reactor system

is being enlarged and control systems are being added. When

completed, the system will be run to confirm previous results from

the hand-operated, smaller reactors and confirm the mathematical

models. Also, the heat pipes are being run extensively to prove

their operational stability and erosion resistance. Success in

these studies will then advance the process development to pilot

plant scale design, construction and operation.

Water Assisted Recovery

Two large plants in Canada producing 70,000 b/day and 160,000

b/day of heavy oil from Canadian oil sands utilizing water assisted

recovery emphasize the importance of water based extraction

technology. Hence water extraction process technology for Utah's

oil sands has had priority in our program since inception of the
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program at the University. A moderate temperature process for

recovery of the oil values from Utah's oil sands has been

developed. A previous version of the process employing hot water

and oil recovery by flotation was developed and tested on a pilot

scale on several of Utah's oil sands. Work on the process since

that has been concerned with simplifying the process using moderate

temperatures and gravity separation techniques. This work has been

successful and now the process is about ready for pilot plant

testing. Final definition and optimization of the process are now

underway. The continuing program to accomplish this is concerned

with fundamental research on tar sand pretreatment with diluent,

bitumen disengagement from sand, surface chemistry of oil

disengagement and formation of oil and water particles. Applied

research is continuing on the process design, the separation cell

for pilot plant scale operation, bitumen concentrates clean-up, and

underground slurry transport/oil separation exploratory studies.

More detailed studies of the gravity separation of bitumen

concentrate, middlings and clean sand are planned so that maximum

efficiency in the separation and recovery can be obtained in pilot

plant and commercial equipment. In addition, studies of dewaterirg

of the tailings using chemical and mechanical means ho maximize the

recycling of water and the determination of the optimum means of

transport of tailings are underway. From an economic perspective,

the water extraction process appears to be the most p-omising. Our

initial calculations show that about 1.5 bbl of water would be

required to produce 1 bbl of heavy oil. This is comparable to the
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water required to process 1 bbl of oil in a conventional petroleum

refinery.

Solvent E_traction

Solvent extraction as a means of recovery of heavy oils from

oil sands has been studied. On a very small scale solvent

extraction works well and is used as an analytical procedure for

estimating the amount of oil on a given oil sand. Use of this

technique indicates that because of the large solvent to oil sand

requirement to achieve high yields and recovery of the solvent

coupled with dangers of fire from use of hydrocarbon solvents,

costs and safety considerations are not comparable to the water

extraction process. The feasibility of using solvent extraction as

compared to thermal recovery processes is yet to be assessed.

In petroleum refineries, low molecular-weight hydrocarbons

such as propane and butane are used at subcritical and

supercritical conditions to remove the polycyclic aromatic

constituents so that the remainder can be used as feedstock for

other processes such as catalytic cracking. We have undertaken a

study to determine what merit the refinery process techniques might

have for full or partial recovery of heavy oils from oil sands and

the potential that the use of the low molecular weight materials

might have for upgrading of bitumens as a feedstock for further

processing to synthetic crude oil or specialty products such as

asphalt. Results thus far indicate that propane at supercritical

conditions extracts about 60% of Whiterocks bitumen and that the
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extracted material is significantly upgraded compared to the

original material.

UDgradinq of heavy oils to synthetic crude

Conventional coking process for the upgrading of oil sand

bitumens produces large amounts of coke which leads to serious

environmental problems. There is a need for exploring new

directions in the upgrading of heavy oils. We are now evaluating

selected process schemes for upgrading Utah's oil sand bitumens

obtained by water assisted extraction and those produced in the

various thermal processes. The process concepts include

hydrotreating and hydrocracking and hydropyrolysis which now appear

as the most promising upgrading processes. We also plan to

investigate in greater detail the value of appropriate fractions of

syncrudes as feed stocks for catalytic cracking and reforming.

Specialty products fro_Utah's oil sands

We are systematically evaluating all of Utah's major oil sand

deposits, making sure of obtaining fresh representative samples of

the different sands. So far we have examined Whiterocks and

Asphalt Ridge and have plans to proceed this year with the

evaluation of P.R. Springs and Sunnyside deposits. The samples are

examined with many different procedures to learn about the

molecular composition of the various bitumens. This information

along with physical properties information makes it possible to

project possible uses for the bitumens in addition to making

synthetic crude. Accordingly, we are investigating the use of

15
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bitumen as an asphalt, as a source material for the production of

jet and diesel fuels, white oils, and lubricating oils. Specialty

products generally command a higher price than syncrude.

The tasks or projects in the program are organized according

to the following classification.

i. Recovery technologies

a). Thermal recovery methods

b). Water extraction methods

c). Solvent extraction methods

2. Upgrading and processing technologies

a). Hydrotreating

b). Hydrocracking

c). Hydropyrolysis

3. Solvent extraction

4. Production of specialty products

5. Environmental aspects of the production and processing

technologies

p_rojects and P_incipal Investiqators

The Director of the overall program is Professor A. G. Oblad,

Distinguished Professor of Fuels Engineering. The individual

projects (tasks) are listed and described briefly along with the

principal investigators in the following paragraphs.

1. Fluidized-bed coupled reactor-regenerator: Principal

investigator - J. D. Seader, Department of Chemical Engineering.

The concept of a dual fluid reactor system, for the pyrolysis of

oil sands and the subsequent combustion of coked sand was developed
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at the University of Utah. The technical feasibility of this system

using potassium loaded heat pipes for transfer of heat from the

exothermic combustion uni_ to the endothermic pyrolysis unit has

already been demonstrated. Currently an enlarged system with

computer aided process control is being fabricated. Sophisticated

mathematical models are being developed and heat tube stability

tests are being conducted. Success in these studies will advance

the process development to pilot plant scale design.

2. Water assisted recovery of heavy oils: Principal investigator -

J. D. Miller, Department of Metallurgical Engineering. A

modified hot water process (from the original Canadian water

extraction process) using moderate temperatures and gravity

separation techniques was developed at the University of Utah. The

technology is ready for pilot testing and final definition and

optimization of the process is now underway. The studies include

fundamental investigations about oil sand pretreatment with

diluent, surface chemistry of oil disengagement, disengagement of

bitumen from sand surface and formation of oil droplets as well as

applied process and component design.

3. Recovery of heavy oils utilizing a rotary kiln and a

specially-designed fluidized bed: Principal investigators - F. V.

Hanson and M. D. Deo, Department of Fuels Engineering. The

technical feasibility of using rotary kiln and fluidized-bed

reactors for the pyrolysis of oil sands has been demonstrated at

the University of Utah. The current focus is on obtaining process

data in the rotary kiln and in a pilot-scale 6 in.-diameter
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fluidized bed so that larger-scale pilot plants and demonstration

units can be designed.

4. Recovery of heavy oil by solvent extraction: Principal

investigators - F. V. Hanson and M. D. Deo, Department of Fuels

Engineering. Solvent recovery process, using both subcritical and

supercritical solvents is being investigated at the University of

Utah as recovery and upgrading option. Once the process studies are

complete, a database for the comparison of all the recovery

technologies would be available.

5. Heavy oil upgrading to synthetic crude: a). Hydropyrolysis:

Principal investigator - J. W. Bunger, Department of Fuels

Engineering. The concept of hydropyrolysis, a thermal upgrading

process in the presence of hydrogen for the upgrading of oil sand

bitumen was developed at the University of Utah. Preliminary

experimental and modeling studies have provided data for the

design and fabrication of a larger scale unit for the evaluation of

this concept at a process level. Work is being completed on the

smaller unit and the larger unit is being designed.

6. Hydrotreating and hydrocracking: Principal investigators - F.

V. Hanson and M. D. Deo, Department of Fuels Engineering.

Conventional hydrotreating and hydrocracking processes are being

investigated at the University of Utah to provide a rational choice

of a bitumen upgrading strategy. A continuous hydrotreating unit

capable of operating both upflow and in the trickle-bed mode has

been fabricated and process hydrotreating studies on pyrolyzed

liquid product and Whiterocks native bitumen have been completed.
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Process studies using alternate catalysts are in progress. Design

for a scaled-down ebullieted-bed hydrocracker with hydrodynamics

similar to the commercial unit is complete. Future work will

include fabrication of this unit and process hydrocracking studies.

7. Production of specialty products from heavy oils, such as

asphalts and other specialty products: Principal investigators -

A. G. Oblad and F. V. Hanson, Department of Fuels Engineering.

The potential of production of specialty products such as jet

fuels, diesel fuels, white oils, lubricating oils and asphalt from

Utah oil sand bitumens and bitumen-derived products is being

systematically investigated at University of Utah. This work has

demonstrated that high-quality jet fuels and asphalt can be made

from the Utah bitumens and pyrolyzed liquid product.

8. Rehabilitation of North Salt Lake pilot plant: Principal

investigators - A. G. Oblad and F. V. Hanson, Department of Fuels

Engineering. State funds are being utilized to rehabilitate the

North Salt Lake pilot plant so that pilot-scale studies of the

modified hot water process can be carried out.

9. Study of gravity separation of heavy oil concentrates from sand:

Principal investigator - D. A. Dahlstrom, Department of Chemical

Engineering. This task is essentially in support of task 2 on

water extraction technology. The purpose of this task is the study,

selection and design of appropriate units for the optimum

separation of bitumen from sand. The preliminary laboratory studies

and equipment design are in progress.
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i0. Studies of disposal of sand concentrates by pumping: Principal

investigator - D. A. Dahlstrom, Department of Chemical Engineering.

Disposal of processed sands will be a major logistical and

environmental concern. Process and equipment design to best

accomplish this in the water extrusion technology is the purpose of

this task. Initial laboratory rheology and pumping tests are in

progress.

II. Definition and remediation of the environmental problems

associated with the operation of the North Salt Lake pilot plant:

Principal investigators - A. G. Oblad, F. V. Hanson and M. D. Deo,

Department of Fuels Engineering. This task will identify the

specific environmental concerns in the operation of the North Salt

Lake pilot plant unit and will address remediation measures.

Environmentally safe operation procedures will evolve out of this

project.

12. Environmental issues associated with bitumen recovery from tar

sand: Principal investigators - A. G. Oblad, F. V. Hanson and M. D.

Deo, Department of Fuels Engineering. This task will address the

overall environmental impact of the various production and

processing technologies.

Laboratory locations

A campus map with the laboratory locations highlighted is

shown in Figure i. Project items 1-6, 8 and 9 will be conducted in

the existing laboratories of the University of Utah. Project items

7 and I0 are concerned with the rehabilitation of the North Salt

Lake pilot plant. Project ii is an environmental impact
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assessment task which will be perfo_ned based on the information

generated in our laboratories.

The existing project laboratories are located in the following

buildings: Ore-dressing laboratory; Merrill engineering building

(MEB) - 2509; Ivor Thomas laboratory; Hedco building, ii0 & 130;

Browning building, 109 and Engineering and mines research

laboratories (EMRL), 115.

These laboratories are used for storage, experimental and

analytical work.

Environmental requlatory personnel

The research program has direct interactions with the

University Department of Public Safety. This department in turn,

ensures that the program conforms to the OSHA and to state and

federal regulations. The address and telephone number for this

office is listed below. The Department of Fuels Engineering

interacts with this office through Mr. Rob Jackson, the

environmental safety specialist and Ms. Miriam Vaughn, the

industrial hygienist. The location of the public safety office is

marked on the University of Utah map (Figure I).

Department of Public Safety

Bldg. 301, University of Utah

Salt Lake City, Utah 84112.

(801)581-6590
(801) 581-7193 FAX

The University of Utah has contracts with APTUS ENVIRONMENTAL,

for the disposal of its hazardous wastes. APTUS is a modern
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hazardous material incineration facility. The contact person at

APTUS is Mr. Jerry Warner, (801) 973-9909.

The addresses and telephone numbers of the state safety and

environmental offices are listed below. The Department of Public

Safety interacts with these offices.

Utah Occupational Safety and Health
State of Utah : Industrial Commission of Utah

160 E 300 S

P. O. Box 510870

Salt Lake City, Utah 84151-0870

(801)530-6901

(801)530-6804 FAX

Ken Alkema

Executive Director

Dept. of Environmental Quality
State of Utah

288 N 1460 W

SLC, UT, 84116.

(801) 536-4000

Program Environment Impact Potential

The overall environmental impact of the oil sands project at

the University of Utah is summarized in the following paragraphs:

Air Ouality

The total program emissions per year are listed below

Cl - C6 hydrocarbon gases 58 kg

Carbon dioxide 675 kg
Carbon monoxide Trace amounts

Sulfur dioxide 3.0 kg

Nitrogen oxides 6.3 kg
Particulates Trace amounts

Hydrogen sulfide 3 kg
Ammonia 6 kg

Toluene 4.5 kg
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Water Resources

Water used in this research program is obtained from

University's connections to the Salt Lake City Water system and

from wells operated by the University. The project's water use does

not affect the overall water resources. Water assisted recovery

tasks are estimated to use a total of 5000 kg of water during the

current year. All the other tasks use water only for cleaning and

sanitary purposes.

Land Use

No additional land is required for this program. All the work

is performed in existing laboratories.

Waste Management

Non-hazardous liquid wastes are discharged into the building

sewer, which is eventually treated by the Salt Lake sewage

treatment facilities. Salt Lake City periodically monitors

University sewage to determine if it is within legal limits (i00

mg/l of oil and grease, a pH of 6-9, total suspended solids (TSS)

level of 250 ppm and a BOD of 200 ppm). The University discharge

has never exceeded these limits.

Both bulk and liquid hazardous wastes are collected by the

University Department of Safety Services along with other research

wastes on campus and are disposed of according to state and federal

guidelines. The waste sand is stored for further research and will

eventually be hauled back to the mine for disposal. The guidelines

specified by the University of Utah Hazardous material disposal

procedures are followed. The document on the disposal of hazardous
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materials lists specific steps that must be followed by all the

University personnel for the disposal of hazardous material. These

are: i. Identify the chemical name and its hazardous properties. 2.

Label the container. 3. Assign US EPA hazardous waste numbers to

the material. 4. Fill out the Request for the Removal of Hazardous

Materials form. 5. Package the material for transportation. 6. Mail

the white copy of the request to the safety services. Place the

yellow copy with the packaged material. Hazardous material is

picked up when the form is received.

Thus a clear, concise flow-chart provides guidelines for

dealing with hazardous materials from the point of identification

to disposal.

Ecoloqical Impact

The emissions resulting from this program are not large enough

to cause local vegetation damage. The program does not contribute

any chemicals to the water effluent streams. Hence, it is not

expected to have any short or long term ecological impact. At this

time, transporting spent sands back to the mines is considered the

best alternative to disposing this material. Long term ecological

impact of coked sand will be assessed as part of the environmental

task of this program.

Archaeoloqical, Cultural and Historical Resources

Not applicable for this project, since all the work is

conducted in existing laboratories.
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Socioeconomic Impacts

The graduate students working on project tasks obtain advanced

graduate degrees in the departments of Chemical Engineering, Fuels

Engineering and Metallurgical Engineering. By providing an

opportunity for quality higher education, the project has a greatly

positive socioeconomic impact. By providing research opportunities

on fundamental and applied issues related to the recovery of oil

from tar sands, the program contributes to faculty development. A

commercial process operating in the Uinta Basin will employ

approximately 1500 people. This will be a tremendous boost to the

local and state economy. The plant will result in the growth of a

city which will have problems associated with large cities.

Noise

The noise levels in each of the laboratories is given under

individual projects. In general, the background noise in most

laboratories is 60-65 dBA. In some operations the noise level

reaches 80-85 dBA. The minimum noise level with none of the

equipment operating in most laboratories is 60 dBA. A maximum

noise level of 85 dBA was recorded in the operation of the 6-inch

diameter fluidized-bed with the burner on. The personnel subjected

to this noise level on a continuous basis are advised to wear ear

protection such as ear muffs.

Occupational Safety and Health

The guidelines for laboratory safety and health are presented

in the Chemical Hygiene Plan of the University of Utah. All the
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laboratories are operated and maintained in accordance with these

guidelines. The safety information is disseminated diligently.

There are annual training sessions and inspections. The chemical

hygiene plan of the University lays down the general principles for

work with laboratory chemicals. It lists the engineering controls

that the laboratories are subjected to prior to certification and

authorization for use. According to these guidelines, MSDS for all

the chemicals are filed in easily accessible locations in all the

laboratories. Guidelines are provided for the ventilation, hoods,

local ventilation devices, special ventilation areas, showers,

eye-wash, extinguishers and alarms. The document also details the

personal protective equipment such as eye protection, gloves,

laboratory coats, respirators, shoes, disposable suits and ear

protection. Quarterly inspection procedures, training and

information dissemination methods are also explained.

Federal, state and local permits

All new constructions and operations at the University of Utah

capable of generating about i000 kg of criteria pollutants per

year are required to have a state air quality permit. For example,

the University of Utah hospital, power plant and the incinerator

have state permits for their operation. Because of the small

quantities of pollutants generated in laboratory, small-scale,

operations, the state does not require the University of Utah

laboratories to obtain air quality permits. This air quality waiver

appears justified by surveying the total emissions from this

program. The air quality at the University is monitored by the
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state, along with other locations in the Salt Lake valley. In

particular, the stacks and fume hoods at the University are

inventoried on a regular basis.

As pointed out earlier, the program does not add chemicals to

the University water effluents. The University discharges sewer

water into the Salt Lake City sewer system. The University has a

Salt Lake sanitary sewer permit. The University of Utah is exempt

from the NPDE permit through a special Salt Lake City ordinance

(Chapter 17 relating to sewer). The effluents from the University

are screened periodically for pollutants by the city.

The University of Utah has an US EPA number for hazardous

waste handling and disposal. US EPA monitors this phase of the

University waste management.

General procedures regarding sample acquisition and treatment

applicable to all the projects are described in the following

paragraphs.

Mining. sample procurement and characterization

Mining and transportation

Whiterocks deposit

The Whiterocks oil sand deposit is located in Sections 17

through 19, Township 2 North, Range 1 East, and Section 24,

Township 2, North, Range 1 West (United States Meridian), Uintah

County, Utah. The mined ore from the Whiterocks oil sand deposit

was obtained from the Fausett pit on the outcrop on the Western

flank of the Whiterocks River located in the NW 1/4 of Section 19,

Range 1 East Township 2 North. The mine site is on fee land and
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the leases and the mining permits are held by Mr. John Fausett of

the Uintah County.

Two to three feet of oil sand on the surface of the floor of

the pit were removed to expose fresh material in the three

designated locations : West Central (WC), West North (WN) and West

South (WS) regions of the pit (Figure 2). A backhoe was then used

to mine barrel quantities (6-8 from each of the three sites) of

the freshly exposed ore. The barrels were lined with polyethylene

bags and sealed for transportation to the University of Utah. The

drums are transported to Salt Lake City in trucks rented from

U-HAUL or RYDER. The route is highway 40 and 1-80 into Salt Lake

City. They are stored in Hedco 130, Chemical Engineering Storage,

MEB and the College of Mines Warehouse (Building 60).

Asphalt Ridge deposit

The Asphalt Ridge oil sand deposit is located in the

north-central portion of the Uintah County, Utah. The deposit is

accessible in several regions; the north-central region, along U.S.

highway 40; the north region along State highway 121; and the south

region along the Naples-Bonanza Road. Drum quantity samples were

obtained from three distinct locations on Asphalt Ridge: a northern

pit; the Uintah County pit and a southern pit (Figure 3). The

northern pit is located in the NE/4 NE/4 of sections 25, township

4 south, range 20 east and the NW/4 NW/4 of section 30, township 4

south, range 21 east. The County pit is located in the S/2 SE/4 of

section 30 and the N/2 NE/4 of section 31, township 4 south, range

21 east. The southern pit is located in NE/4 SW/4 of section 31,
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Figure 2. Whiterocks oil sand deposit sample locations
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township 5 south, range 22 east. A backhoe was used to mine the ore

from these locations. A total of 36, 55-gallon drums were acquired

during the Asphalt Ridge field trip.

_mDle Drocessin_

The ore in the barrels was crushed to minus 1.25 cm after

being transported to the University and the crushed ore from each

specific location was mixed and blended in a cement mixer prior

to storage in lined and sealed barrels. Typical properties of

these oil sands are presented in Table 1

Table 1

TABLE 1: Bitumen content, porosity and air permeability of
selected Canadian and Utah oil sands

, .. _ ,15 , ' i IJ'h , L ? , i ..,

Deposit Bitumen Porosity Permeability
Content (vol %) (md)

, (wt .............
Athabasca 12-14 65 0-215

Asphalt Ridge 8-17 22-31 5-745

Circle Cliffs 3- 7 13-17 1-3

Hill Creek 8-11 12-31 2-1,355

PR Spring 5-15 7-37 0-6,954

Sunnyside 8-10 25-30 154-677

Tar Sand 4- 9 20-35 2-3,200
Triangle

Whiterocks 7-10 14-32 10-127
' ' ' , , " ' ,, ,, ,,,, , " ,,, ,,, " '_ ' ' " ,, - , ,'l l

Twenty four drums (55 gallons each) (Approximately, 4000 kg)

of oil sand from the Whiterocks deposit and small amounts of

samples from the Asphalt Ridge deposit, Utah will be used in the
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experimental program for the fiscal years 1991 and 1992. The

bitumen saturation of this sand is between 7 and 8 %, the remaining

92-93 % being silica sand. They are labeled according to

University guidelines. The sand residues from various operations

are stored in labeled, lined drums for future research. When

sufficient quantities of these spent sands have been accumulated,

they will be disposed of by transporting them back to the deposits.

The bitumen used in several investigations is obtained by Soxlet

extraction using toluene as the solvent. Equal amounts of sand and

toluene (i kg each) are used. It is estimated that 25-30

extractions will be performed in the coming year. The solvent

recovery on these extractions is 85-90 %. This amounts to toluene

emissions of 0.i - 0.15 kg for every extraction. These extractions

are carried out in Hedco Ii0. The safety and health aspects of this

laboratory are discussed under Task 5(b) in Project Descriptions.

Once the extraction is complete, the extracted sand is removed to

a fume hood and is then transferred to a vacuum oven and heated at

i00 C for about 24 hrs to remove residual toluene. The clean sand

is stored in air-tight containers. The extracted solution is

separated into toluene and bitumen using a Rotavapor. The recovered

solvent is reused for further extractions. The unrecoverable

bitumen portion is cleaned by toluene and is collected carefully

into waste containers. These containers are collected regularly by

the University Safety Service. Typical properties of the extracted

f bitumen are presented in Table 2.
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Table 2

Physical and chemical properties of native

bitumens, Whiterocks oil sand

Source WR-WO WR-WN WR-WC WR-WS

Bitumen Content, wt% 7.2 7.6 6.0 7.3

Sp. Gr. [60°F/60°F] 0.987 0.981 0.976 0.990

API Gravity, °API ii.9 12.7 13.5 ii.4

Viscosity, cps 2665* 7897 7616 9979

(@333K)
Net Heat of 17688 17630 17599 17638

Combust ion,

BTU/Ib 8.1 8.8 9.5 9.9
Conradson Carbon 1.3 0.2 0.2 0.2

Residue wt% 330 313 311 307

Ash Content, wt.% 16.9 11.9 8.5 11.4

Pour Point, K 83.1 88.1 91.5 88.6

Asphaltenes, wt%
Maltenes, wt%

Elemental Analysis

C, wt% 83.3 86.4 86.4 85.2

H, wt% II.0 ii.6 ii.5 ii.6

N, wt% 1.3 1.4 I.i 1.2

S, wt% 0.3 0.6 0.4 0.4

O, wt% 4.1 N/A 0.5 1.7
H/C Atomic Ration 1.58 1.61 1.60 1.63

Molecular Weight, 402 561 500 678

g/mol 67 78 81 77

Ni, ppm < 5 3.6 2.0 1.3

V, ppm N/A 2.3 2.2 2.3

As, ppm
Simulated

Distillation 40.5 47.7 49.3 42.1

Volatility (<811K), 0.0 0.0 0.i 0.3
wt% 4.9 6.3 7.4 6.6

IBP- 477 K, wt% 35.6 41.4 41.8 35.2

477 - 616 K, wt% 59.5 52.3 50.7 57.9

616 - 811 K, wt%

> 811 K, wt%

Boilinq Point Distribution By Sim, D.
IBP, K 526 525 496 485

5 wt%, K 616 608 584 585

i0 wt%, K 668 658 641 649

15 wt%, K 707 697 677 695

20 wt%, K 727 723 708 724

25 wt%, K 746 739 729 744
30 wt%, K 769 754 747 765

40 wt%, K 810 787 776 798

* Viscosity measured at 358 K.

WR-WO: Whiterocks Western Outcrop
WR-WN: Whiterocks West Flank North

WR-WC: Whiterocks West Flank Central

WR-WS: Whiterocks West Fla_ South



When bitumen fractions are required, the ASTM 2892 standard

procedure is used. This is a simple distillation procedure to

separate the bitumen into various boiling range fractions. The

fractionation procedure does not yield any emissions.

Project Descriptions

Tas_l: Fluidized-bed coupled reactor-generator

The objective of this project is the development of advanced

technology for the production of an upgraded oil from oil sands by

an integrated thermal process. For the current year the project

goal is to determine optimum operating conditions with a

mathematical model and demonstrate these conditions in a laboratory

system.

project description

A schematic of the process is shown in Figure 4. The process

consists of three steps. First, mined and suitably sized oil sand

fed to the reactor at a constant rate, is pyrolyzed at

temperatures of 713 K to above 773 K in an inert atmosphere to

volatilize and partially crack most of the contained bitumen. The

vaporized products of the pyrolysis section are condensed to give

a synthetic crude oil. Nitrogen is used as the fluidizing gas at

a flow rate of 1.3 m3 @ STP per hour. In the second step, coked

sand formed as a by-product in the pyrolysis reactor, is combusted

with air at temperatures between 823 K and 873 K. In the third

step, heat is recovered from the hot spent sand leaving the

combustion bed by a fluidized-bed heat exchanger using vertical
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Figure 4. A schematic diagram of the fluidized-bed coupled reactor-
regenerator
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copper cooling tubes.

Three heat pipes are used to transfer I00 % of the energy

required to maintain the required temperature of pyrolysis in the

upper bed from the lower combustion bed. Air is used to fluidize

the combustion bed and the heat recovery bed while the pyrolysis

bed is fluidized with nitrogen. The process is equipped with a

digital control and a data acquisition system.

In addition to the main process studies, erosion tests are

performed in a 1.52 m high reactor, which is able to operate at

high temperature and hydrodynamic testing is performed in a 2.44

m high see-through glass reactor.

The laboratory for this project is located in room 2509 of the

Merrill Engineering Building. The fluidized-bed reactor used to

process the oil sands extends up to the next higher floor, in room

3520. The total height of the fluidized-bed unit is 4.57 m. In

room 2509, several 0.i m ID fluidized-beds are housed. Erosion and

hydrodynamic studies are conducted in room 2509.

The laboratory is well-lit by several fluorescent lights.

Electric outlets at ii0 volts carry a grounding connection

requiring a 3-pronged plug. Several circuit breakers with manual

override are employed to cut off electricity (ii0 V AC) to the

laboratory in the event of an accident. Water is supplied and

discharged to the house plumbing. Compressed air is supplied at 120

psi from the house compressor. Nitrogen gas is supplied to the

processing unit from compressed gas cylinders.
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Feedstocks, products and effluents

The reactor is capable of processing 7 kg of oil sand per

hour and is operated continuously for as long as 6 hours per run.

It is estimated that about 70 runs will be conducted during the

current year during which time about 3000 kg of oil sands will be

processed.

At full operating capacity, the process produces 0.5 kg per

hour of oil and 0.05 kg per hour of flue gas. About 0.15 kg of

carbonaceous residue is deposited on 6.3 kg of clean silica sand.

In the combustion unit, this carbonaceous residue combines with

air to produce 0.528 kg of carbon dioxide per hour. Assuming that

the sulfur and nitrogen compounds are deposited as coke on the

sand, about 7 X 10 .3 kg per hour of sulfur dioxide and 15 X 10 .3

kg per hour of nitric oxide would be produced in the combustor.

The flue gases contain C1 - C4 hydrocarbons. In actual practice,

both clean silica sand and oil sand are fed to the fluidized-bed

reactors. Oil sands are prepared and handled by procedures

explained in the previous section. General characteristics of the

bitumen are given in Table 2 under Program Description. Selected

properties of the bitumen derived liquids (oils) produced in the

rotary kiln reactor are given in Table 3. It was assumed that the

properties of liquids to be produced in the coupled-fluidized bed

reactor would be similar. These are general properties. They may

vary depending on the thermal process employed, the process

conditions and the type of oil sands used. However, this variation

is not significant in terms of the environmental impact of this
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Table 3.

Properties of the bitumen derived liquid product

produced in the rotary kiln

I .. _ ,, ....I. _I_ m ..

Liquid Product

Properties (RK-WR-18)

Gravity, °API 20.8
Conradson Carbon Residue, Wt % 2.6

Ash Content, Wt% 0.0

Viscosity, cp 57 (@ 298 K)

Pour Point, K 252

Asphaltenes, Wt% 2.6

Maltenes, Wt% 97.4

Elemental Analysis

C, Wt% 84.1

H, Wt% 11.7

N, Wt% 0.9

S, Wt% 0.2

H/C atomic Ratio 1.67

Molecular Weight, g/mol 288

Ni, ppm 9

V, ppm < 1

As, ppm < 1

Simulated Distillation

Volatility, Wt% I00
IBP - 477 K, Wt% 6.7

477 K - 616 K, Wt% 25.7

616 K - 811 K, Wt% 67.5

> 811 K, Wt% 0.0
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product.

Spent sands from this process are virtually without coke and

may be disposed of directly at land-fill sites. Oil produced by the

oil sands extraction process is stored in plastic storage

containers. It is used for upgrading research and the waste oil is

collected according to the University hazardous materials handling

procedure and disposed of accordingly. Exhaust gases from the oil

sand processing unit first pass through a cyclone and filter to

remove particles, then through a heat exchanger to reduce gas

temperature and condense oil vapor, and finally through a mist

collector to remove fine oil mist before entering the house

exhaust system. All the discharge gases are fed to the house

exhaust through a 0.94 cm tube.

Environmental impact potential of the project.

From an air emissions point of view, this project will

generate about 21 kg of C1 - C4 gases, 222 kg of CO2, 2.94 kg of

S02 and 6.3 kg of NO per year. These air emissions are not

expected to cause any short or long term vegetation damage. Since

no water effluents are involved, the project is not expected to

have any other ecological impact. The wastes are handled according

to the University of Utah Hazardous Waste Disposal Procedures

Manual.

The noise levels in the project workplace do not exceed 75

dBA. The background noise in the laboratory is about 66 dBA. The

laboratory is well-equipped in terms of occupational safety and

health measures. Gloves and eye-protection goggles are available in
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the laboratory. Two fire sprinklers are located on the ceiling in

room 2509. A fire extinguisher is located in the hallway I0 m

outside room 2509. First aid equipment is available in room 2513

less than I0 m away. Please refer to the explanation in the Program

Description on land use, archaeological and historic resources and

the socio-economic impact of the project.

Task _: Water assisted recovery of heavy o_!s,

The goal of this project to assist in the development of a

commercial scale plant for the production of heavy oil from Utah's

oil sands using hot water extraction technology. The objective

for the current year is to understand the fundamental and process

engineering aspects of bitumen disengagement from mineral

particles, the development of advanced separation processes,

tailings disposal and bitumen cleanup.

All experiments in this project are conducted in the

University of Utah Ore Dressing Laboratory. The experimental

set-up occupies a total floor area of 50 m2. A schematic drawing of

the process is shown in Figure 5. The oil sand is crushed to

minus 1.88 X 10 .2 m followed by diluent (kerosene or naphtha)

treatment for an appropriate period of time to insure complete

penetration of bitumen by the diluent. This treatment is carried

out at ambient temperature in a cement mixer for a few minutes and

the oil sand is left in this state for several hours (under cover)

for complete diluent penetration. The amount of diluent is i0 to

35% with respect to the bitumen content all of which ends up in

the bitumen phase during processing. In the second step, the
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Figure 5. A schematic diagram of the water assisted recovery system
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diluent treated oil sand is subject to digestion at 323 to 333 K

in an alkaline solution to displace bitumen from the surface of the

mineral matter. Four 20 X 10 .3 m3 stirred tank reactors and a small

cement mixer serve for oil sand digestion. 95-100% recovery of

bitumen is achieved at the digestion stage. The bitumen recovery

by gravity separation (in 20-200 X 10 .3 m3 tanks) follows

digestion. Flotation of digested oil sand slurry (20 wt% solids)

is accomplished in a 40 X 10"3m3 Denver type flotation cell and a

concentrate containing about 55 wt% bitumen (dry basis) is

obtained in the first minute and subsequently lower grade

concentrate products as the flotation continues. The railings

sand (containing about 5% bitumen) is subjected to sedimentation

in a 60 X 10 .3 m3 container, dried, and collected in a barrel. The

supernatant water is reused in subsequent experiments. The combined

bitumen concentrate, i.e. from the gravity cell and from flotation,

contains 20 to 60 wt % dispersed water and fine minerals. Cleaning

of the bitumen concentrate is accomplished by dilution and

subsequent sedimentation by gravity and centrifugation (bitumen-

diluent ratio 1:2). Diluted bitumen is collected in 20 X 10 .3 m3

containers and is periodically picked up for disposal by

University Safety Services.

Feedstocks, products and effluents

It is estimated that 60 batch experiments will be conducted in

the current year. A single batch experiment would involve 5-40 kg

of oil sand, 10-80 kg of water, 0-1 X 10 .3 kg of sodium

carbonate, 0-1 X 10 .3 kg of sodium tripolyphosphate and 0-10 X 10 .6
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m3 of kerosene per kg of oil sand. The oil sands are prepared and

handled according to the procedures outlined in the Program

Description. In the same section, Tables 1 and 2 give the general
I

characteristics of the feed and selected properties of the bitumen.

The only gaseous emission from these experiments is water

vapor. 15-120 kg of bitumen are produced per year. The kerosene

which is used as a diluent is present in the bitumen product. This

bitumen-kerosene mixture is stored in plastic storage containers.

It is collected according to the University hazardous materials

handling procedure and disposed of accordingly. The salts added to

the process distribute themselves between the aqueous and organic

phases. In the aqueous phase, they undergo reactions that

precipitate them, freeing the aqueous phase. The sands from this

process also contain (for 40 kgs of batch oil sand feed), about

160 gms of bitumen. These sands are stored in lined barrels for

eventual disposal to the mine-site. The project uses 2-5 kg of

steam per experiment for heating. Electricity is used for the

generation of the steam. An estimated 20 of the 60 experiments will

use 3 m3 each of compressed air which is supplied at 620 kPa.

Env_ronmeDtal impact potential of the project.

The only air emission from this project is water vapor which

is innocuous from an environmental point of view. There are no

water effluents either. Therefore, the project is not expected to

have any ecological impact. The %_stes, primarily bitumen and

bitumen-containing sands, are handle_ according to the University

of Utah Hazardous Materials Disposal Manual.
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The noise levels in the laboratory in which the experiments

are conducted do not exceed 65 dBA. The laboratory is adequately

equipped with the means necessary for occupational safety and

health. Goggles for eye-protection and gloves are available. There

are three fire extinguishers at various points in the Ore Dressing

Laboratory, the nearest being next to the experimental set-up.

There is, in addition an emergency station equipped with eye and

skin neutralizers for acid and alkali burns. Please refer to the

Program Description for an explanation of the land use, water

resources, archaeologic and historic resources and the

socio-economic impact of the project.

Task 3: Thermal recovery of heavy oil usinq _ rotary kiln reactor
or a specially constructed fl_idized-bed reactor

The objective of this task is to develop semi-pilot scale

technology for the production of bitumen from oil sands by thermal

processing using either the fluidized-bed or the rotary kiln.

Task 3a: Recovery of heavy oil by usinq the rotary kiln

The goal of this project is to complete the process variable

study for the pyrolysis of oil sands in the rotary kiln reactor.

Project DescriptiQn

The University of Utah rotary kiln reactor, located in Hedco

130 is a semi-pilot scale, continuous flow thermal processing

reactor. The reactor system consists of a rotary kiln reactor

assembly, a spent sand receiver, a liquid product recovery system

and a light gas flaring system. A detailed schematic of the
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apparatus is presented in Figure 6. Physically, the system is made

of two distinct units, the kiln and the control system. The oil

sands are introduced with a screw feeder from the feed hopper to

the reactor. The sands are heated to the designated temperature in

the kiln. Nitrogen, the sweep gas flows countercurrent to the sand

stream. After pyrolysis, the processed sand or spent sand is

withdrawn into the locked spent sand receiver (Figure 7). The

collected spent sands are stored in polyethylene-lined sealed drums

for future study. A hydrocarbon product vapor is produced in

pyrolysis above 673 K. During the continuous steady-state

pyrolysis experiments, the hydrocarbon vapor enters the liquid

product recovery system. The schematic of the liquid product

recovery system is shown in Figure 8.

Approximately 98-99% of the liquid product is condensed and

collected in the liquid product recovery system. The gases are

burned in the flaring system along with some natural gas to yield

carbon dioxide and water.

Cooling water, directly from the tap, is used for the

water-cooled condenser. This water does not contact any of the

hydrocarbon products and is never contaminated. Utilities for this

project include a 480 V, 60 Hz line for the furnace and about 0.1

m3/hr of cooling water.

Feedstocks, DrOduCt_ and eff!uents

It is estimated that in the current year, 30 runs will be

conducted using the rotary kiln. 15-20 kg of oil sand that have
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Figure 7. The sand collection system for the rotary-kiln reactor
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been crushed and screened are fed to the reactor per run. The
\

products are 1.3 kg/run of bitumen derived liquid, 0.3 kg/run of \

\hydrocarbon gases and 0.4 kg/run of carbonaceous residue

distributed on 18 kg/run of silica sand. Characteristics of the

bitumen and bitumen derived liquid have been presented earlier

(Tables 1 and 2). The hydrocarbon gases contain Cl - C4 compounds.

Nitrogen is used as the sweep gas. Flaring of the hydrocarbon

gases produces about 0.9 kg/run of CO 2 and 0.5 kg/run of water

vapor. The collected spent sands are stored in polyethylene-lined

barrels for future study.

_nvironmental impact potential of the project.

The project will produce about 9 kg of hydrocarbon gases, 27

kg of CO2 and 15 kg of water vapor as air emissions. No chemicals

will be discharged into the water effluents. The waste hydrocarbon

liquids and miscellaneous chemicals will be stored in carefully

labeled containers and will be disposed according to the

University of Utah guidelines. With the aforementioned effluents

and emissions the project will have no ecological or environmental

impact.

The rotary kiln and the fluidized-bed reactors are both housed

in Hedco 130. The noise level in this area with the propane burner

fired is about 85 dBA. The background noise levels are in the range

of 60-70 dBA. The students remaining in the area at the time of

operation have access to ear protection. The laboratory is

adequately equipped and is in compliance with the standards for

occupational safety and health. Hedco 130 is equipped with a fire
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extinguisher. A first-aid kit, an eye-wash fountain and a

safety-shower are located in Hedco II0, about 5 m away. Gloves are

also available in the laboratory.

The Program Description provides a description of the land

use, water resources, archaeological and historic resources and the

socio-economic impact of the project.

Task 3b: Recovery of heavy oil using a fluidized-bed

The objective for the current year is to operate the 6-inch

diameter fluidized-bed reactor successfully and conduct

preliminary process variable studies.

Project description

The University of Utah fluidized-bed process for the thermal

processing of oil sands is shown schematically in Figure 9. The

unit is housed in Hedco 130. The oil sands are fed to the reactor

using an Acrison feeder and are pyrolyzed in a reactor tube that

is 0.15 m in ID and 1.8 m long. The reactor tube is insulated over

its entire length. The lower half is heated by propane, which is

burned with the product gases (Cl - C4) in an outer jacket. The

hydrocarbon product gases pass through two combination filter -

condensers. The first filter is 200 mesh and the second is 25

micron. Liquids (C5+) are collected in a closed and vented

receiver. Noncondensibles are burned with propane as part of the

reactor heater system. An alternate flare is provided. Exhaust from

the propane heater and the flare are vented to a building chimney.

The liquids are collected for analysis and further research and are
i
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stored as per procedures previously outlined. Processed sand

containing 1-2% coke is removed from the reactor so as to maintain

a constant volume of fluidized material during processing. The hot

sand is stored in an air-free receiver until cooled or can

alternately, be removed to a coked sand combustor. Two water

streams are used. One cools the oil sands to 283 to 293 K prior to

processing. The second cools the liquid products in the

filter/condensers. Neither stream contacts feed or product and the

water is not contaminated.

Feedstocks, products and effluents

Between 20 and 25 runs (each about i0 hrs long) will be

conducted in the current year. The feed will consist of Whiterocks

oil sand (7u8% bitumen saturation), the feed rate being about 30 kg

per hour. The feed will be prepared and handled according to the

procedures described in the Program Description.

Under these conditions, the process produces 1.5 kg per hour

of oil, 0.2 kg per hour of flue gas and 27.9 kg per hour of silica

sand. 0.42 kg per hour of carbonaceous residue is deposited on the

sand as the pyrolysis proceeds. Most of the sulfur and nitrogen in

the feed material is deposited on the sand as part of the

carbonaceous residue. The flue gases are flared. This process

produces 0.6 kg per hour of carbon dioxide and 0.35 kg per hour of

water vapor. Selected properties of the bitumen derived liquids

(oils) are given in Table 3. The flue gases contain Cl to C4

hydrocarbons. Variations in process conditions, type of feed, etc.
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are likely to cause variations on these estimates which would not

be significant from an environmental perspective.

The liquid product is stored in plastic storage containers and

used for upgrading research. Any excess is treated as hazardous

waste and collected and disposed of according to the University

hazardous materials handling procedure. The spent sands from the

process are stored in sealed polyethylene-lined barrels to be

returned to the mine site eventually.

The pattern of electrical consumption is 120 V, 20 A max.

Cooling water is used at the rate of about 0.5 m3 per hour.

Compressed air is supplied from the house compressor. The

combustion of propane results in a stream of gaseous products that

act as the fluidizing gases. Enough propane is burned to supply

about 4.5 kW.

Environmental impact poteDtial Qf the project.

The air emissions generated by this project are approximately,

410 kg of carbon dioxide and 250 kg of water vapor per year. The

Air Quality considerations of the University, as detailed in the

Program Description show that these emissions are within the

compliance limits. These low levels of emission would cause no

damage to vegetation, either short or long term. The cooling water

streams do not directly contact any of the product streams,

thereby leaving the effluent water uncontaminated. The project is

expected to have no ecological impact.

The hydrocarbon liquids produced in this project contain

potential carcinogens. They are used as feed in upgrading projects.
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The excess liquids are collected and disposed of according to the

University of Utah Hazardous Material Disposal Procedures Manual.

Aspects of land use, water resources, archaeological and

historic sites and the socio-economic impact of the project are

described under Program Description. The occupational safety

considerations for this project are the same as those for the

Rotary Kiln project.

Task _: Recovery of heavv oil by solven_ extraction

The objective of this task is to evaluate the solvent

extraction process for the upgrading of the heavy oil and for the

insitu recovery of oil from oil sands. For the current year, this

task will focus on solvent extractions of different types of

feedstocks using dense gas supercritical solvents such as carbon

dioxide and propane.

Project D_scription

The system was custom-built for the University of Utah by

Autoclave Engineers. The equipment is currently housed in 130 Hedco

building. It occupies approximately 3 m X 1.2 m X 1.8 m of floor

space. Figure i0 shows a schematic drawing of the system. Central

to the system is a temperature controlled extractor with a capacity

of 300 X 10 .6 m3 and rated to a pressure of 41.5 MPa. The extractor

is equipped with a magnetic-drive packerless stirring device. The

solvent is charged into the extractor and the system is brought to

the desired pressure by using a high-pressure liquid pump. Pressure

control is achieved by incorporating a back pressure regulator in
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a loop with the pump. The pump head is cooled by a circulating

cooling bath to ensure that the carbon dioxide is maintained in a

liquid state at the pump head.

In all the experiments, a known amount of sample is charged

into the extractor at the desired conditions and the dynamic

extraction process begun. So far, pressures up to 34.48 MPa and

temperatures up to 422 K have been used in the process. The

solvents currently in use are carbon dioxide and propane. The

extracted phase flows through a heated metering valve into a

separator, which is at room temperature and pressure. Under these

conditions, carbon dioxide separates from the extracted oil and is

vented through the hood system. The oil accumulated in the

extractor is weighed and analyzed.

In each extraction, 150 X 10 .3 m3 of carbon dioxide at room

temperature are vented to the atmosphere. The gas stream that is

vented typically contains about 7g of a mixture of C5 - C7 gases

per 150 X 10 .3 m3 of carbon dioxide at room temperature. When the

system uses condensed propane as the extracting solvent instead of

carbon dioxide, the effluent propane is flared and vented.

Any excess liquids or waste materials are deposited in liquid

waste containers. These are collected periodically by the

University Safety Service staff and are disposed of according to

the University hazardous materials disposal procedures.

Feedstocks, products and effluents

Feed to the system consists of any one of pyrolyzed bitumen,

native bitumen and crude oil. The bitumen feedstock is prepared
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according to the method outlined in the Program Description.

Pyrolyzed bitumen could be from among the products of the

rotary-kiln or fluidized bed pyrolysis reactors described earller.

Approximately, 0.1 kg of sample is charged into the extractor for

each run. A single run uses 0.15 m3 of carbon dioxide at room

temperature and pressure and 0.05 m3 of propane at the same

conditions. Extractions of crude oils by C02 produce about 0.007

kg per run of C3 - C7 gases. Any compounds left inside the system

and adhering to it, are cleaned using toluene, dlchloromethane and

acetone. These waste solutions are collected in labeled containers

and periodically disposed of according to University Safety

procedures.

EDvlronmental impact potential of the project.

The carbon dioxide extractions produce 13.5 kg of CO2 per year

along with 0.35 kg of C3 - C7 hydrocarbon gases. Propane

experiments emit 13.5 kg of CO2 and about 7.2 kg of water vapor.

No chemicals enter water effluent streams due to this project.

There are no solid wastes. These emissions are not expected to

cause any impact on the vegetation or local ecology. Land use,

archaeological and historical impact of the project on the site are

explained in Program Description. The equipment is located in the

same room as the fluidized bed and the rotary kiln and the

occupational health and safety matters have been discussed as part

of the rotary kiln pyrolysis project.
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Task 5a: Heavy oll uDuradlng to synthetic fuels

The objective of this task is to identify the best possible

strategy for the upgrading of the heavy oils obtained from the oil

sand deposits of Utah and to determine the catalyst types and

process conditions for the strategy identified.

Task 5a; H@avy oil uDqradina to synthetic fuels

Hydropyrolysis and hydrotreating The goal of this project is

to develop a thermal hydrocracking process for upgrading heavy oils

obtained from oil sand deposits and use subsequent hydrotreating to

produce a refinery feedstock. For the current year this task will

consist of conducting comparative analysis of upgrading options and

selecting a technology sequence requiring piloting.

pro_ect Description

The hydropyrolysis work is performed in the Ore Dressing

laboratory. Approximately 90 m2 of wet chemical and high-pressure

equipment space is utilized by this system. Hydropyrolysis is a

short residence time thermal hydrocracking process for heavy

petroleum feedstocks. Hydrotreating is undertaken in a trickle-bed

reactor. The schematic of the hydropyrolysis system is shown in

Figure 11. The hydropyrolysis process produces lighter molecular

weight compounds from heavier ones and minimizes the formation of

coke and aromatics by limiting retrograde reactions. The process is

carried out at temperatures of 500-600 C, pressures of 7-17 MPa and

residence times of 1-50 seconds.
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In general, the process equipment is pressure tested, heated

components are brought to the desired temperature, feed and

hydrogen are introduced in a continuous fashion and product liquid

and gases are withdrawn until the run is complete. Processes are

shut down by opening the heater circuits, gases are vented through

scrubbers or flares. The process system is equipped with pressure

relief valves and alarm systems. The chemicals stored in the

laboratory include common hydrocarbon solvents, model compounds and

catalysts. MSDS on all materials are available for quick review.

The laboratory is provided with all services including water,

gas, vacuum, 2-phase and 3-phase power. The facility is modern,

built to code and has adequate lighting and ventilation.

Feedstocks, products and effluents

About 20 - 40 kg _ _ear of bitumen are processed in about

10-20 experimental I These produce synthetic crudes and

distillates. It is estimated that approximately 0.i kg of gaseous

effluents per run are released into the hood system. These are

predominantly C1 - C6 normal alkanes with a few olefinic

compounds. The liquid products are complex petroleum mixtures

containing potentially carcinogenic materials. These are stored in

- • air-.tight plastic containers. • . . . . ....

Environmental impact potential of the project.

The project releases about 2 kg per year of gaseous effluents

containing Cl - C6 hydrocarbons. Water effluents are not

contaminated by the project. No solid wastes are generated by the
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project. The project is not expectedto have any impact on the

local vegetation. The background noise level in this laboratory is

about 65 dBA. During operation, it may reach 70 dBA. The

hydropyrolysis work is carried out in the Ore Dressing Laboratory

and the hydrotreating work is performed in the high-pressure

laboratory. Both these laboratories are equipped with safety

equipment such as the fire-extinguishers, eye-wash fountains and

safety showers. Occupational safety features prescribed in the

Chemical Hygiene Plan of the University of Utah are strictly

followed in the operation of this project. The remaining

environmental considerations for this project are common with the

program.

Task 5b: Heavy oil upgrading to synthetic crude - Hydrotreating
and hydrocracking

The objective of this project is to demonstrate the viability

of using conventional hydrotreating followed by hydrocracking to

produce high-quality refinery feedstock. For the current year the

workplan will consist of hydrotreating studies for the

bitumen-derived liquid and the bitumen using conventional HDN

catalysts and design of a laboratory scale hydrocracker.

" " _fbject Description" • - . . . .

The hydrotreating/hydrocracking unit system is currently in

operation in Hedco ii0. The purpose of this catalytic reactor is

the removal of N, S and O from liquid feed and the lowering of its

molecular weight. The feed is either bitumen or liquid

product(obtained from the pyrolysis of oil sand), and hydrogen.
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High temperatures (773 K) and high pressures (20.69 MPa) are used

to effect high conversions. Hydrogen from cylinders is compressed

to reactor pressure by a compressor, then metered into the

reactor. Liquid feed is fed through burets into a metering pump

which boosts the liquid feed from atmospheric to reactor pressure

at the desired feed rate. Gas and liquid enter the reactor where

they are heated and contacted with the catalyst. The variables

affecting conversion are temperature, pressure and feed rates. The

desired liquid product is separated from the gas product in a

vapor-liquid separator and is collected in a closed collector for

use in further studies. The gas product consists of hydrogen

sulfide, ammonia, water vapor and a mixture of light hydrocarbon

gases (mainly methane, propane, n- and iso-butane). This is

bubbled through a basic solution of sodium and ammonium hydroxide.

This removes most of the hydrogen sulfide and part of the ammonia.

The gas stream is then vented into the atmosphere through a fume

hood. It is estimated that about 10% of the hydrogen sulfide and

50% of ammonia escape the trapping system and enter the fume hood.

The emission calculations listed below are based on a conservative

estimate that none of the effluent gases are trapped. Coke

produced is deposited on the catalyst and th_ reactor packing
e°

material. Figure 12, is a schematic drawing of the system.

Feedstocks, products and effluents

About 60 kg of bitumen or bitumen derived liquid is

hydrotreated in each experimental sequence. About five experiments

with an approximate on-stream time of 200 hours are planned for
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the coming year• During each of the runs about 5 kg of hydrogen

are consumed• About 98 % of the liquid feed is recovered as

hydrotreated liquid. The process also produces 4 kg of hydrocarbon

gases (CI - C4 alkanes and olefins), 0.3 kg of hydrogen sulfide, 1

kg of ammonia and 1 kg of water• The properties of bitumen and

bitumen derived liquid have already been pcesented. The

hydrotreated liquid is desulfurized and denitrogenated and is

considerably lighter (higher API gravity) than the feed• The

liquid products are stored in air-tight containers• The catalyst

which has 15% nickel and molybdenum sulfides, alumina and traces of

arsenic, vanadium and iron is sent to the catalyst supplier

(UNOCAL) for further analysis•

Environmental impact potential of the projeq_

The project generates about 15-20 kg of Cl- C4 hydrocarbon

gases, 0.5-1.5 kg of hydrogen sulfide, 2-4 kg of ammonia and 4-6 kg

of water per year. Most of the hydrogen sulfide and part of the

ammonia is removed by bubbling through a basic solution of sodium

and ammonium hydroxide. The rest of the gaseous effluents are

vented through the hood system. These emissions are not expected

to have any environmental and ecological impact. All the liquid

products from the project are collected, stored and disposed if

necessary. None of the operations in this project generates

excessive noise. The noise level is below 65 dBA at all times and

this is the background noise level in this laboratory. Hedco ii0

is equipped with a fire extinguisher and first-aid kit. An eye-wash

fountain and a safety shower are also located in the lab. A
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high-pressure barrier will be erected to isolate the hydrotreating

unit for high-pressure safety. Please refer to the Program

Description for an explanation on the land use, archaeological and

historical resources and the socio-economic impact of the project•

Task 6: Production of specialty products from heavy oils such as
asphalts and other products such as white oils, ink oils and jet
fuels

The objective of this project is to identify the potential

high-value products for the oil sand heavy oils and to develop

technology for the production of these products. For the current

year, based on the characterization of oil sand derived heavy

oils, potential products will be identified and a small-scale

research reactor to conduct selective processing will be designed.

project Description

The heavy oils selected for study are those obtained from

Whiterocks and Asphalt Ridge. Other oil sand deposits will be

considered in the future. The oil sand samples will be subject to

extraction using the Soxhlet extraction method. The bitumen so

obtained will be characterized through physical property

determination and elemental analysis. The asphalt product will be

subject to distillation using available apparatus to strip out the

• light front end components in order to meet the asphalt

distillation standards set by ASTM for marketable asphalt. The

light distillables would be similar to kerosene or # 2 diesel in

composition and would have to be handled accordingly. Experiments

will be conducted on the light ends for physical property

determination. Elemental analysis of the light ends will also be
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done. The product asphalt in proper amount will be submitted to the

laboratories of the UDOT for testing. The upgrading of the heavy

oils to jet fuels will utilize equipment and procedure described

under the hydrotreating/hydrocracking project. The feed materials

will be obtained by water extraction methods described under Tasks

2 and 4 respectively. The products will be recovered and distilled

in a fractionation apparatus described in the Program Description.

The products of distillation will be gasoline, jet fuel and heavy

residue which can be sent to the upgrading apparatus or recovered

as a gas oil for evaluation and disposal by methods outlined in the

University of Utah hazardous material management manual. The

schematic of a hydrotreating system is shown in Figure 12. The

hydrotreating operational procedures have been explained under Task

5. This part of the project would use 5 kg of the liquid product

from the hydrotreater in Task 5b. Combination hydrotreating and

hydrocracking at appropriate conditions will be used to produce

specialty products such as lubricating oils, white oils, ink oils,

etc. The hydrocracking reactor is expected to be 0.3 m long and

1.25 X 10 .2 m in diameter. All the experiments in this project will

be conducted in Hedco II0. The proposed fixed bed reactor will be

• similar in deslg_ and f_nction to _he reactor in Task 5b. - ,

Feedstocks, products and effluents

About 20 experiments are planned for the coming year.

Approximately I0 kg of feed material (bitumen, bitumen derived

liquid) are expected to be processed in each of these experiments.

It is estimated that 95% - 98% of this liquid product will be
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converted to the white oils or lube oils. The remaining feedstock

will exit the reactor as Cl - C6 hydrocarbons, hydrogen sulfide,

ammonia and water. Catalysts will be handled according to the

procedures explained in Task 5.

Environmental impact potential of the pr0ject.

The project will release a total of i0 kg of Cl - C6 hydrocarbons,

hydrogen sulfide, ammonia and water per year. It is difficult to

estimate the relative amounts of these without direct experimental

data. We estimate that about 5 kg of these emissions would be the

hydrocarbon gases, 1 kg would be hydrogen sulfide, 2 kg would be

ammonia and 2 kg would be water vapor. These emissions are not

expected to cause any harm to the local environment. The equipment

for this project will be located in Hedco ii0 and the occupational

safety aspects of the project will be as explained for Task 5.

Other environmental aspects of the project are addressed in the

Program Description.

Task 7: Rehabilitation of North Salt Lake pilot plant

The objective of this project is to bring the North Salt Lake

pilot plant to an operational condition so that comprehensive pilot

• plant studies of the hot water extraction process can.be.conducted.. .

These pilot plant studies are essential for the development of the

any commercial process. The objective for this year is to

refurbish the building and get the utilities hooked up. This

project is funded by the State of Utah.
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Task 8: Study of gravity separation of heavy oil concentrates from
sand

The goal of this project is to be able to maximize the recovery of

bitumen from the bitumen beneficiation processes. The goal for the

current year is to design a gravity classifier and conduct

fundamental gravity separation studies involving bitumen-sand

slurries.

Project Description

Tasks 8 and 9 involve the design of a separation system for

the processing of oil sands. This equipment would take oil sands

at a 1.9 X 10 .2 m top size and produce a clear bitumen product

together with two fractions of tailings based on particle size•

Principles of production of bitumen from oil sands by hot water

extraction is discussed in Task 2. The coarser fraction would be

the sands product which would be primarily plus i00 to 200 mesh

and should be around 15 wt% moisture• The -I00 to 200 mesh solids

would be produced from the underflow of a special very high torque

thickener that would have a solids concentration up to 60 wt\%

solids. It is anticipated that these two tailings products would be

combined and returned to the deposit from which it was mined. The

. major process equipment involved in dewatering the tailings would

be a (I) gravity classifier, (2) a spiral classifier and (3) a

special high torque thickener. The gravity classifier is discussed

below.

The design of a gravity classifier would only involve bench

scale tests in gravity separation. The technique will be used in
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I

the separation of bitumen from oil sands by flotation. Once the

bench scale tests are done, the process equipment will be designed

and fabricated. The process equipment is a special form of gravity

classifier. The three product streams from the classifier are

expected to be: I. An overhead of overflow stream which should

contain bitumen and water (bitumen should be 35-50%) with some fine

solids (probably 2-5%) and the rest water. 2. A secondary stream

termed middlings coming off around half-way down the vertical

height of the unit is expected to contain primarily water (around

70- 80%), fine sand (around 20%), and bitumen (1-2%). This would

be sent to flotation for bitumen recovery. 3. An underflow product

where withdrawal would be controlled by a variable speed pump of

the progressive cavity type in order to maximize underflow solids

concentration. Solids concentration should be around 65-70\% with

the remainder being water and a very small amount of bitumen(less

than 0.5%)

Figure 13 is a simple cross section of the gravity classifier.

The unit will be around 1.2 m in diameter with a conical bottom and

will have a vertical height of about 4.1 m. The destinations of

the three product streams are shown in Figure 14.

Laboratory bench-scale type tests will be performed to
• •

determine the probable operating performance t6 "reach the"

objectives listed above. These would use various glassware,

buckets, screens and drying ovens. These would be used to determine

probable bitumen, solids and water content by weight % in each

stream, solids size distribution in each stream, and upflow
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velocities required to achieve bitumen - solid - water separation

as a function of maximum particle size in the middling stream.

These residues, slurries, etc. resulting after the testing would be

disposed to the various containers in the laboratory for final

disposal. The solid wastes arising from this project consist of

bitumen-sand mixtures from which the bitumen can be skimmed off and

disposed of according to University regulations. The clays and

fines remaining are innocuous in terms of environmental impact.

Environmental impact Do_ntial of the project

The environmental concerns of this project are similar to

those of task 2 and have already been addressed.

Task 9_ Studies of dispos_l of s_nd conceDtrates by pump_

The idea of this project is to be able to pulLlp the sand

concentrates over long distances, thus avoiding the trucking costs.

This will improve the economics of the hot water extraction

process. The goal for the current year is to design the spiral

classifier and the thickener required for dewatering the sand and

to conduct pumping tests for sand-water mixtures.

Project descriptiQn

•. _hi_ task w_l_ investigate the. feasibility of the dewatering. .

system by testing equipment such as a spiral classifier and a

high-torque thickener. Figure 15 shows a diagram of the spiral

classifier.

The special high torque thickener will be appropriately

designed for this pilot plant. The principal is based on employing
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the hydrostatic pressure of the settling solids to significantly

increase the underflow solids concentration. It also depends on

using flocculating chemicals in order to form a proper floc

structure. By this method, thickening of solids to around 52 wt%

is achieved. This achieves the elimination of 73% of the water

contained by previous thickening methods. The solids dry rapidly

and heavy equipment can be driven on it after a few days. In so

doing, a complete and difficult filter system is eliminated. A flow

diagram for the thickener is presented in Figure 16.

In the current year, this project will only involve small

units of special design for conducting fluid mechanics studies.

The apparatus will consist of a pump and models constructed with

transparent plastic. Use will be made of water and dyes for the

study of flow patterns.

Environmental impact potential of the project

The experiments will have no environmental impact since there

are no reactions taking place and no chemical compounds to be

disposed of.

Task i0: Definition and remediation of the environmental problems
associated with the operation of the North Salt Lake pilot plant

The objective of this task is to outline steps required for

the remediation of the existing environmental problems and

development of environmentally sound procedures for the operation

of the North Salt Lake pilot plant. The objective for the current

year is to identify the existing environmental problems and

formulate a plan for cleanup. This will be a paper study and will
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not have any environmental impact.

Task ii: Environment _" issues associated with bitumen recovery from
tar sand

This project will evaluate the overall environmental impact of

various commercial oil sand development processes in the Uinta

Basin. This study is essential before any commercial process is

contemplated in the Basin. For the current year, this task will

focus on developing material and energy balances for each of the

processes and identifying the quality and quantities of

potentially hazardous process streams.

Project description

This project addresses the environmental concerns of the

possible commercial exploitation of a Utah oil sands deposit.

More specifically, the basis of study will be a 50,000 barrels per

day plant in the Uinta basin.

A compilation of the oil sand deposits in the state of Utah

indicates that the deposits in the Uinta Basin show great

potential in terms of being tapped for this resource. The deposits

include the Asphalt Ridge, Hill Creek, PR Spring, Sunnyside and

Whiterocks deposits.

The process of producing hydrocarbon liquids from oil sands

generally involves four steps. The first is mining in which the

surface overburden is removed and the oil sand mined and

transported to the plant. The second step consists of the

extraction of the bitumen from the sand. This could be done by

pyrolysis, solvent extraction or water extraction of the oil sand.
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The third step involves the upgrading and refining of the bitumen.

The final step consists of disposal of sand and other waste

products.

Alternately, an in-situ extraction of bitumen from an oil sand

deposit would replace the mining and extraction steps. This would

be the method of choice if the overburden thickness is too large

to facilitate surface mining.

The chief environmental constraints faced by an operation of
I

this nature include regulations on air quality, water quality and

solid waste disposal. The other concerns are mainly noise, and

upsets in ecological balances resulting from disturbances to plant

and animal life. This project will address these constraints in

detail to evaluate the feasibility of an oil sands plant from an

environmental perspective. The project will use as inputs,

information from the other tasks in the oil sands program. This

information would aid in an analysis of the effluent streams, both

gas and liquid, and wastes generated by an oil sands plant.

The project does not use any resource samp_ _s or generate

process products or wastes and it is purely a paper study. Since
i

the project is itself an environmental assessment, it will have no

environmental impact potential of its own.
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CHARACTERIZATION AND POTENTIAL UTILIZATION OF THE
ASPHALT RIDGE OIL SAND BITUMEN

Principal Investigator: F.V. Hanson

Co-Principal Investigator: M.D. Deo
Post Doctoral Fellow: C.H. Tsai

INTRODUCTION

The physical properties and elemental compositions of bitumens

from the Uinta Basin (Utah) are quite similar to those reported for

heavy asphaltic crude oils; that is, the H/C atomic ratio is about

1.60, the nitrogen concentration is high (>I.0 wt%) and the sulfur

concentration is low ('0.4-0.5 wt%). I'2 The decline in the supply

of light, domestic crude oil, has made oil sand bitumens an

important potential petroleum resource for the production of

transportation fuels and/or asphalts. A variety of thermal and

catalytic processes have been investigated for upgrading Utah oil

sand bitumen. 3 Direct catalytic cracking has been shown to produce

higher yields of high-quality products as compared to coking. The

highly naphthenic constituents render the bitumen responsive to

catalytic cracking. 3 Bunger et al 4 concluded that the high

molecular weight and high nitrogen content of Utah oil sand

bitumens make the appropriateness of the catalytic cracking process

questionable. However, their conclusions were based on the results

from microactivity testing units which cannot simulate commercial

resid cracking. This is due to the fact that resids contain non-

vaporizable components. 5 Recent process- and catalyst-related

developments in fluid catalytic cracking (FCC) suggest that resid-

FCC technology might be employed as a potential upgrading process
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for the production of transportation fuels from Utah oil sand

bitumens. Selection of a bitumen upgrading process depends on the

properties of bitumen and a knowledge of detailed chemical

structure of bitumens. Although it is not possible to perform

detailed characterization of the full-boiling range bitumen, the

711 K minus material is amenable to analysis by various

chromatographic and spectroscopic techniques. Two low molecular

weight boiling range fractions (477-617 K and 617-711 K) of the

Asphalt Ridge bitumen were analyzed by a combination of gas

chromatography and mass spectrometry. The results indicated that

these two fractions contained mostly naphthenic and hydroaromatic

constituents. The 477-617 K fraction appeared tc be an excellent

candidate for high density aviat_on turbine fuels and the 617 K

plus residue can be classified as an AC-30 asphalt.

EXPERIMENTAL

Materials

The oil sand used in this study was a freshly mined sample

from the county pit on the Asphalt Ridge oil sand deposit (Utah).

The bitumen was obtained by conventional toluene Dean-Stark

extraction. The toluene was removed by rotary evaporation (Bdchi

Rotavapor RE 120) at 363 K and 20 mm Hg vacuum for 5 hours.

Vacuum Distillation

A modified vacuum distillation assembly was used to recover

the lower molecular weight fractions from the Asphalt Ridge

bitumen. A Vigreux Claisen type distillation column, packed with
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5X5 mm Raschig rings was used to achieve well-defined cuts. The

477-617 K and the 617-711 K boiling range fractions of the bitumen

were collected for detailed analyses.

Elemental Analysis and physical Properties Determinations

The elemental composition - carbon, hydrogen and nitrogen- of

the native bitumen and the bitumen fractions was quantitatively

determined using a Leco Carbon-Hydrogen-Nitrogen Determinator,

Model CHN-600. Sulfur content was determined using a Leco Sulfur

Determinator, Model SC 132. A pyknometer (Mettler/Paar DMA 40 -

Digital Density Meter) was used to measure the specific gravities

of the bitumen fractions and a bomb calorimeter (Paar 1241

Automatic Adiabatic Bomb Calorimeter) was used to determine the

heats of combustion. Specific gravities of the bitumen residue

fraction and the native bitumen were determined following the

procedures described in the ASTM D70 test method.

Fourier Transform Infrared Spectroscopic Analysis

The Fourier transform infrared (FTIR) spectra were measured

with a Perkin Elmer 1600 instrument in the absorbance mode.

Absorbance spectra of the native bitumen and the bitumen residues

were obtained by directly smearing the samples on KBr windows.

Absorbance spectra of the low-molecular weight bitumen fraction

(477-617 K and 617-711 K) were obtained in a liquid absorbance cell

with a path length of 0.015 mm.
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Gas Chromatoqraphyand Mass_Spectrometry

The bitumen boiling range fractions were analyzed by gas

chromatography/mass spectrometry. A Hewlett-Packard 5890-A

analytical gas chromatograph equipped with capillary injector and

linear temperature programmer, was used in this study. The

chromatograph contained a 15 m x 0.25 mm tubular column coated with

SE-54 (DB-5, J & W Scientific). The helium carrier gas flow rate

was 4 cm3/min. The oven temperature was programmed to rise from

323 K to 523 K at a rate of 2°C/min with a 5-minute hold at 523 K.

An alternate program was also used: rise from 323 K to 573 K at

5°C/min with a 5-minute hold at 573 K. The injector temperature

was 563 K and the detector temperature was 673 K. The mass

spectrometer had an ion trap detector (ITD - Finnegan MAT700) and

was operated at a scan range of 40 to 450 amu at 1 scan/second.

Mass spectra were determined at an ionizing voltage of 70 ev.

Asphalt SPecification Tests

The determination of the physical properties of asphalt

samples was conducted at the material and testing laboratory of the

State of Utah Department of Transportation using recognized

standard specification tests for asphalt cements. 6

Simulated Distillation

The boiling point distribution of the native bitumen was

determined by simulated distillation. The native bitumen was

dissolved in dichloromethane prior to injection. A programmed

Hewlett-Packard model 5730A gas chromatograph was used for the
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analysis. The oven temperature was programmed to rise from 243 to

623 K at a rate of II°C/ minute with a 5-minute hold at 623 K.

The injector temperature was 623 K and the FID detector temperature

was 673 K. A U-shaped, stainless steel tube (0.635 cm OD, 46-cm

long) packed with 3% Dexsil 300 on Anakrom Q was used for the

bitumen analysis. The boiling point temperatures were calibrated

with a standard mixture of normal paraffins (C5 to C44) .

Curie-Point Low Voltaqe Mass Spectroscopic Analysis

Curie-point, low voltage mass spectrometry experi-ments were

carried out using an Extranuclear Model 5000-1 Curie-Point

pyrolysis mass spectrometer system. Twenty-five microgram

quantities of the bitumen were coated on a ferromagnetic wire in

dichloromethane suspensions. The wires were placed in borosilicate

glass reaction tubes and introduced into the vacuum system of the

mass spectrometer. The ferromagnetic wires were inductively heated

at approximately 100°C/s to an equilibrium temperature of 883 K.

The total analysis time was 15 seconds. The low voltage-mass

spectrometer conditions were as follows: the inlet temperature was

held at 423 K, the electron ionization voltage was 12 ev (set

value), the scanning rate was I000 amu/s, the total scan time was

24 sec. and the m/z ratio scanned ranged from 40 to 340.

i

RESULTS AND DISCUSSION

The elemental analyses, atomic H/C ratios, specific gravities,

heats of combustion, and simulated distilla-tion data for the

native bitumen and the fractions are presented in Table 4. The
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Table 4. Properties of Native Bitumen and Bitumen Fractions from Asphalt
Ridge Tar Sand (Utah).a

Native 477-617K 617-711K > 711K
Property Bitumen Bitumen Bitumen Bitumen

Fraction Fraction Fraction

Wt% 100 7.8 12.3 79.4b

Elementalanalysis
C,wt% 85.7 86.5 86.1 85.6
H,wt% 11.0 12.4 11.5 10.7
N,wt% 1.0 0.1 0.3 1.3
S,wt% 0.5 0.2 0.4 0.5
O,wt%c 1.8 0.8 1.7 1.9

Atomic H/C ratio 1.53 1.72 1.61 1.49

Specificgravity 0.9871 0.8970 0.9473 1.0009
(289 K /289 K)

Gravity,°API 11.9 26.2 17.9 9.9

Heat of combustion,
cal/g (Gross) 10,300 10,650 10,360 ---
cal/g _Net) 9,790 10,060 9,850 ---
cal/cm_ (Net) 9,660 9,020 9,330 ---

Simulateddistillation
IBP, K 506 .........
Volatility

(<811K), wt% 45.2 .........
IBP-477K, wt% 0.0 .........
477-617K, wt% 8.1 .........
617-811K, wt% 37.2 .........
>811 K, wt% 54.8 .........

Overhead Fraction,K
(wt%)
5 580 .........

10/15 632/674 .......
20/25 711/731 .......
30/40 752/792 .......

_Bitumensaturation13.8 wt%.
bO.5wt% of bitumenlost duringdistillationrun.
CBy difference.
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nitrogen, sulfur and oxygen contents increased as the boiling range

of the fraction increased. The high content of nitrogen in the 711

K plus residue suggests that severe hydrotreatment might be

required to reduce the nitrogen content of the full boiling range

native bitumens. The two low molecular weight fractions have

similar properties to those of the low molecular weight fractions

from the Whiterocks bitumen (Utah). z However, the atomic H/C ratio

of the 711 K plus residue is slightly lower than that of 728 K plus

residue from the Whiterocks bitumen. This may be due to the higher

concentration of asphaltenes in the Asphalt Ridge bitumen relative

to the Whiterocks bitumen. 8

A comparison of physical properties of the 477-617 K fraction

from the Asphalt Ridge bitumen with those of a thermally-stable jet

fuel as well as with the proposed specifications for high density-

energy jet fuels are presented in Table 5. The physical properties

of the 477-617 K fraction indicate that this fraction may be used

as high density-energy advanced jet fuels. Although the heat of

combustion per unit mass of this fraction is slightly lower than

that of the advanced jet fuels, 9 the heat of combustion can be

improved by mild hydrotreatment to remove heteroatoms and partially

hydrogenate aromatic components. The heat of combustion per unit

volume exceeds the specification for the JP-II fuel and that

determined for the thermally-stable jet fuel. The low molecular

weight fraction of Uinta Basin oil sand bitumens appears to be

particularly rich in naphthenic species and could serve as a source

of high density jet fuels. 7
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Table 5. Comparisonof PhysicalPropertiesof AsphaltRidgeBitumenLight End
Fraction (477-61/ K) with Russian Thermally-StableJet Fuel and
TentativeSpecificationof High Density-EnergyJet Fuels.

477-617K High Density- HighDensity-Energy
Fraction ThermallyStable Jet Fuels Specs

Property Asphalt Ridge Aviation Turbine JP-8X JP-11
Bitumen Fuel"

SpecificGravity
289 K/28g K 0.8970 0.843 >0.840 >o.go0

API Gravity,"API 26.2 36.3 <37.0 <25.7

Atomic H/C Ratio 1.72 1.89 ......

Hydrogencontent,
wt% 12.43 13.60 13.0 12.0

Heat of Combustion,

cal/g (Gross) 10,650 10,930 ......

cal/g 3 (Net) 10,060 10,250 ......
cal/cm (Net) 9,020 8,640 8,650 8,990

aThisfuelsamplewas providedby the WrightAeronauticalLaboratoriesat Wright-
PattersonAir Force Base.
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The results of the asphalt certification tests performed on

the bitumen residue (>617 K) are presented in Table 6. The >617 K

bitumen fraction can be classified as an AC-30 viscosity graded

asphalt cement based on its viscosity (3,136 poise at 333 K). The

analyses indicated that the kinematic viscosity and the penetration

meet the specifications. A ductility of I00 + cm for a 3,136 poise

viscosity material is considerably higher than the 40 cm minimum

specification.

Gas Chromatoqraphy-Mass Spectroscopic Analyses

The identification of individual compounds in the 477-617 K

and 617-711 K fractions of Asphalt Ridge bitumen is based an a

comparison of the spectra of the fractions to known spectra

reported in the literature. I°'26 GC/MS analysis of low molecular

weight fractions of the Whiterocks bitumen revealed that they

contained mostly naphthenic compounds. 7 The GC/MS analyses of the

samples derived from the native Asphalt Ridge bitumen indicated

that the chemical structures of the low molecular weight fractions

of the Whiterocks and Asphalt Ridge bitumens are similar. Traces

of alkylcyclohexanes and alkanes (i.e., pristane and phytane) were

present in the volatile fractions (477-711 K) of the Asphalt Ridge

bitumen. A similar observation was made for the volatile fractions

(477-711 K) of the Whiterocks bitumen.

The molecular and tentative structural formulae of the major

constituents, i.e., cyclic alkanes, identified in the two fractions

are presented in Table 7. The mass spectra of CnH2n.2 bicycloalkanes

indicate a polyalkyl substituted (mainly methyl groups) decalin

87



Table 6. Results of Specification Tests for Asphalt Ridge Bitumen
Residual Fraction.

>617 K AC-30

Property Bitumen Specification
Fraction Fraction

Viscosity

333 K (poise) 3,136 3,000 _ 600
408 K (centistokes) 477 350 (minimum)

Ductility 277 K, cm 100+ 40 (minimum)

Penetration 298 K

100g, 5 sec (1/10mm) 59 50 (minimum)

Test on Residue from

Rolling Thin-Oven Test

Viscosity 333 K
(poise) 7,426 12,000 (maximum)

wt.% Loss Upon
Heating 1.37 0.5 (maximum)
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Table 7. Cyclic Alkanes Identifiedin 477-711K Fractionof
Asphalt Ridge Bitumen from Mass Spectraof GC Peaks.

Cycloalkane Molecular TentativeMolecular Major and Molecular
Classification Formula Structure Ion Fragments(m/z)

BicyclicsCn__2
• iiiiiii | i i i i

C12H22 C_ 81,95,109,156

C_.. 81,95,109,165180
C13H24

vvA.

C14H26 __ 81,95,109,123,180,194

C15H28 _ _ 81,95,109,123,208

(mass specl:_m I)

81,9s,123,222
C16H30 (massspectrum 2)

81,95,123,2S0
cisx34 C5

Tricyclics CnH2n_4
. , ii

C19_4 81,9S,109,191,247,262

C2_36 81,95,I09,191,261,276
(maSSspectrum 3)

81,95,109,191,290
C21H38 (mass spectrum4)

C23H42 81,95,191,303,318
(massspectrum 5)
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Table l Cyclic Alkanes Identifiedin 477-711 K Fraction of Asphalt Ridge
Bitumenfrom Mass Spectraof GC peaks. (continued)

m.,, ,,

Cycloalkane Molecular TentativeMolecular Major and Molecular
Classificatioli Formula Structure Ion Fragments(m/z)

i

, c24H4_ _C 6 s_,95,_og,3t_,330

, c26R4s _C 8 si,95,1o9,191,36o

(massspectrum 6)

C231t40 69,81,95,109,177,316
(rossspectrum 7)

81,95,I09,177,316
(massspectrum 8)

C24H42 _ 81,95,i09,191,330

C271148 _ C3,, 81,95,109,123,191,372

C27H&8 C_ 81,95,109,123,149,217,372(massspectrum9)

C28H50 _ 81,95,109,149,217,371,388(massspectrum10)
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Table 7 Cyclic Alkanes Identifiedin 477-711 K Fraction of Asphalt Ridge
Bitumenfrom Mass Spectraof GC peaks. (continued)

Cycloalkane Molecular TentativeMolecular Major and Molecular
Classification Formula Structure Ion Fragments (m/z)

,,,,

C29_52 _ 81,95,109,123,149,217,385,

400(massspectrum II)

PentacyclicsCnH2n_8
in i in_ _

C28948 _C 2 81,95,109,123,149,177,191,384

C29H50 [__C_., 81,95,109,123,149,177,(mass19I, 205,spectrum398 12)

C30H52 81,95,109,123,149,163,
191,205,412
(massspeccrum 13)

C31H54 _C 4 69,81,95,123,191,219,(massspecCrum42615)
i ii i iiii iii i i i •
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structure. Some gem-dimethyl-type substituted decalins were

detected as evidenced by the relatively stronger intensity of the

(M-15) + ion peak. Bicyclic alkanes can originate from the

cyclization of terpanes or from the degration of pentacyclic

triterpanes (typified by @-amyrin).24,27

Several tricyclic CnH2,.4 alkane homologs from C21 to C26 were

detected in this study. Tricyclic terpanes may be derived from

diterpenionds such as abietic or pimaric acids. 28 They may also

arise from cyclization of squalene to yield the tricyclic alkane

(Structure I). After geochemical degradation involving the alkyl

group, R may contain 1 to ii carbon atoms.

R

(D

Two types of tetracyclic terpanes, i.e., 17,21-secohopanes

(C24,C27) and steranes (C27-C_) were identified from the

fragmentation pattern of the mass spectra. The tetracyclic

terpanes and steranes were detected in the Asphalt Ridge bitumen
I

sample using GC/MS of the characterization ion at m/z 191 and m/z

217, respectively. Theories advanced for the origin of these

tetracyclic terpanes (17, 21-secohopanes series) include

thermocatalytic degradation of hopane precursors, microbial opening

of ring E of hopanoids, or cyclization of the precursor squalene

stopping at ring D to produce tetracyclic precursors which could be
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further reduced by geochemical processes. 26 Steranes are derived

from sterols that are widely dispersed in plants and microorganisms

with the C2z and C28 streols most abundant in marine organisms and

the C29 streols most abundant in the higher plants, diatoms and

various kinds of algae. 29

Several hopanes (C28,C29,C31) and gammacerane were identified in

the Asphalt Ridge bitumen. These hopane type com ounds probably

arise by either microbiological degradation and alkylation

reactions of a C30 precursor (diplothene) or by degradation of a C3s

precursor (tetrahydroxyhopane). 3° Selected spectra of cycloalkanes

and tentative assignments are listed in Figure 17.

The parent molecular ions identified as aromatic hydrocarbons

and their tentative structure assignments are presented in Table 8.

The fragmentation patterns of these compounds resembled those found

in Green River oil shale I0'15and the low molecular weight fraction

(477-711 K) of the Whiterocks bitumen. 7 Selected spectra of these

aromatic hydrocarbons and their tentative structural assignments

are depicted in Figure 18. It has been suggested that the

phenyl(cyclohexyl) alkanes which are found in shale oil Is and in a

Uinta Basin bitumen 7 were probably formed from tricyclic and

pentacyclic terpenoids or even from steroids by dehydrogenation of

one of the rings (A or C) and cleavage of the center or B-ring bond

15
during maturation.
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Table 8. Aromatic Species Identifiedin the 477-711 K Fraction of Asphalt
Ridge Bitumenfrom Mass Spectraof GC Peaks.

Compound Molecular TentativeMolecular Major and Molecular
Classification Formula Structure Ion Fragment (m/z)
• ,,,, ,, , ,,,,

91,105,119,204
c15_24 CG

91,133,218

C16H26 " (mass spectrum15)
6

C18H30 105 119,133 246

[_ 105,120,133,260
c19_32 C8

105,120,133,223,288
C21H36 CII (mass spectrum16)

CnH2n_8

C12H16 _ 117,131,145,160

C13H18 _ 117,145,159,174
.><T/v"

C14H20 _ 131,145,159,188

_ 131,173,188

C15H22 117,131,145,187.202

99



Table 8. Aromatic Species Identified in the 477-711 K Fraction of Asphalt
Ridge Bitumen from Mass Spectra of GC Peaks. (continued).

Compound Molecular Tentative Molecular Major andMolecular
Classification Formula Structure Ion Fragment (m/z)

105,117,131,132,I_5,216C16H24 E (ms speccrua 17)

c_ _ _0s._19.13_._o
(massspectrum 18)

105,119,131,145,216,230

ClS_2S _ 105,_19,133,229,244
(ms speccrum19)

105,119,133,173,258

c_

C201L32 _j_3 105,119,133,243,272

c,H_-_o c21_ _4 los,119,133,_86

c1_4 _ _57.17_._8
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Table 8. Aromatic Species Identified in the 477-711 K Fraction of Asphalt
Ridge Bitumen from Mass Spectra of GCPeaks. (continued).

Compound Molecular Tentative Molecular Major and Molecular
Classification Formula Structure Ion Fragment (m/z)

c18R26 _C 2 lss,171,242

(massspect:rum 20)

c19Hzs _C 3 Is_,17I,_6
CNH2.-12

128,169,I84
C14H16 _AJ_ (massspectrum21)

CnH2n_14

c15¢_6 _ 128,141,181,196

C16H18 _2 128,141,155,183,195,210

145,170,209,280

C21H28 _7 Cmassspectrum22)

rl II I I I I II ii ii • iii
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Figure 18. Mass Spectra and Proposed Structures of the
Aromatic Hydrocarbons in the Low Molecular Weight
Fraction 477-711 K of the Asphalt Ridge Bitumen
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n Route I or

The similarity of those tricyclic, tetracyclic and pentacyclic

terpanes and their degradation products (aromatic hydrocarbons) in

Uinta basin oil sand bitumens and Green River shale oils suggests

that the crude oils, oil sand bitumens and the Green River oil

shale kerogens may have been derived from the same sources.

FTIR AnalYsis

The infrared spectra of the Asphalt Ridge bitumen was similar

to that of the Whiterocks bitumen. 7 The spectra included a weak

band at 3470 cm "I (pyrollic N-H stretch), as well as bands at 3400-

3200 cm "I (O-H and N-H stretching modes of hydrogen bonded

compounds), 2965, 2930, 2860 and 2849 cm "I (C-H vibration), 1703 cm "I

(carbonyl C=O stretch, carboxylic acid), 1600 cm "I (conjugated C=C

stretch), 1459, 1378, and 1366 cm "I (C-H bending in -CH 3 or -C-

(CH3)2) , 1169 cm "I (C-(CH3) 2 skeletal vibration or C-O-C vibration in

esters), 1033 cm "I (ether linkage or C-O-H deformation), and 870,

800, 735, and 703 cm "I (aromatic C-H bending).

Evidence for the presence of gem-dialkyl sub-stituents on the

naphthenic rings is found in the double skeletal vibration band

near 1366 and 1376 cm "I (approximately equal intensity) observed in

the FTIR spectra of the 477-711 K and 617-711 K fractions. The
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strong intensities of the bands at 2965, 2860, 1459, 1378, and 1366

cm "I indicate that the Asphalt Ridge bitumen contains a large number

of methyl groups. This agrees with the results from GC/MS

analyses. When the bands at 1703 cm "I for the three fractions (477-

617 K, 66"7-711 K, and 711 K plus) are compared, it is apparent that

the 617-711 K fraction has the highest intensity whereas the 711 K

plus fraction exhibited moderate intensity. This suggests that

most of the carboxylic acids are found in the 617-711 K fraction.

The 711 K plus fraction plus residue had the highest oxygen

content, and the highest intensity for the 1033 cm "I band among

these three fractions. This leads to the speculation that the

precursers of steranes and hopanes such as diplotene,

tetrahydroxyhopane and sterols which contain hydroxyl groups

reacted with hydrocarbons via dehydration reactions to form higher

molecular weight species with ether linkages. In addition, the

intensity of the 3400-3200 cm "I band is indicative of a high

concentration of hydroxyl groups in this fraction. The high

aromatics content in the 711 K plus fraction was indicated by the

strong intensity of the 1600 cm "I band. This is consistent with the

low H/C atomic rtio for this fraction.

pyrolysis-Mass Spectroscopic Analysis

The results of Curie-point low voltage mass spectroscopic

analysis of the Asphalt Ridge bitumen are presented in Figure 19.

The spectrum indicates that the primary pyrolysis products are

alkenes (m/z:42,56,70, 84,98,112,126,140,196), condensednaphthenes

(m/z:109, 123,137,151,165,179,193, 2 rings/molecule; m/z:149, 163,
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177, 191, 205, 3 to 5 rings/molecule; and m/z:189, 203, 217, 231,

245, 258, 4 rings/molecule), alkylbenzene (m/z:106, 120, 134),

alkyltetralins (m/z:145,159, 173, 187,201), alkyl-naphthalene (m/z:

184, 198, 212, 226), alkyloctha-hydrophenanthrenes, trinaphthene-

bezenes (m/z :155, 169, 197, 211), alkyltetrahydrophenanthrenes

(m/z: 182, 196, 210, 224, 238, 252), alkylphenanthrenes (m/z: 178,

192, 206, 220), alkylchrysenes (m/z: 228, 242, 256, 270),

alkylpicenes (m/z: 278, 292), phenols (m/z: 108, 122, 136, 150),

and alkyl-hydroxytetralins (m/z: 162, 176, 190, 204, 218, 232).

The tentative structure for molecular ion peaks at m/z, 282 is shown

in Structure II. The molecular ion peaks at m/z, 208, 222, 236,

250 may have a structure similar to that in Structure III.

(11) ¢III)

. 140 196) inThe C,H2, series (m/z: 42,56,70,84,98,112,126,

Figure 3 may be derived from the high molecular weight portion of
i

the Asphalt Ridge bitumen because a low concentration of alkanes

was observed in the 477-711 K fractions of this bitumen. The

presence of an ion peak at m/z, 196 suggests a long chain alkyl-

substitutent which contains an isoprenoid sub-unit attached to a
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naphthenic, hydroaromatic, and/or aromatic ring structure.

SUMMARY AND CONCLUSIONS

The native Asphalt Ridge bitumen was separated into several

boiling range fractions for detailed analysis and characterization.

The lighter fraction (477-617 K) was evaluated for use as an

aviation turbine fuel and the residue (>617 K) was evaluated for

use as an asphalt. The 477-617 K fraction appeared to meet most of

the specifications for high density aviation turbine fuels. The

617 K plus residue from the Asphalt Ridge bitumen can be classified

as a viscosity grade AC-30 asphalt. Several physical properties

were also measured to evaluate the potential of the 477-617 K

fraction as high density-energy aviation turbine fuel after mild

hydrotreating. The detailed structure of the low molecular weight

fractions of the Asphalt Ridge bitumen (477-617 K and 617-711 K)

was determined by combined gas chromatography and mass

spectrometry. Additional insight regarding the chemical structure

of the bitumen was also obtained by Fourier transform infrared

analysis. The tentative identification of saturated and aromatic

components in the 477-711 K fractions indicated that these can be

related to biologically-derived compounds which are found in coal,

petroleum, oil shale, and oil sand.

The major constituents of the low molecular weight portion

(477-711 K) of Asphalt Ridge bitumen are condensed ring naphthenic

hydrocarbons and hydroaromatic hydrocarbons. These compounds are

related to biologically derived components. Traces of isoprenoid

alkanes were also found. The 617 K plus residue was evaluated for
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potential asphalt applications. The results indicated that the 617

K plus residue has excellent physical properties and passes the

specifications for an AC-30 viscosity graded asphalt cement. The

477-617 K fraction appeared to be an excellent candidate for high

density aviation turbine fuels following mild hydrogenation to

reduce the nitrogen and sulfur contents.

FUTURE ACTIVITES

Continue detailed characterization of the Whiterocks and

Asphalt Ridge oil sand bitumens. Acquire barrel-quantity samples

of the mined oil sand ore from the PR Spring deposit.
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EFFECT OF SOLVENT AND INTRINSIC VOLATILE FRACTION OF BITUMEN ON
THE PRECIPITATION OF ASPHALTENES

Prlncipal Investigator J.D. Miller
Post Doctorate Fellow K. Bukka

INTRODUCTION

Precipitation and deposition of asphaltenes are costly

impediments to the production of oil from a conventional reservoir.

These problems are encountered not only in the secondary and

tertiary recoveries of oil but also, in some instances, during the

primary recovery. In a practical sense these problems result in

partial plugging of the well 31"33and require frequent washing of the

flow lines _. Since the world reserves of llght crude 0il are fast

depleting, it is anticipated that in order to satisfy energy

requirements attention will be increasingly focused on heavy oils

and bitumen. In this regard, the problem of asphaltene

precipitation will become more acute in the recovery operations

from the heavy oil deposits. Thus, a better understanding of

asphaltene precipitation is necessary to help eliminate or minimize

the problems encountered in the production of oil.

Asphaltic substances such as bitumen and tar are considered to

have internal structure and have been the subject of study since

the 1930s. 35._ . These substances are believed to be colloidal

suspensions of asphaltenes in oils and their stabilities were

attributed to the constituent resin molecules which take positions

at the interface between the solid asphaltenes and the oil. The

internal structure for the bitumen like materials has been invoked

111



to explain the differences in their rheological behavior. The

principal component in this structural model is the asphaltene

content of the bitumen. It has been well documented that

asphaltene content of a given bitumen varies depending on the

solvent used in its precipitation. 37"39 Asphaltenes are precipitated

from bitumen using saturated hydrocarbons of lower molecular

weight, which are usually in the range C3.8, with pentane being the

most commonly used solvent. The asphaltene content of a given

bitumen decreases with an increase in the carbon number of the

solvent indicating that asphaltenes are not a distinct group of

compounds and that precipitation is governed mainly by the

prevailing solubility equilibrium, which apparently varies with the

nature of solvent. 4°,41 The nature of asphaltenes in solution is not

well understood. There are two schools of thought which describe

state of asphaltenes. 33 The first of them considers asphaltenes to

be distinct solids that are soluble in oil (bitumen) resulting in

a true solution and their precipitation is determined by

thermodynamic conditions as described by the temperature, pressure,

and composition. Accordingly, the precipitation of asphaltenes is

a reversible process. 4°'41 The second school of thought also

believes that asphaltenes are solids but are suspended in colloidal

form and that the suspension is stabilized by the polar molecules

present in the oil (bitumen). Consequently, according to this

model the precipitation of asphaltenes is an irreversible

process. 32,42 However, there is no reason for these two models to be

mutually exclusive.
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The fractional composition of bitumen indicates that a

significant portion of it is in the form of saturate hydrocarbons

both aliphatic and naphthenic in nature. If the solvent used in

the precipitation of asphaltenes plays an important role in the

determination of the asphaltene content, then it is conceivable

that the saturate fraction may also have an equally important role

in influencing the solubility equilibrium. In this study, in order

to investigate the influence of the intrinsic saturate or volatile

fraction (since the volatile fraction contains predominantly

lighter hydrocarbons) of the bitumen on the determination of

asphaltene content, Athabasca bitumen has been chosen. Three

different solvents have been used to determine the asphaltene

content of the bitumen. In addition, the bitumen was subjected to

two separate vacuum distillations, and in each case a portion of

the relatively volatile fraction was collected as a distillate.

The residual material from both the distillations was recovered and

analyzed for asphaltene contents using the same set of solvents.

The asphaltenes recovered in each case were examined by FTIR and

NMR spectroscopic techniques.

EXPERIMENTAL

The Athabasca bitumen used in this study was kindly furnished

by Syncrude Research (Edmonton, Alberta, Canada). It is a well

characterized coker feed bitumen obtained from the commercial hot

water extraction plant. Hydrocarbon solvents used in the

fractionation of bitumen into maltenes and asphaltenes were

n-pentane, n-hexane and n-heptane. All three solvents were of

113



"Omnisolv" grade, and obtained from the EM Science Corporation.

In order to separate the volatile fractions, the bitumen

sample was subjected to two different vacuum distillations. In the

first distillation the bitumen sample was heated to a temperature

of 240°C under vacuum (0.6 mm of Hg,) and 10.9% of the original

weight of bitumen was collected as a volatile fraction and labeled

as Distillate-I. The residue from the distillation was recovered

and labeled as Residue-I. In the second distillation the bitumen

sample was heated to 270 °C under vacuum (0.25 mm of Hg) and 19.0%

of the original weight of bitumen sample was collected as a

volatile fraction and labeled as Distillate-II and similarly the

remaining material as Residue-II. In each case the residue as well

the distillate samples were stored at 5°C for further analysis. In

order to account for the losses incurred in these distillations the

weights of bitumen and the volatile fractions were carefully

determined. The mass balance indicated that the weight loss due to

the volatile gasses given off during the distillation was no more

than 0.2%.

Bitumen and its distillation residua were fractionated into

maltenes and asphaltenes using the earlier reported methods. 13

Elemental analysis of all the samples were determined on LECO-600 and LECO-SCI3Z

analyzers. On some selected samples FTIR and NMR spectroscopic analyses were

performed. Infrared spectra were obtained on a Digilab FTS-40 spectrometer

equipped with liquid nitrogen cooled MCT (mercury cadmium telluride) detector and

3240-SPC data processing station. For the distillate fractions of the bitumen

the spectra were obtained in the transmission mode. However, for asphaltenes and
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viscous samples such as bitumen and its distillation residua spectra were

obtained using the specular reflectance accessory (Spectra Tech, Model No. 502).

Sample preparation and details of the technique have been described elsewhere. _

The samples were scanned in the mid infrared region (4000-700 cm"1) with a

nominal resolution of 4 cm"1.

13C and proton NMRspectra of the bitumen fractions were obtained on a

Varian, Unity 300 spectrometer. Spectra were obtained in the solution phase

using deuterated dichloromethane (99.6% D atom, Isotec Inc.) as the solvent. In

the case of asphaltenes and bitumen residue the solute concentrations were

limited by their solubilities and generally the solute concentrations were in the

7-63 weight percent range (distillates fractions being highly soluble and the

asphaltenes were relatively less soluble). The operating conditions for 13Cand

proton (in the parenthesis) NMRanalyses were as follows: 8 (7) microseconds 60°

pulse width, 128 K data points, 25 (100) -kHz spectral width, 2.56 s (0.640 s)

acquisition time, 5 mmOD tubes, 16-bit digitizer resolution, and 5-Hz line

broadening at an ambient temperature of 25 °C, number of transients were 1024

(16), pulse repetition time was 4.56 s (5.64 s). Proton decoupling was applied

using the WALT2modulation technique. All chemical shifts were referred to TPIS

via CDzClz as a secondary reference.

RESULTSANDDISCUSSION

Fractionation

The asphaltene content of the Athabasca bitumen, which depends on the

nature of solvent, is presented in Table 9. In agreement with earlier

observations 37'39'4sthe asphaltene content of the bitumen was found to decrease

with an increase in the numberof carbon atoms in the solvent molecule. Also the

decrease in asphaltene content by changing the solvent from pentane to hexane was
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Table 9. Variation in the asphaltene contents of the Athabasca bitumen and its residua
with respect to solvent.

As tenes

(Wt. %)

-------- -H-e-ptanePentane Hexane

13 8

Bitumen 16.8 14.4 -

15.9 15.4

(17.4) (14.2) (13.7)

21.6 16.8 18.1

m Residue-II'" (17.5) (13.6) (14.7)

. Athabasca bitumen from which 10.9 weight percent of relatively volatile portion removed.

** Athabasca bitumen from which 19.03 weight percent of relatively volatile portion

removed •

The values in the parenthesis indicate the amounts of asphaltenes based on the composition

of the pre-distilled bitumen.



relativelylarger thanwhen changingthe from hexaneto heptane. The fractional

analysesof the bitumenresidua,obtainedfrom the vacuumdistillation,are also

presented in Table g. It was assumedthat during the vacuum distillationthe

bitumen did not undergo decompositionor cracking reactions. The results

presentedin Table ] indicatethat the apparentasphaltenecontentsof both the

residua,comparedto the bitumen,have increasedin everysolvent(Table9, first

row), but when the values are pro-ratedto the original bitumen composition,

consideringthat ]0.9% and 19% of the volatileportionswere removedto obtain

residue-I and residue-II respectively,the changes are very small. These

pro-ratedasphaltenecontentsare presentedinparenthesisin Table g, whichwere

calculated by making allowancefor the separatedvolatile fractions from the

original bitumen. Using pentane as the solvent, it was observed that the

asphaltenecontentsof the bitumenresidua I and II have slightlyincreasedby

0.6% and 0.7% respectively (the reproducibilityof the fractionationwas

determined to be within 0.3% of the reported values). A somewhat similar

observation was made with the solvent heptane, in which case there was no

increasein the asphaltenecontentfor bitumenresidueI, but a 0.9% increasewas

observedfor the bitumenresidue II. By contrast,the resultsobtainedby using

hexane as the solventwere quite different. As shown in Table 9 the asphaltene

contentsof bitumenresidue I and II have actuallyreduced,perhaps indicating

the increasedsolubilizingeffect of hexane on the asphaltenes. These results

clearlyindicatethe anomalousbehaviorof hexane,particularlywhen comparedto

pentaneand heptane,with regardto asphaltenesolubilities.This differencein

the behavior of hexane is assumed to be fundamentallyrooted, and probably

related to the propertiesof the hydrocabonmoleculescontainingodd and even

number of carbon atoms.46 It is importantto emphasize here that perhaps in
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recognitionof this anomalous behavior of hexane, the bitumen fractionation

schemesoften employ either pentaneor heptane as solvent to the exclusionof

hexane. Inview of this it is deemednecessaryto excludethe data obtainedfrom

hexane and focus on the results obtained from pentane and heptane. Thus, to

summarizethe resultspresentedin Table9, a comparisonacrossthe row indicates

the effect of external solvent on the asphaltene determination,while the

comparisondown the column indicatesthe effect of intrinsicsolvent (viz.,the

volatilefractionof the bitumen). It is evidentthat the asphaltenecontentis

more influencedby the externalsolventthan by the intrinsicvolatilefraction

of the bitumen. If the volatilefractionwas to soubilizethe asphaltenesin the

compositebitumen,then the fractionationresultswould have shown consistently

increasedamountsof asphaltenesin each case comparedto that of the original

bitumen (valuesin the top row of Table g). In other words, the resultsimply

that the volatile oil fraction of the bitumen does not help solubilize the

asphaltenefractionin a significantmanner.

ElementalAnalysis

In order to examine the differences in the chemical composition of

asphaltenes obtained from the fractionation of Athabasca bitumen and its

distillation residua, elemental analyses were performed. The results are

presentedinTable 10,which showexpectedtrendsviz.,reducedhydrogencontents

in the residue-Iand II, and particularlyin the atomicratio of H/C. The amount

of hetero atoms in both the residuawas found to be similarexcept in the case

of sulfurwhichwas observedto have increasedmarginallyinthe residue-II. The

elemental analysis of the distillates I & II indicated that the H/C ratio

decreased from distillate-I to distillate-If. Their elemental composition

indicates that these volatile fractions were not entirely composed of
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Table i0. Elemental analyses of the Athabasca bitumen and its fractions•

I Wt. % II Atomic Ratio #" I s o .II ,IC SlC I
Bitumen 82.4 i0•'0 0.4 5.3 2.0 1.46 0.004 0.023

Bitumen & Bitumen 82.1 9.9" 0.4 5.2 2.5 1.44

Residua Bitumen 82.0 9.7 0.5 5.7 2.1 1.42 0.004

Bitumen Distillat6lI 85.0 11.5 0.0 2.6 1.0 1.62 -

Distillates Distiliate-II 84.9 11.4 O.0 3.0 0.6 1.6'0 -

Bitumen 77.9 7.5 I.i 7.8 5.8 1.15

Pentane Residue-I 78.2 4.6 1.0 5.4

Asphaltenes Residue-II 78 0 7 6 1 0 7 5 5 8 1 17

Bitumen 76.3 7.3 f.0 8.1 7.3 1.15

Heptane Residue-I 76.6 7.3 1.0 7.5 7.5 1.15 0.011

Asphaltenes Residue-II 77.1 7.6 1.0 7.3 7.3 1.18



hydrocarbons but some amounts of oxygen and sulfur. The sulfur containing

compoundsappear to be slightly higher tn the distillate-l! fraction. On the

other hand, the nitrogen containing compoundsappear to have remained exclusively

in the residual bitumen. Ratios of H/C for the distillate fractions I & II (1.62

and 1.60 respectively) indicated that these contained a significant amounts of

unsaturated or aromatic compounds. This conclusion is based on the comparison

of H/C ratio of saturate fraction (1.72) obtained from the Athabasca bitumen

using a modified SARAfractionation. 47 This observation may indicate that the

distillate fractions of bitumen are more polar than the saturate fraction

obtained by the modified SARAfractionation. In view of this it is anticipated

that a slightly more polar fraction of the bitumen (distillate I&II) would have

higher solubilizing effect on asphaltenes than a non-polar fraction (saturate

fraction). Based on this argument it can be concluded that if the distilled

portions of the bitumen have no significant solubilizing effect on the

constituent asphaltenes, then the pure saturate fraction separated by the SARA

fractionation, which is of higher H/C ratio, would have even lesser solubilizing

effect.

The elementalanalysis of the asphaltenespresentedin Table 10 provide

some interestinginformation. H/C ratios for asphaltenesobtained from the

bitumen and its residua shows that it does not significantlyvary with the

precipitatingsolvent (heptane asphaltenes from residue-I seems to be an

exception). But for a given solvent,the same ratio was observed to increase

from bitumen to bitumen residue-If. Not surprisingly,all the hetero atoms

appear to concentratein the asphaltenefraction. The nitrogencontentsof the

asphaltenesderived from the bitumenand its residua, includingthose obtained

from two different solvents,show consistentlysimilar values. This clearly
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indicatesthat there is no preferentialdistributionof the nitrogen compounds

among the asphaltenesprecipitatedby differentsolvents. Sulfurcontentof the

asphaltenes on the other hand, show slight decrease from bitumen through

residue-I and residue-II. However, the decreasing trend in sulfur is more

pronouncedin the case of heptaneasphaltenes. Althoughoxygen contentwas not

directly determined, it is noted that for a given asphaltene fraction the

observeddifferencein the oxygen contentfor the two solventswas greaterthan

the other two hetero atoms. However,for a given solventthe differencesin the

oxygen contents of the asphaltenesobtained from the bitumen, residue-Iand

residue-IIare small.

SpectroscopicAnalysis

The main purpose of employingthe spectroscopicmethods of analysis to

bitumenand its variousfractionswas to see whetherany useful informationcan

be obtainedwith regardto the distributionof functionalgroups and changesin

the aromaticity as a result of fractionation. The infrared analysis was

conductedon the bitumen,bitumendistillates,bitumenresidua,and finallyon

the maltene and asphaltene fractions thereof using pentane and heptane as

solvents. Examinationof the infraredspectraobtainedfrom bitumen,itsmaltene

and asphaltenefractionsshows (Figure20) that a group of compoundscontaining

sulfurare selectivelyaccumulatedin the asphaltenefraction. The infraredband

observedat 1032cm"Iisgenerallyattributedto the functionalgroupscontaining

sulfursuch as sulfoxides.4a'5°Accumulationof these groups in asphalteneswas

alsoobservedin the fractionationof boththe bitumenresidua. In spiteof this

observation,a major portionof the sulfuroriginallypresentin the bitumenends

up in the maltene fraction. Sulfur contentof the bitL_menis believed to be

distributedin severalfunctionalgroups such as thionyls,thiols,thioethers,
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Figure 20. FTIR spectra of (a) the bitumen, (b) maltene
fraction, and (c) asphaltene fraction.
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sulfonic acids, thtophenes and benzothiophenes. However, Identification of these

functional groups by tnfrared spectroscopy remains uncertain due to the

complexity of the sample, and also to their probable low absorptivtties.

In agreement with the elemental analysts, the infrared spectra of the

bitumen distillate fractions show (Figure 21) the presence of some aromatic

compounds, as indicated by the absorbance band at 1600 cm"1. The spectra also

indicate an additional band at 1703 cm"l due to some polar compoundssuch as

carboxylic acids. Although the elemental analyses of these fractions indicate

a significant amount of sulfur (2.6% and 3.0% in dlstillates-I and II

respectively),the absenceof the absorbanceband at 1032 cm"Imay indicatethat
J

the sulfur containingfunctionalgroups are other than S=O and C=S.

Anothersignificantpieceof informationobtainedfromthe infraredspectra

of the pentaneasphaltenesderivedfromthe bitumenand its residuainvolvesthe

absorbanceband at 1263 cm"I. The spectraof these fractionsare presentedin

Figure22. The assignmentof the band at 1263 cm"Iis uncertainbut is believed

to be due either to the -C-O-C- or-C-S:C- bond present in acid anhydrides,

esters,and ethers. The presenceof esters,acid anhydrides,and other oxygen

functionalitiesin Athabasca bitumenhas been firmly established,sl"s3 As the

relativeintensityof this band increasesfrom bitumento bitumenresidue-II,it

is inferredthat the compoundscontainingthe above mentionedfunctionalgroups

are progressively concentrated in the asphaltene fractions. A similar

observationwas made for the asphaltenesobtainedfrom the same materialsusing

heptaneas solvent,though the differencesin this case were less pronounced.

For complexmixtureslike bitumens,protonand 13CNMR data is of limited

use in its interpretation,particularly in the elucidation of structural

features. For this reasonthe analyseswas confinedto a few selectedsamples
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Figure 21. FTIR spectra of the bitumen distillate fractions.
(a) Distillate-I, and (b) Distillate-II.
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Figure 22. FTIR spectra of the per _ane asphaltene fractions.
(a) From bitumen, (b) bitumen residue-I, and (c)
bitumen residue-II.
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of the bitumen and tts fractions. The samples chosen for these analyses are; (|)

bitumen, (tt) bitumen distillate-I[, (itt) pentane maltenes From bitumen, (iv)

pentane asphaltenes from bitumen, (v) bitumen residue-I], (vt) pentane maltenes

from (v), (vti) pentane asphaltenes from (v). The results from the NHRanalysis

were not expected to provide definitive structural features of the fractions,

however, a quantitative estimation of the relative amounts of aromatic and

non-aromatic carbon (including both altphattc and naphthenlc) and hydrogen atoms
a

attached to such carbon atoms present in a given fraction was made possible.

Proton NHRspectra 06 the bitumen distillate-I[, bitumen and the asphaltene

fraction are presented in Figure 23. It is evident from Figure 23 that the vast

majority of the hydrogen atoms (>92%) are of non-aromatic nature. 54 ]t was not

possible to distinguish between the aliphatic and naphthenic hydrogen. However,

the relatlve intensities for two of the chemical shifts observed in the spectrum

of each sample at d = 1.22 ppmand d = 1.60 ppmprovide someuseful comparisons.

The chemtcal shifts at 1.22 ppm and 1.60 ppm represent hydrogen atoms in the

methyl and methylene groups respectively. The intensity o6 the chemical shift

observed at 1.60 ppm in the spectra of bttumen and its pentane asphaltene

fraction is higher than that at ].22. Whereas in the spectrum of bitumen

distillate-I] the intensity of the chemical shift at 1.22 ppmpredominates that

at ].60 ppm. This indicates that there is a preponderance of methyl groups among

the compoundspresent in the distillate-I[ fraction. The proton NMRspectrum of

the maltene fractions obtained from both the bitumen and the bitumen residue-II

appeared identical. [n all these spectra the hydrogen atoms were broadly divided

into two groups based on their attachment to either aromatic or non-aromatic

carbon atoms. The aromatic hydrogens have characteristic shifts in the d = 7-8.5
J

ppm. Although there are other hydrogen atoms bound to heteroatoms and other
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functional groups, it is believed their proportion is too small to make any

difference in the discussion. The proportional content of each type of hydrogen

in a given fraction was determinedby the integration of the proton NMRbandsin

the spectrum. The percentage ratio of these groupsof hydrogenswas determined

for eachbitumen fraction, andpresented in Table 11. In all bitumen fractions

the hydrogen atoms were inferred to attach themselves overwhelmingly to

non-aromatic carbon atoms.

The 13CNMRspectra of the bitumenand its fractions were complexand the

assignmentof their constituent bandsare at best speculative. However, there

are several references in the literature 5558 that are devoted to the assignment

of the observedbandsanddetermination of structural parametersof the compounds

present in bitumen. In this study no attempt wasmadeto correlate the observed

chemical shifts to the structural features of the constituent compoundspresent

in the bitumen fractions. However, the carbon content of the bitumen and its

fractions was divided into aromatic and non-aromatic fractions based on their

characteristic chemical shifts. 13CNHRspectra of the bitumen, its maltene and

asphaltene fractions, obtained frompentanesolvent, are presented in Figure 24.

Qualitatively, there appeared to be no differences in the spectra observed

betweenthe bitumen and its distillation residue-II. This similarity persisted

evenbetweentheir correspondingmaltene andasphaltene fractions. The spectrum

of the distillate-II fraction is presented in Figure 25. The only noticeable

difference betweenthe bitumenandthe distillate-II wasobservedin the relative

intensities of the peaks in the d _ 25-50 ppmregion, which wasattributed to the

naphthenic carbon,s9 For the distillate-If fraction, the intensity of the peaks

in the d _ 25-50 ppmregion was observedto be small in comparisonto those in

the d _ 10-25 ppmregion with the latter representing the branched aliphatic
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Table II. Summary of the hydrogen and carbon distributions among the bitumen and its
fractions. Data is obtained from the proton and 1]CNMRspectroscopic analyses.

Hydrogen Distributi ..... Carbon Distrlbuti

on on

% Non 1% Aromatic % Non % Aromatic

Aromatic I Aromatic,, i ill

Bitumen Distillate-ii 93 7 82 18

itu ............B men 94 6 78 22

i

Pentane Maltenes (From Bitumen) 94 6 78 22

p i i i II i_ Pentane As haltenes (From 92 8 66 34

Bitumen)

ii i

Bitumen Residue-II 93 7 77 23

Pentane Maltenes (_rom Bitumen 93 7 79 ' 21

Residue- I I )

i I I I

Pentane Asphaltenes (From ' ' 92 8 62 38

Bitumen Residue-/I)

,, ,, ,



(c)

0

........g_o llo" l_ _o _o _o 2_ o p_.

Figure 24. 13C ner spectra of (a) bitumen, (b) ealtene fraction, and (c) asphaltene
fraction.
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carbon. Whereas in the spectra of bitumen and its maltene fraction, the

naphthenic carbon contents appear comparable but higher than that of

distillate-II fraction. A similar observation was made for the bitumen

residue-IIand its maltenefraction. In additionto thiscomparison,the I_CNMR

spectraldata was used to determinethe relative amountof the aromaticcarbon

content of the various bitumenfractions. From the spectralanalysis,it was

observedthat in each case the proportionof carbonengagedin functionalgroups

such as carbonylsand carboxylicacidswas extremelysmall in comparisonto the

total carbon content. The carbontype distributionvalues for the bitumen,and

its variousfractionsare summarizedin Table 11.

The data presentedin Table 11 providessome informationabout the nature

of asphaltenes. As shown earlier the asphaltene content of the bitumen is

greatlyinfluencedby the solventused in the fractionation.To a smallerextent,

it was also shown to depend on the volatilefractionof the bitumen,which was

interpretedto assist in the solubilizationof the asphaltenes. Thus, when the

volatilefractionis removedfrom the bitumenthe asphaltenecontentwas slightly

increased. If the precipitationof asphaltenesis a result of the prevailing

solubilityequilibrium,then a change in the equilibriumconditionwould alter

the amountof asphaltenesprecipitated.The variableswhich would influencethe

solubilityequilibriumincludethe temperature,compositionof the bitumen,and

the nature of the solvent. Removal of the volatilefraction from the bitumen

bringsabouta changein the bitumencompositionand therebyincreasesthe amount

of asphaltenes precipitated. Chemical and spectroscopic analysis of the

asphaltenesprecipitatedunder these two differentequilibriumconditionssheds

some light on the propertiesof the moleculesthat report to asphaltenes.

With respectto the earlierdescribedmodels of asphaltenes,the results
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from this study tend to support the view that asphaltenes are colloidally

suspendedparticleswhich are stabilizedby the other polar molecules (resin)

present in the bitumen. This is inferredby the small changes observed in the

asphaltene content of the bitumen as a result of changing the bitumen

composition. It may appearthat there are subtledifferencesin the description

of asphaltenesby both the models,but there is no reasonfor them to be mutually

exclusive.Indeed the resultsfrom this study indicatethat the true nature of

asphaltenesembraces the featuresof both the asphaltenemodels.

In this study, it has been shown that varyingthe external solvent (from

heptane to pentane) and partial removal of the volatile fraction from the

bitumen,the asphaltenecontentwas increased. The compoundswhich contribute

to the increasein asphaltenefractionwere mainlyof aromaticnature (Table3).

The elementalanalysis,as presentedin Table 10, indicatesthat these compounds

have high heteroatomcontents. Finally,the infraredanalysis indicatesthat

thesecompoundshave increasedamountsof functionalgroupscontainingsulfurand

oxygen.

It would be presumptuousto generalize the results noted here for all

bitumens and heavy oils. It is quite possible that the solventdependence of

asphalteneprecipitationmay itselfbe a functionof the bitumencomposition.

In order to explorethis aspect a similartype of work is being carried out on

a differentbitumen

SUMMARYAND CONCLUSIONS

The asphaltenecontentof bitumenis known to depend on the natureof the

solventused in the fractionation.This dependenceof asphalteneprecipitation

is often attributedto the prevailingsolubilityequilibrium. Since the bitumen

contains a significantamount of volatile hydrocarbons,their effect on the
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solubilizationof intrinsicasphalteneswas investigated.Inorder to accomplish

this task Athabascabitumenwas selectedfor study, and was fractionatedinto

maltenes and asphaltenesusing three differentsolvents;hexane, and heptane.

In addition, vacuum distillationwas performed on two samples of Athabasca

bitumento remove portionsof the volatilefraction. The distillationresidue

from each sample was collectedand fractionatedinto maltenes and asphaltenes

using the same set of solvents. The experimentalresultsshow that the volatile

fractions of the bitumen do solubilize the asphaltenes,and when they are

removedfrom the bitumenthe asphaltenecontentwas shown to increaseslightly.

However,it was noted that the influenceof volatilefractionon the asphaltene

contentis smallerthanthe effectof the externalsolventused for fractionation

of the bitumen. Spectroscopicanalysis of the bitumen and its fractions

indicatedthe chemical characteristicsof compoundsfound in the asphaltenes.

The asphaltene content of Athabasca bitumen was determined in three

differenthydrocarbonsolventsviz., pentane,hexane and heptane,and was shown

to decreasewith an increasein the carbon number of the solvent. In order to

investigatethe solubilizingeffectof the volatilefractionsof the bitumenon

the precipitation of asphaltenes, portions of the volatile fraction were

separatedby vacuum distillation. The fractionationof the bitumenresiduawas

again performedbyusing the samethree solvents. The asphaltenecontentsof the

residuawere foundto have increasedslightlyin the case of pentaneand heptane,

whereasin the case of hexanetheywere found to havedecreased. Thus hexanewas

anomalousin its behaviortowardsthe bitumenresidua. However,resultsfromthe

other two solvents indicatedthat the volatile fraction does solubilizethe

asphaltenes in the composite bitumen, though to a very small extent. The

chemicaland spectroscopicanalysisindicatesthat these solubilizedasphaltenes

134



contain sulfur and oxygen functionalities and are aromatic in nature.

FUTUREACTIVITIES

The future research plan tncludes a detailed characterization of the

bitumen and mineralogical composition of Circle Cltffs and PR Spring tar sand

deposits of Utah. In addition, the effect of bitumen chemtcal composition or the

nature of asphaltenes will be investigated for a Uinta Basin tar sand bitumen.
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WATER-BASED TAR SAND SEPARATION TECHNOLOGY

Principal Investigator: J.D. Miller
Res. Assoc. Professor: J. Hupka
Research Associate: M. Hupka
Graduate Students: Y. ¥ang

J. Drelich
D. Lelinski

Natural Porosity of Tar Sands and its Impact
on Water-Based Bitumen Recovery

INTRODUCTION

The natural porosity of tar sand accessible by diluent has a

crucial impact on the reduction of bitumen viscosity, and influ-

ences the penetration time required for successful bitumen separa-

tion from tar sand. The actual tar sand porosity, i.e., the pore

volume of the bitumen impregnated sandstone which is filled with

gaseous hydrocarbons, air or water (i.e., the unoccupied-by-oil

part of the pore volume) was termed the natural porosity of tar

sand. 60 If diluent is being used prior to digestion to reduce the

bitumen viscosity, 61 the tar sand natural porosity determines the

lowest processing temperature applicable, unless size reduction to

almost elemental grains is provided prior diluent pretreatment.

The natural porosity of tar sand will also determine the

efficiency of digestion. It is expected that the alkaline aqueous

phase must first migrate into the pores, wet the sand and then the

sand grain can be detached from the tar sand fragment. On the

other hand, a high volume of voids is conducive to chemical changes

in the bitumen through oxidation and the loss of native gases

present in the pores, which may change bitumen surface properties.

Such a change of surface properties may lead to stronger bitumen
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adhesion to the minerals, the release of more surfactants to the

aqueous phase, and a change in the air bubble filming ability.

_orQsit7 Measurements

The natural porosity was previously determined by submersion

of tar sand samples in two liquids of differing ability to wet, and

thus penetrate, the capillaries. _ These liquids were water and

methyl alcohol. The difference in volume for the same tar sand

sample immersed in water, and then in methanol, allowed for the

determination of the natural porosity. Volumetric measurements

were supplemented by weighing the tar sand samples after each

submersion or liquid removal by evaporation under vacuum.

The original technique for porosity determination using

methanol was supplemented by the extraction of the tar sand sample

in an organic solvent and simultaneous volumetric determination of

the gas phase released during extraction. Three organic solvents

were used; toluene, carbon tetrachloride and kerosene. The

experimental set-up, shown in Figure 26, consisted of an extraction

vessel with cover, a water bath or hot plate, and a funnel extended

with a calibrated glass tube, a graduated pipette. Prior to the

measurement the vessel and the funnel were filled with an organic

solvent and heated to the desired temperature. Subsequently a

sample of tar sand was placed under the funnel and left for

complete bitumen dissolution. The gas phase released from tar sand

was metered in the calibrated tube. The new procedure was more

accurate than the methanol penetration test, and was particularly

useful for unconsolidated tar sands. Each value of the natural
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Figure 26. Experimental setup used for determination of tar
sand natural porosity; (1). extraction vessel with
cover; (2) hot plate;(3) funnel; (4) graduated
pipette; (5) cell with flat walls; (6) tar sand
sample; (7) solvent; (8) gas phase; (9) to vacuum
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porosity for a given tar sand sample was obtained from at least

five independent samples. The experimental error was ±5 percent.

The greatest contribution to the experimental error arose from the

determination of the tar sand sample volume. The data obtained

also allowed for the calculation of the apparent density.

Preliminary drying of each tar sand sample at 25"C and 3 kPa vacuum

for constant weight allowed to exclude free water present in the

tar sand sample.

RESULTS AND DISCUSSION

The original porosity of the host sandstone and the degree of

saturation with bitumen determine the natural porosity. Based on

the literature, the porosity (including all fluid phases) of the

tar sand host rock ranges from 15 to 40%. 62'63 These values can be

related to the nature of the host rock, varying in texture from a

fine silt to a coarse grit. Oil saturation usually accounts for 20

to 75% of the free volume; thus the natural porosity should extend

from a few percent to 30 percent. The natural porosity (_) can be

calculated from the tar sand apparent density (Pa) if the bitumen

density (Pb)' the sand density (Ps), the bitumen weight fraction

(Xb), and the sand weight fraction (xs) are known:

E = 1 - XsP_/ps- XbPe/pb (1)

If water is removed from the tar sand sample prior porosity

measurements xs can be expressed in terms of Xb:

x, = i- xb (2)

The values of Pb, Xb' and Ps are given in Table 12.
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Table 12. Bitumen Density (Pb), Sand Density (p,) and Bitumen
Weight Fraction (xb) Eor Several Utah Tar Sands and
Athabasca Tar Sand

,, ,

Tar Sand Pb Xb Ps
,,, ,,, , , ,,,,,, _ ,,, ,,,,, ,, ,,,,,

Asphalt Ridge 0.97 0. 118 2.55
P.R. Spring 1.01 0.12 2.55
Sunnyside 1.03 0. 095 2.55
Whiterocks 1. O0 0.08 2.55
Athabasca 0.95 0.16 2.55

The natural porosity data for several utah tar sands and the

Athabasca (Alberta, Canada) tar sand are presented in Tables 13-17.

Each tar sand sample, before it was submitted to methanol

penetration or to solvent extraction, was weighed and its volume

was determined by submersion in water. Such a procedure allowed for

the calculation of the natural porosity from the apparent density

using equation (1). Unless unnoticed large air bubbles adhered to

the tar sand surface, the apparent density provided quite accurate

measure of natural porosity, to which the porosity obtained by the

two other experimental techniques could be compared.

A general observation from tables 13-17 is that for some tar

sand samples very good agreement with the porosity determined by Pa

can be noticed, while in certain instances large discrepancies were

found. Experimental errors may account for this, but closed pores

(inaccessible by methanol or even by the organic solvent) may be

another cause. Additionally, based on the porosity values

determined by Pa, tar sand samples showed rather diverse porosity,
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Table 13. Natural Porosity of Sunnyside Tar Sands (Utah)

Natural Porosity [%]

Sample Estimated Kerosene Toluene CC14 Methanol
No. [kgP_ -3] from Pa Extraction Extraction Extraction Penetration

mm

IB 2240 1 1.1 -
in

IF 2200 2 2.1 -

2B 2200 2 2.2 -

2F 2250 1 0.9 -
- 7.2 -

3B 2090 7 -
- 5.1 -

4B 2140 4 • -

5B 2150 5 - 9.2 -- 0.2 (1)
6B 2140 4 - - 0.8 (2)im

7B 2060 8 - - 1.9 (3)
8B 2210 1 -

_ - 1.2 (3)
9B 2150 4 - - 1.1 (3)
10B 2060 8 - - 1.5 (3)
11B 2120 5 - -_ - 3 • 0 (3)
11F 2170 3 - - 3.3 (3),mJ

12B 2170 3 -
_ - 2 • 5 (3)

12F 2110 5 - - 1.1 (3)m

13B 2230 4 - - 2.2 (3)am

14B 2250 1 - _ - 2.1 (3)
15B 2240 1 - mmmmml

B --tar sand sample in one block; F --tar sand sample in several fragments

(i) -- 1 rain; (2) -- 30 rain; (3) 24 hours
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Table 14. Natural Porosity of P.R. Spring Tar Sands (Utah)

atu o us

Sample Estimated Kerosene Toluene CC14 Methanol
No. [kgP_ -3] from p= Extraction Extraction Extraction Penetration

- 13.1 (I)

1 1940 I0.I - - 3.0 cl),,m

2 2030 5.9 - _ 5.5 (1)m

3 2060 4.4 - _ 6.2 ¢1)N

4 1860 13.7 - - 2.8 (z)=m

5 2010 6.8 - _ - 5.5 (z)
6 2040 5.4 - _ 4.1 cI)m

7 2040 5.4 - _ 2.1 (1)
).a .- .m

8 1970 8 •6 _ 4.2 (I)_J

9 2200 2.7 - _ 1.9 ¢I)

i0 2200 2.7 - Im
m

ii 2010 6.8 6.8 -
- 17.6 -

12 2000 7.3 -

14 2030 5.9 - 6.0 -

(1) -- 1 rain; (2) -- 30 rain; (3) 24 hours

--
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Table 15. Natural Porosity of Whiterocks Tar Sands (Utah)

Natural Porosity [%]

Sample Estimated Kerosene Toluene CCI 4 Methanol
No. [k:_ 4] from p, Extraction Extraction Extraction Penetration

mm

1 2190 3.5 2.5 -
m

2 2160 4.8 3.9 -
m

3 2090 7.9 7.9 -
- 9.2 -

4 2160 4.8 -

5 2100 7.4 - 3.8 -
_ - 4.0 (1)

6 2190 3.5 -
_ - 1.5 (_)

7 2170 4.4 -
I-, _ - 2 • 9 (3)
_" 8 2170 4.4 -
co _ - 6.0 (3)

9 2130 6.1 -
_ - 4.6 (3)

10 2160 4.8 -
- 2.2 (2),m,

11 2210 2.6 -
_ - 1.8 (2)

12 2230 1.8 -
_ - 3.5 (2)

13 2090 7.8 -
_ - 2.4 (2)

14 2160 4.8 -

(i) -- 1 rain; (2) -- 30 rain; (3) 24 hours



Table 16. Natural Porosity of Asphalt Ridge Tar Sands (Utah}

Natural Porosity [%]

Sample Estimated Kerosene Toluene CCl 4 Methanol
No. [kgP_ -3] from p, Extraction Extraction Extraction Penetration

_ - 3.3 (1)
IN* 2040 4.7 -

_ - 4.6 (1)
2N 2000 6.7 -

_ - 3.2 (1)
3N 1970 8.0 -

_ - 5.8 (3)
4N 2030 5.4 -

_ - 5.7 (2)
5N 1930 9 •7 -

_ - 5.8 (z)
6N 1925 I0.0 -

_ - 6.3 (2)
7C* 2000 6.6 -

_ - 8.0 (2)
8C 1990 7.0 -

- 13.5 -
9C 1970 8 •0 -

10C

N, C- sample originated from the North or Central part of the deposit.
(i} -- 1 rain; (2} - 30 rain; (3) 24 hours



Table 17. Natural Porosity of Athabasca Tar Sands (Utah}

Natural Porosity [%]

Sample Estimated Kerosene Toluene CCl 4 . Methanol
No. [kgP_ -3] from pa Extraction Extraction Extractlon Penetration

_ 14.3 (I)

1 2060 1.0 -
- 21.5 (2)

2 1820 9.5 -
- 18. ic2)m

3 1840 8.5 -
- 19.9 (2)m

4 1800 i0.4 -
- 18.6 (2)m

5 1880 6.4 -
m

6 1720 14.5 14 •9 -
- 12.6 -

7 1770 11.9 -
7 6 -

8 1870 7.0 - "

(i) -- 1 rain; (2) -- 30 rain; (3) 24 hours



even within the same large fragment, which was split into 25 g to

i00 g pieces for measurements. The existence of closed pores seems

to be more probable for well consolidated tar sand (e.g.

Sunnyside), with the closed pores being stabilized by inorganic

cementing material. During the stagnant solvent extraction, the

rate of gas release was found to be strongly dependent on the tar

sand origin and the microstructure. The porosity determined from

several smaller pieces of tar sand was greater than the porosity

determined from one larger tar sand fragment, supporting the

existence of inaccessible void space within the tar sand.

Considering solvents used for extraction, kerosene provided

the best outcome, while carbon tetrachloride gave the most

deviating results (always to high) compared to the Pa porosity.

Blank tests with each solvent, conducted without the tar sand

sample, proved the lack of the air "pumping" effect into the

pipette for at least 24 hours. The volume of the collected gas

depends clearly on the experimental temperature. There is also

possibility of the release of dissolved gases from the bitumen and

solvent which will result in porosity larger than the actual one.

On the other hand, some gases may rather dissolve in the organic

solvent thus lowering the porosity value. The stagnant extraction

technique was found particularly practical for unconsolidated tar

sands, for which other conventional methods probably would fail.

For example, attempts to measure methanol penetration for the

Athabasca tar sand lead to sample fragmentation (and loss of some

part of the sample) which accounts for the discrepancy with the
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rest of the porosity results, see Table 17. However, very

consitent data were obtained with methanol penetration for the

Whiterocks tar sand (consolidated).

The data from Tables 13-17 indicate that only for certain tar

sands is the pore volume sufficient to contain all the kerosene

necessary for bitumen dilution for hot water processing at 50°C.

As discussed earlier, 6° by limiting the amount of diluent available

to the bitumen, the natural tar sand porosity can be a decisive

factor in determining the lower limit of the processing

temperature. Undigested particles will report to the concentrate

or will be found in the tailings, depending on their residual

bitumen content, the degree of bitumen dilution, and the bitumen

surface characteristics.

CONCLUSIONS

The natural porosity measurements for consolidated and

unconsolidated tar sands can be reliable, assuming that sufficient

time is allowed for either methanol penetration or solvent

extraction during the measurement. The porosity data determined in

such a manner can be used to characterize tar sand with respect to

its amenability to hot-water separation. Of course, higher natural

porosity may also mean greater sensitivity of the mined tar sand to

oxidation, which can alter processing efficiency. Rather higher

boiling solvents are recommended for the solvent extraction

technique.
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FUTURE ACTIVITIES

In the future the tar sand natural porosity will be correlated

with the sand particle size distribution and with the rate of

bitumen release from tar sand. Considering different methodology,

the x-ray Computer Tomography represents a great opportunity for a

detailed study of the tar sand porosity, the distribution of

bitumen, water, cementing inorganics and the gas phase in the

pores, and may be an excellent tool for tracing migration of the

diluent during the pretreatment step of the U/U hot water process.
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FTIRANALYSIS IN PROCESSING OF TAR SANDS

INTRODUCTION

IR spectroscopy has been used extensively for the character-

ization of feed and products from the hot water processing of tar

sands. In particular, near-infrared diffuse reflectance (NIR-DR)

analysis was found to be useful for estimating the amount of

bitumen in the Athabasca oil sand, _ and for optimization of the

bitumen hot water extraction process. 65 FTIR analysis, combined

with different analytical techniques, allowed for the determination

of mineral matter distribution during hot water processing of Utah

tar sands. _ Other investigations on Utah tar sands, using FTIR

spectroscopy, allowed for the determination of bitumen chemical

composition 67,_ and led to elucidation of the role of chemical

composition on the bitumen viscosity. 69

In our earlier paper T° it was reported that sand with the

intrinsic water left on its surface (dried at 60°C for 4 hours)

could be easily separated from 0il by digestion in an alkaline

aqueous phase, while practically no separation occurred when the

calcined sand-oil mixture was used. The water layer firmly

adsorbed at the silica surface significantly attenuates 0il bonding

to sand, while considerable surface forces are established under

direct silica-oil contact. FTIR spectroscopy may reveal if these

strong forces result predominantly from the interaction between

oxygen and nitrogen containing functional groups present in the oil

phase, and what the role of adsorbed water at mineral particle

surfaces may be.
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In this section we are presenting a brief account of our FTIR

preliminary work involving microscopic examination of thin bitumen

films and the adsorption of bltumen-derived surfactants on a

germanium internal reflection element from actual process water.

FTIR MICROSCOPE EXAMINATION OF THIN BITUMEN FILMS

Experimental _echniuue

Recent advances in FTIR microscopy allowed us to focus on

single tar sand grains, and, therefore, to alleviate the shortcom-

ings of the diffuse reflectance analysis, strongly influenced by

sample preparation. The analysis of single tar sand grains for

different tar sand samples was carried out. The samples were

examined using Bio-Rad Digilab FTS-40 FTIR spectrometer, equipped

with MCT liquid nitrogen cooled detector and coupled with UMA300A

Universal Microsampling Accessory (incorporating a diffraction

limited 36X Cassegrainian IR/Visible objective, a turret-mounted 4X

viewing-only objective and 10x eyepieces). Typical samples were

single mineral grains 50 _m to 500 _m in size. Reflection and

transmission spectra were recorded at 8 cm "I resolution using up to

512 scans for both the sample and background. Loose grains,

preselected under a Carl Zeiss stereo microscope, were placed on a

gold plated microscope slide or on a calcium fluorite crystal.

Sampling size could be changed from a maximum 250 _m down to less

than 20 _m.

Results and Discussion

Optical microscope examinations of digested tar sand slurry

revealed that some sand particles were still covered completely or
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in part by bitumen. Mechanical entrapment of bitumen in microcracs

on the sand surface might be responsible for that. However,

bitumen site-speciflc adsorption seems to be more likely explana-

tion for the observation. Additionally, some air bubbles adhered

firmly to sand grains which seemed to be bitumen free.

A newly acquired FTIR microscope has allowed for detailed

examination of single tar sand grains for both digested and

undigested tar sands. With respect to the digested tar sand

slurry, hydrophobic sand particles would report to the bitumen

concentrate and diminish the grade, thus lowering the process

efficiency. Even when all the bitumen seemed to be removed from

these sand grains under an optical microscope, IR microscopic

analysis allowed for the identification of certain spots at the

sand surface exhibiting organic film and an indication of the

chemical nature of the remaining, invisible bitumen residue on the

sand grain. Interestingly, the analysis also revealed a noncontin-

uous bituminous film for some 60 _m to 150 _m Whiterocks tar sand

quartz grains. The observations provide for better understanding

ot i_e phenomenon of bitumen displacement from sand, and can be

related to the different separation efficiency for tar sand samples

acquired from different locations of the Whiterocks deposit.

Several transmission IR spectra of the Whiterocks tar sand

single grains are compared in Figure 27 and 28. Please note, that

silica is transparent to only 2200 cm "I. In Figure 27A spectrum (a)

characterizes an actual oil sand grain_ spectrum (b) represents

the tar sand grain after extraction with toluene, spectrum (c) was
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Figure 27. FTIR spectra of Whiterocks oil sand sample. A -
spectra received under FTIR microscope: (a) an
actual oil sand grain; (b) oil sand grain after
extraction with toluene; (c) roasted oil sand
grain, 550"C, 5 hours; (d) beach quartz sand washed
with deionized water. B - IR spectrum of bitumen
extracted from oil sand with toluene and dissolved

in CO14
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Figure 28. FTIR microscope spectra of an organic film on a 150
_m sand grain acquired from digested Whlterocks oil
sand slurry; (a) 20 _m sampling on a ,rosty" spot;
(b) 20 _m sampling on ,,clean" surface
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taken for roasted grain at 550°C for 5 hours, while spectrum (d)

was taken for a beach quartz sand washed thoroughly with delonized

water. Spectrum in Figure 27B is of bitumen extracted from the tar

sand by toluene. Toluene was evaporated and the residue was

dissolved in CCl 4 and subsequently submitted to IR analysis.

Another spectra of a single tar sand grain after hot water

digestion are presented in Figure 28. In this case, two locations

of different appearance were sampled on a single grain: a brown

("rusty") spot and a clear surface. Hot water digestion was as

effective in removal bitumen from sand surface as the toluene

extraction, with exception of the "rusty" spot which appeared to be

bitumen associated with clay minerals.

ADSORPTION/DESORPTION OF BITUMEN-DERIVED SURFACTANTS USING INTERNAL
REFLECTION FTIR SPECTROSCOPY

_xDerimental Procedure

Internal Reflection Spectroscopy was utilized in two kinds of

cells (Harrick Scientific corporation): the ILC-SOO flow-through

cell with a 10 mm dia. cylindrical germanium element, 60 mm in

length, and the MEC-000 liquid cell with a germanium 50 mm x 10 mm

x 1 mm plate element. Proper design of these cells eliminates

spurious bands caused by optical sampling of the gaskets. The ILC-

S00 cell was used to monitor natural surfactant adsorption from an

actual process water. In this regard, 50 g sample of the Asphalt

Ridge or the Athabasca tar sand was placed in 500 mL of 1.3.10 -3 M

Na2C03 solution (pH = 10) at 50°C and submitted to stagnant

digestion for 24 hours. The aqueous phase was periodically pumped
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through the IRS cell and after certain equilibration time IR

spectra were recorded. The scanning was repeated throughout the

entire digestion time in one to six hour intervals.

In another approach the germanium plate was covered with

approximately 0.3 _m thick bitumen film by immersion in 0.85 wt. %

bitumen solution in toluene and subsequent toluene removal in the

air and/or vacuum. Next, only the bitumen film in the central part

on each side of the plate was left, i.e., 5 mm x 42 mm bitumen

strips to be in contact with the aqueous phase, while the rest of

the bitumen was thoroughly removed. The germanium crystal was then

placed in the cell, the cell was filled with 1.3.10 -3 M Na2C03

solution (pH = 10) and the bitumen was submitted to stagnant

digestion for several days at 50°C. The IR spectra were recorded

in one hour intervals.

Results and Discussion

We were very disappointed to find that no surfactant was

adsorbed on the germanium rod, even when the equilibration time was

extended well over 30 minutes. Later it was discovered that
%

surfactants initially adsorbed on the IRE, however, with

progressing of the equilibration time competitive adsorption of

other species (apparently inorganic) displaced the surfactants,

which is evident from the weakening of the C-H stretching peaks.

These peaks disappeared almost entirely after 30 minutes. See

Figure 29. This phenomenon seems to be independent of the pH in

the range pH _-I0.
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Figure 29. FTIR _pectra of organic substances adsorbed on
germanium IRE submerged in Asphalt Ridge oil sand
process water. Equilibration time: (a) 5 min; (b)
i0 min; (c) 20 min; (d) 30 min
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Other experiments involving surfactants were performed with

the flat germanium crystal covered by a bitumen film. The spectra

after a several hour sequence are presented in Figure 30. Judging

from the peak intensity for water and that for the C-H stretching

frequency, the bitumen was displaced from the crystal exposing more

surface to the aqueous phase. Future experiments will involve

bitumen displacement rate studies using different digestion

conditions and different tar sand samples.

CONCLUSIONS

The FTIR spectroscopy was successfully used for the

examination of single tar sand grains allowing better understand

the sand-bitumen-bubble interactions, whic_ finally decide about

the hot water processing efficiency. A preliminary investigation

of the in situ surfactant adsorption on a germanium IRE using tar

sand process water revealed the complexity of the process and the

need for better understanding of the role of surfactants in wetting

phenomena controlling the hot water process.

FUTURE ACTIVITIES

The FTIR spectroscopy will be used, in combination with other

analytical techniques, such as the contact angle measurements at

the surface of bitumen and quartz, electrophoretic mobility,

microcalorimetry, and the atomic force microscopy to correlate the

degree of hydration of the sand surface at the time of contact withi

oil with the efficiency of the oil-sand separation process.
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NEW SEPARATION CELL FOR BITUMEN RECOVERY FROM TAR SAND SLURRY

INTRODUCTION

Bitumen recovery from tar sands by water-based surface

processing is accomplished in two main stages: digestion and

separation of phases. In the last three years conditions have been

identified which allow for low shear digestion and for gravity

separation of the bitumen concentrate. Up until this most recent

effort bitumen recovery had been limited to traditional flotation

technology. Now by controlled surface chemistry it is possible to

produce high grade bitumen concentrates (up to 90% bitumen at >90%

recovery from Asphalt Ridge tar sand) by gravity separation. Such

bitumen concentrate quality is not possible by traditional

flotation technology. Thus gravity separation has been incorporat-

ed in the tar sand processing strategy for domestic tar sands.

Two approaches have been adopted for bitumen separation from

digested tar sand slurry:

1. bitumen concentrate separation in a gravity cell followed by

flotation of middlings and rejection of coarse sand to the

tailings pond, as practiced in both commercial plants in

Alberta, Canada. This strategy allows for a significant

reduction in the volume of the process stream right after

gravity separation.

2. bitumen concentrate separation in a gravity cell followed by

flotation of the entire tar sand slurry, as proposed for

processing of Utah tar sands, in order to maximize bitumen
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recovery to the concentrate and minimize bitumen (and diluent,

if applied) loss with the spent sand.

While digestion requires only 25-30 wt. % of the aqueous phase, the

separation stage is carried out in diluted tar sand suspension in

order to enhance bitumen liberation from the slurry. Thus, with a

reduced amount of solids (e.g., 50 wt. % for gravity separation and

20 wt. % for flotation), the volume of the tar sand slurry

increases several times with respect to that during digestion which

weighs heavily on the economy of the process.

In this regard, the design of a new gravity separation vessel

has been proposed, but first a more detailed analysis of the

bitumen gravity concentrate is presented.

Basic Considerations

Gravity separation is the simplest technique to separate the

bitumen from digested tar sand slurry. In order to make the

gravity separation successful one has to assume that bitumen is

displaced from sand, forms relatively large droplets, and has a

density sufficiently lower than that of the aqueous phase. The

beneficial influence of sodium tripolyphosphate on the process has

to be stressed here as discussed in last year's report. 71 Sodium

tripolyphosphate as a chelating agent for polyvalent ions present

during tar sand digestion not only facilitates bitumen displacement

from sand but also enables much better aeration of the bitumen.

Gravity separation has been applied in laboratory experiments,

and in both commercial operations in Alberta for processing

Athabasca tar sands with recoveries exceeding 80%. _ Flotation of
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middlinc_, following the gravity separation, accounts for only 10%

of the bitumen recovered in the hot water separation process.

Even high-grade bitumen concentrates still contain from 5 to

20 wt. % of fine minerals, and additionally various amounts of

process water. The necessary buoyancy in the gravity cell has to

be provided by the gas phase -- in part by the intrinsic gas from

the tar sand pores, but predominantly air intercepted during

digestion. Assuming the bitumen concentrate composition 50 wt. %

oil (of density close to that of the aqueous phase), 25 wt. %

mineral particles (density 2500 kg/m 3) and 25 wt. % water, the

required volume of air is 30 vol. % to provide 80 kg/m 3 density

difference between the bitumen concentrate and the aqueous phase.

It should be noted that density differences of 80 kg/m 3 is recom-

mended as a minimum density difference required for effective phase

separation in a gravitational field. _ As the solids content in the

bitumen concentrate increases, the amount of required air should

also increase,,compare Table 18.

_xDerimental Verification of Gas Phase C0ntent in the Bitumen
Concentrate

Several hot water experiments, using Asphalt Ridge and

Whiterocks tar sands, were carried out to correlate bitumen

recovery in the gravity cell with the air/gas content in the

bitumen phase. The bitumen concentrate was skimmed from the

gravity cell and placed in graduated cylinders. The cylinders were

kept in a water bath at 80°C for the separation of air bubbles

until the volume did not change. The difference between the
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Table 18. Volume Percent of Air Necessary for Bitumen
Concentrate Separation in Gravity Cell

Assumptions:
Density of bitumen with 15 wt. % kerosene: 950 kg/m 3
Density of aqueous phase during digestion

and gravity separation: 1000 kg/m 3
Density of fine mineral components 2500 kg/m 3

Percent Minerals Density of Concentrate Volume of Air in
in Concentrate* without Air Concentrate"

wt. % kg/m 3 %

5 1028 ii
I0 1105 17
15 1183 22
20 1260 27
30 1415 35
40 1570 41
50 1725 47

dry basis
** resulting in bitumen concentrate density 920 kg/m 3

original and the final volume of the bitumen concentrate makes the

gas phase volume. It was found, that the gravity cell operated

successfully only when the bitumen concentrate contained an

adequate volume of entrapped air, as has been suggested from the

calculations presented in Table 18. The results from this study

very clearly showed the importance of gas phase entrapment for

efficient bitumen separation in a gravity cell.

l_(ewcell

Based on our surface chemistry research, a new cell design,

combining gravity separation and flotation, for bitumen recovery

from digested tar sand slurry has been proposed. The cell

comprises an inclined U-shaped tank, divided into three sections,
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and a shaft at the bottom for stirring and transport of the sand,

as shown in Figure 31. In sections one and two the shaft is

furnished with a ribbon screw or paddles which provide turbulence

to prevent settling of the tailings. In section three the shaft

serves as a screw conveyer moving tailings toward the spiral

classifier dump -- for final removal of the settled sand. Steam,

containing 0.i % air, may be injected in section one. The second

section serves as a dissolved/dispersed air flotation cell, with an

flowrate 0.I L/min.L.

For certain processing schemes, e.g., when the residual

bitumen is scavenged in an air-sparged hydrocyclone, n the section

serving for flotation can be excluded; therefore, the separation

cell will consist only of two sections. The bitumen can be removed

from each section by a paddle skimmer, however, steel belt adhesive

skimmers are preferable in section one and two. Adhesive skimmers

will provide bitumen of superior quality to that obtained with

other skimmers. The bitumen viscosity of 0.1-1.5 Pa.s, maintained

during tar sand digestion and separation of phases in the Universi-

ty of Utah modified, diluent-assisted hot water process, provides

maximum efficiency for the adhesive skimmer.

The average solids concentration throughout the cell is equal

to 25-30 wt. %, however, two zones of different solids content may

be distinguished. The bottom zone directly adjacent to the shaft

will have solids concentration of 50-55 wt. %, while a much lower

solids content will be found in the subsurface layer. The

residence time of the tar sand slurry in the separation cell is
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Figure 31. Schematic of a separation cell for bitumen recovery from digested tar sand
slurry. 1-steel/concrete casing; 2-shaft with paddles; 3-screw conveyor;
4-spiral classifier; 5-belt conveyor; 6-paddle skimmer; 7-adhesive skimmer



expected to be 3 to 5 minutes, and the processing temperature

55-60"C.

The cell is designed for total removal of bitumen which has

undergone successful separation from sand particles during

digestion and exists in the tar sand slurry as discrete droplets,

see photographs in Figure 32.

The digested tar sand slurry is fed, together with recycled

process water, to the first section of the cell. Sufficiently

aerated bitumen separates rapidly and smaller droplets, which might

get entrapped in the sand, report also to the concentrate. Very

fine droplets, less than 100 _m and without entrapped air, can be

floated to the surface in the second section. Dispersed-air

flotation, resulting in small air bubbles and low air flowrates, is

preferable in order to limit the flotation of fine mineral

particles. TI

FINAL COMMENTS

In the last three years conditions have been identified which

allow for low shear digestion and for gravity separation of the

bitumen concentrate. Up until this most recent effort bitumen

recovery had been limited to traditional flotation technology.

Thus gravity separation has been incorporated in the tar sand

processing strategy for domestic tar sands. In this regard, the

design of a new gravity separation vessel has been proposed, based

on our surface chemistry research. A more detailed analysis of the

bitumen gravity concentrate is also presented. The cell
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A B C

Figure 32. Microscopic photographs of digested oil sand slurry. A-Whiterocks oil
sand slurry from under Zeiss stereo microscope. B-Whiterocks oil sand

slurry from Zeiss fluorescent microscope; C-Bitumen droplet entrapped in

Asphalt Ridge tailings, as viewed under Zeiss stereo microscope



construction and amenabillty tests will require operation of a 50

bpd pilot plant in which case performance characteristics will be

established.

FUTURE ACTIVITIES

Future research will incorporate both the construction and the

experimental evaluation of the new cell design including

performance of the adhesive, stainless steel belt skimmer.

However, a continuous supply of tar sand railings must be

available, which can be provided either after refurn_shing the 50

bbl/day North Salt Lake Tar Sand Pilot Plant or after acquiring a

mobile tar sand processing unit capable of handling 100 to 200 lbs

of tar sand per hour.
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WATER RECYCLE IN MODERATE-TEMPERATURE BITUMEN RECOVERY
FROM WHITEROCKS TAR SANDS

INTRODUCTION

Surface-mining and recovery methods and/or in-sltu technology

can be used to recover hydrocarbon values from oil sand deposits.

Although in-situ technology has been successfully applied to low

viscosity bitumens in Alberta, Canada, _ such an application to

Utah's tar sands has not been successful. _ This means that

surface-mining recovery processes may be the only viable methods

for the high viscosity Uinta Basin oil sands, at the present time.

The Canadian hot-water process is based on the pioneering

studies of Clark. _ The extraction of bitumen from Athabasca oil

sands is accomplished by a hot water, 358 K, separation process in

rotating drums. Caustic soda is added to adjust the alkalinity in

digestion step.

The modified water-based process developed for Utah's oil

sands requires a moderate digestion temperature (323 to 333 K). _

However, a pretreatment step which involves kerosene addition to

the oil sand is necessary to reduce the bitumen viscosity below 1.5

Pa._s The alkalinity of the aqueous phase is adjusted (pH = 8.0 to

9 _ with sodium carbonate (Na2CO3) and sodium tripolyphosphate

(_sP3010) is added to facilitate bitumen disengagement. The

digestion temperature is maintained in the range of 323 to 333 K.

After several minutes of digestion, the slurry is discharged into

a gravity separation cell and diluted with water. The bitumen

concentrate is skimmed and the slurry is transferred to a flotation
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cell to recover the residual bitumen. The coarse solid particles

are screened, and the railings are subjected to sedimentation for

20 minutes. Finally, the railings water is recycled to the

digestion reactor. The bitumen concentrate requires fines and

water cleanup before utilization and/or upgrading.

The disposal of the railings, produced in the hot water

process, has been a major problem affecting the cost of bitumen

recovery. In the Canadian plants, railings water is recycled when

the fine particles content does not exceed 2 wt. %._ Laboratory

experiments demonstrated that a recycled aqueous phase containing

4 to 5 wt. % suspended matter had no deleterious effect on the

separation efficiency of the process, with the Whiterocks oil

sand. 81

The objective of the present work was to continue the previous

investigation 81 on the impact of water recycle on the separation

efficiency of the moderate-temperature water-based recovery process

when NasP3OI0 is used to facilitate bitumen disengagement. The

purpose of NasP3010 addition was to counter the eventual detrimental

effects of polyvalent cations on bitumen separation and to increase

the effectiveness of surface-active compounds at the bitumen-water

interface. The recycle stream consisted of railings water from the

flotation cell. The fine particles were allowed to settle for 20

minutes in a sedimentation tank before the decanted water was

recycled. The process water from the bitumen concentrate cleanup_

_lhich comprised less than 5% of the total recoverable water, was
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discarded. The mined and crushed material from the Whiterocks oil

sand deposit was used in all experiments.

EXPERIMENTAL PROCEDURES

Oil sand samples from the West-Central location of the

Whiterocks oil sands deposit (5.8 wt. % bitumen) were crushed,

screened, and pretreated with kerosene according to a procedure

described previously. 79 Mineralogical analyses of solids from the

Whiterocks oil sand have been reported by Bukka et al. 82 Also, the

analyses and composition of the Whiterocks bitumen have also been

reported by Bukka et al. 83 A schematic of the moderate-temperature

water-based process for bitumen recovery is presented in Figure 33.

The major steps of the process include: diluent pretreatment,

digestion (A), gravity separation (B), flotation (C), and sedimen-

tation (D).

Batch aqueous digestion experiments (328-333 K) were conducted

in a baffled stirred-tank reactor (A, 3.8 liters) equipped with a

double blade turbine impeller. The concentration of oil sand ore

in the digester was 75 wt. %. The aqueous phase alkalinity was

adjusted with Na2CO 3 (i g/kg oil sand ore); and NasP3010 (i g/kg oil

sand ore) was added to improve the bitumen disengagement. After 5

minutes the digested slurry was discharged into a gravity separa-

tion cell (B) and diluted with water (323 K, 40 wt. % solids) for

gravity separation of the solids. The system was gently stirred

and 2 to 3 minutes were allowed for sedimentation. The bitumen

concentrate was then skimmed from the surface of water. Batch
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flotation (15 wt. % solids) in a Denver-type air sparged flotation

cell (C, 38 liters) followed gravity separation. The air flow rate

was 5 liters per minute. The bitumen concentrate was skimmed and

collected at 2-minute intervals and the concentrate and aqueous

phase were retained for analysis. The tailings were placed in a

40-1iter sedimentation tank (D) where the entrained solids were

allowed to settle-out after each run. The supernatant liquid was

syphoned after 20 minutes and recycled to the digestion reactor

(A), the gravity separation cell (B), and the flotation cell (C).

The same amounts of the two reagents, Na2CO 3 and NasP3010 , were added

in each of the seven cycles. Tap water was used in the first

experiment whereas recycled water was used in each subsequent

experiment. Eight percent makeup tap water was added to the

flotation cell (C) in the second and third cycles to compensate for

losses. In each run the aqueous phase was sampled for subsequent

analysis.

The composite bitumen concentrate samples were subjected to

Dean-Stark toluene extraction for the determination of solids and

bitumen content. The analyses of the aqueous phase included

electrophoretic mobility (ZetaSizer 3, Zeta Meter Inc., New York),

pH and specific conductivity (pH/conductivity meter; ICM, Hills-

boro, U.S.A.), and surface tension (Digital-Tensiometer KIOT; KRUSS

GmbH, Germany) measurements. Fine particles were removed from

aqueous phase samples by centrifugation before pH, specific

conductivity, and surface tension measurements. A Zeiss stereo
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microscope was used to investigate the mechanism of bitumen

disengagement from the sand particles.

RESULTS

Bitumen Recovery

Bitumen recovery increased in each subsequent experiment with

the recycled water, Figure 34, and attained a maximum value of 99.8

wt. % in the fifth cycle. A slight decrease in the separation

efficiency was noticed in the sixth and seventh cycles; neverthe-

less, the bitumen recovery was still satisfactory (92-93%). Fifty

to 70% of the recovered bitumen concentrate was obtained in the

gravity separation cell (B).

The bitumen concentrate from the gravity separation cell (B)

contained 19-25 wt. % solids and 23-39 wt. % water, as well as air

bubbles, which provided the necessary buoyancy to float the

concentrate. The froth from the flotation cell contained 29-50

wt. % solids and 24-50 wt. % water. Water and solids can be

removed from a kerosene-diluted concentrate by sedimentation and/or

centrifuging to produce a bitumen ce centrate containing 5 wt. %

water and 0.i wt. % solids. _

A constant weight percent of solids was observed in the

gravity separation cell concentrate (Figure 35). The concentration

of solids in the flotation cell froth decreased monotonically after

the second cycle (Figure 35). The water content of the batch

flotation concentrates depended upon the concentrate handling

procedures; therefore, the data may not be representative for

process design applications.
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Physicochemical Properties

Process water samples were taken from the gravity separation

cell (B) (process water denoted as G) and the flotation cell (C)

(process water denoted as F). The pH, specific conductivity, and

surface tension of the process water samples, and zeta potential of

fine particles suspended in aqueous phase samples were measured at

ambient temperature (295 K). The zeta potential of toluene-

extracted bitumen dispersed in clarified tailings water was also

measured.

An increase in pH of the process waters, G and F, (Figure 36)

was observed in each cycle as a result of Na2CO 3 and NasP3010

addition. A constant pH value of 9.0 to 9.2 was attained in the

fourth cycle for the gravity separation cell process water (G);

whereas, it required seven cycles for the flotation cell process

water (F) to attain a pH of 8.9 to 9.0.

A steady increase in the specific conductivity (Figure 37) was

observed without reaching a plateau. The initial net difference in

the soluble salts concentration between the aqueous phases, G and

F, apparently did not change with the cycle number.

The presence of surface-active compounds in the aqueous phases

(G and F) was monitored by surface tension measurements. Two

measurements were made for the aqueous phase from the flotation

cell (C): before (Fb) and after a 2-minute purge with air (Fa).

The surface tension decreased from about 60 to 55 mN/m (G), from 68

to 59 mN/m (Fb), and from 70 to 61 mN/m (Fa) after seven cycles

(Figure 38). These results indicate that a portion of the surface-
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active compounds in the tailings were transferred to the bitumen

froth in the flotation cell (C). This means that flotation or

foaming could be a successful step in removal of natural surfac-

tants from recycle water.

Negative zeta potential values were calculated from the

electrophoretic mobilities for both fine particles (Figure 39) and

bitumen droplets (Figure 40). The zeta potential of fine particles

changed from -26 mV to -35 mV for the process water G and from -12

mV to -33 mV for the process water F. The bitumen droplets were

eventually more negatively charged and thus more stable (Figure

40), and an increase in the zeta potential was observed except for

the process water G. The zeta potential of bitumen droplets,

dispersed in the aqueous phase (G) from the gravity separation cell

(B), decreased monotonically through the fourth cycle reaching an

extreme of -19 mY, and increased in the subsequent cycles to -43

mV.

The surface tension of bitumen was 21.5 mN/m at 323 K. The

interfacial tension for the bitumen-process water interface was

difficult to determine precisely due to the high bitumen viscosity

and low interfacial tension values. Nevertheless, the interfacial

tension measurements showed that this value is less than 7 mN/m

when the aqueous phase withdrawn from the gravity separation cell

(B) in the first cycle was analyzed. Also, it was found that the

bitumen-process water interfacial tension decreased in each

subsequent experiment to a value of less than 3 mN/m.
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Bitumen Disengagement Mechanism

Samples of the Whiterocks oil sand were submerged in an

alkaline solution (Na2CO3, pH = 9.0, T = 323 K) in a glass cell and

the changes in sample structure were observed with a stereoscopic

microscope for 30 minutes. Initially, air bubbles, displaced from

the pores by the aqueous phase, adhered to the surface of the

bitumen-sand agglomerate (Figure 41). The layer of bitumen was

ruptured and small droplets formed at the surface of the sand

grains in the first minute. A portion of the bitumen spread over

the air bubbles. Next, bitumen-sand aggregates collapsed (Figure

42) and air bubbles covered with bitumen and hydrophobic fine

particles rose to the surface of the water.

DISCUSSION

Impact of Water Recycle

Soluble inorganic salts and surface-active organic compounds

appeared to exert a major influence on bitumen recovery and the

bitumen-concentrate grade. The concentration of dissolved species

increased with the cycle number as indicated by the pH (Figure 36),

the specific conductivity (Figure 37) and the surface tension

(Figure 38).

The bitumen recovery by gravity separation steadily increased

from 50% to approximately 70% through the five cycles. A similar

trend was observed for the flotation step (Figure 34). The
I

constant concentration of fine particles in the bitumen concentrate

from the gravity separation cell (Figure 35) suggested that the

recycled water had a minimal impact on the separation of bitumen
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Figure 41. Changes in structure of oil sand sample in alkaline
solution (pH = 9.0, T = 323 K) ; t = 1 min (A) -

heated system, t = 3 min (B) - droplet formation

resulting from bitumen layer disruption and
formation of air bubbles at the capillary ends, t -

6 min (C) - bitumen spreading at bubble surface and
air bubble size growth
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Figure 42. Changes in structure of oil sand sample in alkaline
solution (pH = 9.0, T = 323 K); t = I0 min (A) -
detachment of bubble/bitumen aggregates, t = 15 min

(B) - sample disintegration due to decreased

bonding forces
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from the fine particles.

The increased flotation efficiency, despite a more negative i

bitumen zeta potential in subsequent runs (compare Figure 34 with

Figure 40), was to some extent consistent with the observations of

Schramm and Smith. 85 Schramm and co-workers 85,_ reported a maximum

in bitumen recovery which corresponded to a maximum in the

electrophoretic mobility of bitumen droplets in the hot-water

process. The maximum was attributed to the formation of a

monolayer on the droplet surface by surface-active compounds which

released from the bitumen. Schramm and Smith 85 proposed the

existence of a critical concentration of surface-active compounds

which was responsible for high bitumen recoveries (>90%) in the

hot-water process. If this critical concentration really existed

in examined systems with the Whiterocks oil sand then the concen-

tration of the surface-active compounds could correspond to the

surface tension of the recycle water of 55-60 mN/m. However, it

was observed that a maximum in bitumen recovery (Figure 34) does

not have to correspond to a maximum in electrophoretic mobility of

bitumen droplets (Figure 39), in examined systems. It seems that

concept of Schramm and Smith does not have to be applicable for

bitumen separation from the Whiterocks oil sand.

Further, Schramm and Smith 85 reported that charging of both

surfaces; bitumen-water and solid-water, facilitates bitumen

separation from mineral matter. This concept is especially useful

for oil sands with wetting water films separating bitumen from
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mineral surface, such as reported for Athabasca oil sand, 8z and does

not have particular significance for Udry" Utah's oil sands.

A decrease in flotation efficiency could be expected due to

the increasing repulsive electrostatic forces as indicated by zeta

potential measurements (Figure 40). However, a slight increase in

flotation efficiency was observed in the fourth, fifth, and sixth

cycles (see Figure 34). Some increase may have been related to an

increase in the residual bitumen concentration in the recycled

water but general increase in the recovery of bitumen cannot be

fully explained based on the increasing concentration of residual

bitumen in the tailings water.

The increased negative zeta potential (Figure 39) was presumed

to have resulted from the adsorption of surface-active compounds on

fine particle surfaces. This led to a decrease in the flotation

effectiveness with respect to fine mineral particles (Figure 35).

The difference in the size of the fine mineral particles and the

bitumen droplets, which were similarly charged (Figures 39 and 40),

may have promoted preferential bitumen flotation.

Bitumen Separation

The disengaged bitumen was recovered from the oil sand slurry

after digestion by gravity separation and flotation. A rapid

separation in the gravity separation cell (B) was desirableS;

however, it depended upon the degree of bitumen displacement from

the sand and upon the extent of bitumen concentrate aeration.

Bubble entrapment in the bitumen may have involved air contained in

pores, as was observed in our experiments. Atmospheric air
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incorporated into the slurry during digestion was another source of

air bubbles.

The bitumen concentrates collected in both the gravity and

flotation cells were four-phase mixtures of bitumen, fine solid

particles, water and air bubbles. Air bubbles were encapsulated in

the bitumen during oil sand digestion. The release of air bubbles

from the organic phase was slow due to the viscous nature of the

bitumen, however, the presence of air bubbles did not complicate

the concentrate cleanup step.

The water content of the bitumen concentrates varied from 24

to 50 wt. %, and the "free" water (not dispersed as droplets), in

the concentrate, 10-30 wt. %, was drained on filter paper for 20-40

minutes. The residual water ('5 wt. %) existed as fine water

droplets with diameters below 5_m was difficult to remove.

The content of fine solid particles; 45-50 wt. % based on the

weight of the recovered bitumen, released from the oil sand ore in

the digestion step, was invariant in all experiments even after the

soluble species concentration increased in the recycled process

water (Figure 35). Also, fine particles attached to air bubbles

during flotation. The bitumen recovery in the 2-minute flotation

reached 20-30 wt. % (Figure 34). The concentrate from the

flotation cell (C) contained 18-30 wt. % bitumen, 30-50 wt. %

solids and 24-50 wt. % water, depending upon the cycle. The

flotation cell concentrate had a higher concentration of fine sand

particles than the concentrate skimmed from the gravity separation
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cell (B); however, the solids flotation efficiency decreased

monotonically after the second cycle (Figure 35).

Bitumen Disenqagement Mechanism

In the case of the Athabasca oil sand it has been proposed

that a thin water film separates mineral surfaces from the

bitumen87; however, the existence or absence of a water film has not

been firmly established for Utah oil sand_. The hydrophobic nature

of the Uinta Basin bitumen 89 may hinder water penetration into the

pores. The elevated temperature, used in oil sand processing,

reduces bitumen viscosity and contributes to the rupture of the

bitumen layer. It had been previously determined that bitumen

viscosity should not exceed 1.5 Pa.s during digestion, z9 It was

observed in a glass cell that when the unconsolidated oil sand was

contacted with the aqueous phase small bitumen lenses where formed;

the sand-bitumen contact area was reduced and the force of adhesion

was weakened.

Observations made in a glass cell indicated that roll-up of

the bitumen film was accompanied by the release of air bubbles from

the oil sand. These bubbles adhered to mineral surfaces via

bitumen bridges and were eventually covered by the spreading

bitumen. The thermodynamic conditions for the spreading phenomenon

have been reported in literature 9° a,._ nave also been described for

bitumen filming on air bubbles by Leja and Bowman. 91 The criterion

was reported as follows:

Taw > 7ow + 7ao (3)
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where Taw' 7ow' 7ao are the interfacial tensions and the subscripts

a, w, and 0 correspond to air, water, and oil phases, respectively.

The buoyancy force and the shear force field in the digester

stimulate the detachment of aerated bitumen from the mineral

particle surface. It was reported 92 that hydrophobic fine particles

remained associated with the bitumen which had been separated from

sand. Hydrophobicity of the fine particles was caused by residual

organic matter bound to mineral surfaces. These organic species

were presumed to be too polar to be soluble in toluene. 92

SUMMARY AND CONCLUSIONS

Water recycle influenced bitumen recovery in the two bitumen

separation steps: the 2- to 3-minute gravity separation step and

the 2-minute flotation step. The pH of the recycled water

stabilized at 9.0 to 9.2. The recovery of bitumen from low-grade

Whiterocks oil sand using recycled water in the gravity separation

and flotation cells exceeded 90% in fourth to seventh cycles, and

a maximum in bitumen recovery was obtained between the fifth and

sixth cycles. This observation may be related to the amount of

Na2CO 3 and NasP3010 used and to the amount of free natural

surfactants released to the aqueous phase and activated at the

bitumen-water interface.

Recycled process water had no deleterious effect on the amount

of fine mineral particles reporting to the concentrate during

gravity separation.

The release of air bubbles from the oil sand at the onset of

digestion was observed in a glass cell and preceded the disruption
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of the bitumen-layer covering the surface of the mineral particles,

and the formation of bitumen lenses. The subsequent bitumen

spreading at the air bubble surface indicated a minimum in the

surface Gibbs free energy.

FUTURE ACTIVITIES

The hot-water processing technology for the Whiterocks tar

sand has been well described in our previous contributions but our

understanding of the mechanisms of bitumen separation from tar sand

is incomplete. Future research activities will be focused on the

fundamentals of wetting phenomena in three-phase systems including

the study of the surface/interfacial properties of bitumen and

analysis of thermodynamics of tar sand systems in alkaline

solutions. Three physico-chemical properties of bitumen, viscosi-

ty, surface tension and interfacial tension, are expected to be of

great importance in the bitumen release _rom tar sand. The effect

of bitumen viscosity on the hot water process has been studied

extensively in eighties but no study has been performed regarding

the significance of surface/interfacial tension on the recovery of

bitumen from tar sands. It is intended to examine and find a

correlation between the bitumen separation from mineral matter and

bitumen-water interfacial tension. Based on these fundamental

studies it is intended to establish the most appropriate conditions

for effective bitumen recovery from tar sand by water-based

processes.
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AIR-SPARGED HYDROCYCLONE FLOTATION OF OIL
FROM OIL-IN-WATER EMULSIONS

INTRODUCTION

Tar sand processing using water-based separation techniques is

one example in which separation of heavy oil droplets from a rather

composed dispersed system is required. Bitumen recovery by water-

based above-ground processing is accomplished in two main stages:

digestion and subsequent phase separation. While digestion

requires only 25-30 wt. % of the aqueous phase, the separation

stage is carried out in a diluted tar sand suspension in order to

enhance bitumen removal from the slurry. Thus, with a reduced

amount of solids (e.g., 20 wt. %), the volume of the tar sand

slurry increases several times with respect to that during

digestion which causes processing and equipment costs to increase.

Laboratory experimental results pertaining to the U.S. tar

sands, 93 and to the Canadian tar sands show that tailings from the

gravity cell usually contain more than 1% of bitumen. If this

bitumen is disposed with the spent sand, the bitumen recovery to

the concentrate can exceed 90% for a high grade feed (above 10%

bitumen), but will remain well below 90% for a lean tar sand (less

than 8% bitumen). Water-based processing of tar sands at a

moderate temperature (50°C) requires addition of diluent prior to

digestion. 94 The diluent present in bitumen which is from 5 to 30

wt. % of the contained bitumen may also be lost with bitumen in the

tailings.

Flotation of the digested tar sand slurry, directly following

digestion or preceded by a gravity separation, can reduce the
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bitumen content in the tailings sand to as little as 0.2% bitu-

men. 940_ However, high investment and operating costs can be

expected, due to the immense amount of tar sand slurry being

processed to recover the bitumen in conventional flotation

machines. In this regard, the high specific capacity of air-

sparged hydrocyclone (ASH) flotation should have some distinct

advantage in scavenging tar sand tailings. Aeration under

turbulent shearing conditions, as is developed in the ASH, should

benefit the separation process by disrupting relatively weak

mineral-bitumen interactions, according to the model and experimen-

tal data of Hall and Tollefson. 9609z Processing tar sands with a

high fines content should therefore be less demanding.

Oil-Water Separation

Advanced oil-water separation techniques are gaining increas-

ing attention due to more stringent requirements for the treatment

of oil polluted water streams. Oil-water emulsions/dispersions are

found in waters from many sources (including petroleum refineries,

washrack and hangar waste waters, rolling mills, and chemical

processing and manufacturing plants). In some situations the

treatment of large amounts of oily water at a high flowrate is

required (e.g., ballast and bilge water on ships, washing in

shipyards, cooling water from power plants or steel works). In

situations of an accidental oil spill, large amounts of water

containing bulk and/or dispersed oil must be processed. Many

commercial techniques and devices are being developed and marketed

for removal of oil from water, but a simple, economical, and
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efficient method to treat oil-in-water dispersion in a wide range

of droplet size is not yet available. Although methods involving

bed separators (coalescers, filters) can be used to produce a clean

effluent, their capacity per unit volume limits their usefulness.

Gravity settlers and plate separators are usually the most suitable

for handling voluminous streams, but because of their size and

weight they are not always easily moved on site. Hydrocyclones

have been considered as a possible alternative to gravity and plate

separators. 98 In the last decade, the air-sparged hydrocyclone has

been found to be effective for fast flotation of solid particles. W

In the present report the application of the ASH has been extended

to the processing of oil-in-water emulsions. The de-oiling

possibility in the ASH was already examined in two papers I00,I°Iand

the results were encouraging. Therefore it was concluded that

further investigation of the ASH design, the flow conditions, and

the surface chemistry is necessary to in order improve the

efficiency of oil separation.

THE PRINCIPLES OF AIR-SPARGED HYDROCYCLONE FLOTATION

Limited fine particle recovery and relatively slow rates of

conventional flotation led to the concept of air-sparged hydrocy-

clone flotation. W,I°2,103 A controlled high centrifugal force field

is developed by the swirl flow in the ASH. In this way the inertia

of fine particles is increased and a high concentration of fine air

bubbles with directed motion is produced by sparging of the air

through a porous tube. The net result is effective fine particle

flotation with a flotation rate requiring retention times which
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approach the intrinsic bubble attachment time. This corresponds to

a capacity exceeding i00 times the capacity of a conventional

mechanical or column flotation cell.

A simplified schematic of the ASH is shown in Figure 43. Air

is sparged through the jacketed porous tube wall and is sheared

into numerous small bubbles by the high-velocity swirl flow of the

aqueous phase. Hydrophobic particles are transported into the

froth phase which forms on the cylindrical axis. The froth phase

moves towards the vortex finder of the cyclone header, being

discharged as an overflow product. Most of the aqueous phase with

hydrophilic particles - if present - is discharged as the underflow

product.

EXPERIMENTAL PROCEDURE

Two fundamental aspects of the ASH oil flotation were examined

before the flotation experiments were initiated. First, the

necessary conditions for oil filming at the air-bubble surface I_'I0s

were established. Second, the conditions under which the electro-

phoretic mobility of oil droplets in the emulsion was significantly

reduced, were established as described below.

Surface Chemistry

In order to find the most favorable conditions for air bubble

filming by oil, three interfacial tensions (air/water, air/oil, and

water/oil) were determined at different surfactant concentrations,

ranging from 0.3 mg/dm 3 (10 4 M) to 3 g/dm 3 (10 -2 M). Several pure

hydrocarbons (n-heptane, n-decane, n-dodecane, n-tetradecane, and

n-hexadecane) and a bitumen-kerosene blend (different bitumen/
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kerosene weight ratios) were used in these experiments. The

measurements were carried out using the du Nouy ring method, with

a Kr_ss semiautomatic tensiometer type KIOT.

The bubble filming conditions were verified experimentally

using a syringe to form oil droplets in sodium dodecyl sulfate

solution and the drainage time of the oil droplet residing at the

air/surfactant solution surface was measured.

Two oils were used in the ASH flotation experiments, namely

hexadecane and a 20% bitumen in kerosene blend. For both oils the

zeta potential and the droplet size distribution were determined

using the Zetasizer 3, Malvern Instruments Ltd. The same emulsion

was used for the surface chemistry measurements and the ASH

flotation experiments. The zeta potential measurements were

performed after 15 min. conditioning time.

ASH Oil Flotation

The two oils used for flotation in the ASH represent two

different spreading coefficient vs. surfactant concentration

functions. For each oil the susceptibility to filming occurs at

distinct surfactant concentrations.

The oil samples were emulsified in 5 L of water using the

SILVERSON L4R homogenizer (5 min., 7200 rpm) and then diluted to

200 L. The bitumen/kerosene blend emulsion was equalized in a

storage tank by recirculating for 1 hr. with a pump. The concen-

tration of oil after dilution was approximately 200 mg/dm 3 in most

experiments, unless stated differently. The temperature was

maintained at 25°C (note that the solidification of hexadecane
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occurs at 18°C). The average droplet size changed with chemical

additions and varied between 2 and i0 _m. The measurements of oil

concentration were performed using the HORIBA OCMA-220 oil-in-water

analyzer. For concentrations which were expected to be higher than

200 mg/dm, 3 the extraction was performed in a separatory funnel

with I:i CClJH20 vol. ratio and subsequently the oil concentration

in CCL 4 was measured with the HORIBA analyzer. Such a method of

oil content determination has been shown to be sufficiently

accurate for these experiments. I_

A 5 cm dia. and 47 cm long (two sections: 16 and 31 cm) ASH

unit (the ASH-2C) with separate, adjustable air supply to both

sections was used in all experiments. The operating variables

were: the flowrates of emulsion and air (expressed as the Q*-

dimensionless flowrate ratio Qair/Q_ater) and the underflow and the

overflow opening areas (expressed as the A'-dimensionless OF/UF

area ratio). The chemical additives were: an anionic surfactant

-- sodium dodecyl sulfate (SDS) -- at concentrations of 0, 9, 15, 30

and 50 mg/dm 3 as established from surface chemistry measurements

and a high molecular weight cationic polyelectrolyte (PE) --

copolymer of a quaternary acrylate salt and acrylamide produced by

Allied Colloids - at concentrations of 0, 0.5, 1.0, 2.0 and 5.0

3
mg/dm, as established from zeta potential measurements.
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RESULTS AND DISCUSSION

Surface Chemistry

Based on the concept of surface tension, the necessary

condition for oil spreading at the air-water interface is given in

Equation 11°z:

7al. > 7olw + 7alo (4)

where 7 -- interfacial tension, mN/m, at air-water (a/w), oil-water

(o/w), and air-oil (a/o) interfaces.

Our experimental data are presented in terms of the spreading

coefficient1°8:

So/,= 7_/_ - (7o/_+7_o) (5)

It is understood here that a positive spreading coefficient will

result in an enhanced separation of oil droplets from the emulsion

due to filming which may occur during flotation.

The spreading coefficient, calculated from Equation (2), vs.

surfactant concentration is presented in Figure 44. In the case of

pure hydrocarbons and kerosene the spreading coefficient reaches a

maximum between 15 mg/dm 3 (5,10 -5 M) and 30 mg/dm 3 (104 M) surfac-

tant concentration, with more negative values at 0.3 mg/dm 3 (104

M), and even more negative values at 300 mg/dm 3 (10 -3 M). For the

bitumen-kerosene blend the spreading coefficient was positive for

low concentrations of surfactant, and started to decrease at 3

mg/dm 3 (10 -5 M), finally reaching negative values for 300 mg/dm 3

(10 -3 M). In summary, the tendency of the kerosene-bitumen blends

to spread at the water surface is most pronounced. The different

impact of the surfactant concentration on the spreading coefficient
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for pure hydrocarbons and for the bitumen in kerosene blends is

believed to result from the contribution of natural surfactants

present in th_ tar sand bitumen. I°9

The oil filming experiments show that the time which elapsed

from the moment of oil placement at the oil/water surface to oil

spreading (i.e., the time of water film drainage), increases with

an increase of the molecular weight of the oil phase. The shortest

filming time was found, as expected, for the largest spreading

coefficient. The data presented in Figure 45 indicate that the

static drainage time remains in excellent correlation with the

spreading coefficient.

In addition to the filming characteristics of the system the

influence of the flocculant concentration on the zeta potential of

oil droplets was determined (Figure 46). The Allied Colloids

polyelectrolyte (PE) Percol 592, which previously proved to be

effective 11°,111was selected to control the zeta potential. The

required concentration of the PE to reach the isoelectric point is

different for different oils and surfactant concentrations. The

zeta potential approached zero at 1.5 mg/dm 3 and 1.0 mg/dm 3 of PE

concentration for hexadecane emulsion with and without surfactant,

respectively. For the bitumen in kerosene blend emulsion the

i.e.p, was achieved at 0.I mg/dm 3 without SDS addition -- and at 0.3

mg/dm 3 with surfactant addition. In this regard polyelectrolyte

concentrations were varied accordingly depending on surfactant

concentration for ASH testing of the hexadecane and

bitumen/kerosene emulsions.
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Qil separation by ASH Flotation.

The technological part of this research involved oil separa-

tion by ASH flotation. The emulsion flowrate was changed from 30

to 80 dm3/min, and the air flowrate -- from 30 to 280 dm3/min (which

corresponds to a range for Q" from 0.5 to 5). The ASH flotation

results for hexadecane emulsion are presented in Figures 47 and 48.

All data reported in this paper were evaluated for emulsion

flowrate 55 dm3/min and air flowrate 200 dm3/min (Q* = 3.5).

Generally oil recovery increases with an increase in the water

split to the overflow which is controlled by variation in the

underflow opening and thus A'. As was expected, the highest oil

recovery to the overflow was obtained for 30 mg/dm 3 of SDS and 2

mg/dm 3 of PE, regardless of the overflow/underflow split. The

worst result was obtained without addition of flocculant, the

presence of which is necessary to neutralize the charge on the oil

droplets and provide bubble attachment. The effect of polyelectro-

lyte addition on hexadecane recovery is shown in Figure 47 for a

constant surfactant concentration of 30 mg/dm 3. The surfactant

addition on hexadecane recovery is shown in Figure 48 for a

constant polyelectrolyte concentration of 2 mg/dm 3. It is evident

that the recovery goes through a maximum at approximately 30 mg/dm 3

SDS and 2 mg/dm 3 PE, which corresponds to the best conditions for

filming (see Figures 44 and 45) and to the i.e.p, for the system

(see Figure 46).

Another series of experiments were performed with both

chemicals (30 mg/dm 3 SDS and 2 mg/dm 3 PE) added directly to the feed
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line, using a peristaltic pump, see schematic in Figure 43. This

change in experimental set-up arose from the difficulty encountered

in maintaining the required oil concentration in the feed due to

gravity separation of oil in the storage tank after addition of

chemicals. The results of these experiments show improvement in

hexadecane recovery to the overflow by 20% (Figure 49). The

concentration of hexadecane in the feed was 240 mg/dm 3 and after a

single pass through the ASH-2C was lowered to about 60 mg/dm 3 as

presented in Table 19 (each result is the average of from three to

five runs).

Table 19. ASH flotation of hexadecane emulsion from a feed

concentration of 240 mg/dm 3, with 30 mg/dm 3 SDS and

2 mg/dm 3 PE added to a feed pipe.

Oil Concentration in

Split to OF UF OF Recovery to OF

[% ] [mg/dm 3] [mg/dm 3] [% ]

2.9 72 5876 71

4.8 68 3650 73

12.0 65 1520 76

23.0 50 876 84

The ASH flotation of hexadecane was also tested in the

recirculation condition after addition of chemicals to the storage

tank. Because of difficulties with maintaining the oil concentra-

tion at higher level due to the gravity separation, this experiment

was performed at starting concentration of 86 mg/dm 3 of hexadecane.

The flowrate conditions were identical with once-through experi-

ments; the split to overflow was 6% all the time. The results are

presented in Table 20.
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Table 20. ASH flotation of hexadecane emulsion in the recirculatioq conditions
from a feed concentration of 86 rag/din3, with 30 mcj/dm° SIS and 2
mcj/dm3 PE added to a storage tank.

Time [see] 0 5 30 60 180 420 900 1320

Feed [rag/din.z] 86 - 65 38 14 13 9 11
OF [mg/dm"_] - 225 139 - 66 52 73 -

A satisfactory result (concentration in the UF of 14 mg/dm 3)

was reached after 3 min. of recirculation. In the case of

recirculation with the emulsions of higher oil concentrations, the

process should be performed in three stages. First, addition of

chemicals and equilibration of the system. Second, the collection

of the top layer of oil after gravity separation. Third, ASH

flotation with underflow recirculation.

Finally, the ASH flotation results for emulsion of the bitumen

in kerosene blend are presented. For this oil-in-water type

emulsion, the oil phase containing 20% bitumen in kerosene is less

stable than the hexadecane in water emulsion. Experiments with the

bitumen emulsion were performed by continuous addition of chemicals

to the ASH feed pipe. The results are given in Figure 50. A

higher oil phase recovery to the overflow was achieved for

surfactant doses established from surface chemistry experiments,

namely 9 mg/dm 3 SDS and 0.5 mg/dm 3 PE. The initial concentration

for the feed was 240 mg/dm 3 and after a single pass through the ASH

the oil content was reduced to as low as 34 mg/dm 3. See Table 21

(each result is the average from three to five runs).
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Table 21. ASH flotation of bitumen/kerosene emulsion from a

feed concentration of 240 mg/dm 3, with 9 mg/dm 3 SDS

and 0.5 mg/dm 3 PE.

Oil Concentration in

Split to OF UF OF Recovery to OF
[% ] [mg/dm 3] [rag/dm 3] [% ]

3.5 65 5074 74

9.5 58 1970 78

17.0 38 1228 87

22.0 34 971 89

An increase in surfactant and polyelectrolyte concentration

lowers the recovery of oil to the overflow, because, similar to

hexadecane flotation, the conditions at the oil/water and air/water

interfaces apparently deviated from the required values. The

spreading coefficient indicates (Figure 44) that the best condition

for filming is the absence of surfactant. However, a certain

amount of frother (e.g., 9 mg/dm 3) is required to produce smaller

bubbles and a suitable froth phase with sufficient stability to

carry the oil droplets.

CONCLUSIONS

Dispersed oil flotation from emulsions in an air-sparged

hydrocyclone requires the control of several processing parameters.

These parameters include: the ASH operating conditions (air and

water flowrates as well as the size of overflow and underflow

openings) and the surface chemistry conditions at the oil/water and

the air/water interfaces as controlled by the addition of surfac-

tant and polyelectrolyte. Due to the complexity of the emulsion-
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surfactant system, optimum conditions must be determined experimen-

tally. The amount of surfactant should be established based on the

evaluation of the spreading coefficient bearing in mind the

requirements for ASH flotation. The appropriate concentration of

polyelectrolyte can be established by zeta potential measurements.

After these surface chemistry experiments the best conditions for

ASH flotation can be estimated. It was shown, that the performance

of the ASH system for dispersed oil flotation is significantly

dependent on the tendency of oil to film at the air bubble surface.

The results of this phase of our research have been very

promising. Separation efficiency between 80 to 90% is possible,

the exact value depends on the oil type and composition. The

manner in which the ASH flotation system is operated depends on the

quality of the underflow water desired. Given the present design

considerations, in order to achieve an underflow product containing

less than i0 mg/dm 3 of oil from a feed of about 200 mg/dm 3, two to

four-stages of ASH flotation or the equivalent in underflow recycle

will be required.

FUTURE ACTIVITIES

The promising results of the presented research encourage us

to investigate the ASH oil flotation in more details. Especially

the properties such as the stability and susceptibility to chemical

change of the oil/water interface shall be examined in detail. For

all those experiments the influence of those emulsion properties on

oil separation from oil-in-water emulsion should be the main

objective.
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Further attention will be given to the influence of chemicals

on the air/water interface properties and on the size distribution

of gas bubbles generated in the hydrocyclone. Other variables

influencing the bubble size distribution which need to be studied

are: the emulsion and the air flowrates, and the dimensions of the

ASH (diameter, length, froth pedestal and vortex finder cross

section area).
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UNDERGROUND HOT WATER PROCESSING OF TAR SANDS

INTRODUCTION

Only a small fraction of known tar sand reserves is amenable

for open pit mining. In this regard, there is a continuing search

for new bitumen recovery techniques which would allow exploitation

of these vast Utah tar sand deposits. Up till now, conventional

in-situ recovery methods (fire flood, steam injection or microemul-

sion injection) have proved to be inefficient or impractical,

mainly due to the high bitumen viscosity of Utah tar sands. 112 Some

success has been reported for the lower viscosity tar sands of

Canada. For example, an in-situ method for the Athabasca tar

sands, the steam-assisted gravity drainage (SAGD) method, ha_ shown

great potential at the AOSTRA-operated Underground Test Facili-

ty. 112'113 This method may not be suitable for major US tar sands due

to the bitumen viscosity, which is several orders of magnitude

greater than that of the Alberta bitumen. Another factor which

would limit the application of SAGD is the much lower porosity of

the Utah tar sand, and usually much smaller thickness of the tar

sand seam. See reference 114 and the section on tar sand porosity in

this Report.

Hydraulic mining may be another method for bitumen recovery

from these U.S. deposits. The outstanding potential of hydraulic

extraction and transport, and the characteristic features such as:

virtual tool wear elimination, flexibility in the size, shape, and

orientation of the deposit that can be mined, remote control,

simplicity and reliability, have been indicated in the litera-
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ture. 115 A manless mining technique, known as the hydraulic

borehole mining, may be of particular interest for tar sand

underground mining. In fact, the feasibility of underground

slurrying carried out by a single borehole drilled from the surface

to the deposit was also demonstrated for California tar sand. 116

The objective of our new initiative on the underground bitumen

separation from tar sand is the development of a novel technology

which would allow successful underground bitumen displacement from

sand and pumping to the surface only the bitumen concentrate for

further processing and recycle of the aqueous phase. In the

upcoming research effort, the U/U water-based process for bitumen

recovery from tar sands will be evaluated with regard to the

possibility of underground slurrying and subsequent bitumen

recovery by gravity separation. The recovery technique proposed in

this section differs from conventional in-situ techniques and

therefore will be termed underground processing.

BOREHOLE MINING OF TAR SANDS

Borehole mining was proposed over half a century ago, but its

application to tar sands was considered much later, in the

seventies and eighties. 11z'118 The method involves fragmentation of

the ore by the water jet, formed by a tool lowered through a single

borehole drilled from the surface to the deposit, and subsequent

lifting of the slurry to the surface. The nozzles of the mining

tool operate at 6.106 Pa and more than 400 gpm to create the water

jets. The resulting slurry contains 30 to 45 percent solids. One

thousand short tons of oil sands were mined in Kern County,
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California, from two holes at the average rate of 14 st/h from a

depth of ii0 to 150 ft in 1979. 116 What is worth mentioning, in

contrast to conventional mining methods, preparations preceding

production are limited to a minimum for borehole mining.

Borehole mining causes minimal disruption to the environment.

No overburden removal or permanent tailings stockpiling takes

place, because the tailings can be backfilled to the borehole

cavity.

The Bureau of Mines borehole mining system is presented on the

self-explanatory schematic in Figure 51. More details are

available in reference. 116 The borehole mining field tests

demonstrated the technic_l feasibility of the remote extraction of

oil sands through boreholes, but the rates at which the ore was

produced was too low for commercial viability. The test

demonstrated the need for developing borehole mining equipment that

would allow higher productivity. Backfilling of the borehole-mined

cavities by horizontal, underwater jetting of slurry into the

cavities was proven to be feasible. Environmental monitoring for

groundwater pollution and subsidence conducted during mining tests

indicated the virtual absence of both phenomena. Unfortunately, no

attention was given to processing the slurry and to the recovery of

a bitumen concentrate. In this regard, our current initiative has

been undertaken.

CONCEPT DEVELOPMENT FOR UNDERGROUND PROCESSING

Originally, the underground processing was considered in terms

of underground diluent pretreatment and digestion followed by
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lifting and further processing digested tar sand slurry at the

surface. Later it was decided that only the bitumen concentrate

and the process water need to be pumped to the surface, while the

tailings advantageously may remain underground. Our approach is

based on the following postulates, in view of previous experience

in the surface processing of tar sands:

i) In order to save energy, the processing temperature should not

exceed 50°C, unless the inherent temperature of the deposit is

greater than 50°C. It has already been demonstrated that the

processing temperature can be lowered if diluent is added to

the tar sand prior tar sand contact with the aqueous phase. 119

2) Bitumen separation from sand should be accomplished at a low

shear which can be obtained by the action of the water jet,

and subsequent suspension transport and injection of steam and

air. Any kind cf agitation should aid the release of bitumen

drops entrapped in tailings. Ideally, the air (or gas) should

be intercepted by bitumen resulting in an increase in the

buoyancy of the bitumen concentrate. Bitumen disengagement

and displacement from sand may be enhanced if the tar sand is

conditioned in an alkaline solution. 12°

3) The bitumen concentrate will be recovered from the digested

tar sand slurry by gravity separation. At favorable

conditions more than 70% of bitumen is expected to be recov-

ered by gravity separation and a 90% grade bitumen concentrate

(dry basis) can be expected. See the section of this Report

on the new separation cell.
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4) A significant part of the water with dissolved alkalis will be

recovered and reused. Process water recycle benefits bitumen

separation from sand. 121

The concept and the sequence of the processing steps are

presented in Figure 52. The first step involves drilling,

exploration, sampling and characterization for tar sand porosity,

bitumen content and bitumen viscosity. Diluent alone, or saturated

under pressure with CO2, is forced into the deposit in order to

achieve as favorable a bitumen-diluent ratio as possible. 114 in

order to avoid diluent loss the penetration zone should correspond

to the limits of the cavity. See Figure 52 B and C. Borehole

mining of the first cavity will require lifting part or all of the

slurry to the surface. In such a case the separation cell,

described in a preceding section of this report, can be applied to

continuously treat the slurry as it is removed from the cavity.

The railings will have to be stored temporarily in a PE lined pond.

If an empty cavity is available the mined slurry can be directed to

it for the separation of phases and for the recycle of the process

water, see Figure 52 D. Stagnant conditioning of the tar sand

slurry may enhance the bitumen separation. The final agitation can

be provided by a circulating pump or by steam/air injection. The

bitumen concentrate and the process water are recovered in the next

step. The mined-out cavity will be backfilled with tailings to

alleviate environmental problems and minimize ground subsidence, as

shown in Figure 52E.
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The technical feasibility of these steps will have to examined

in the forthcoming research effort. Tar sands composed of sharp-

edged mineral grains (sharp sands) may exhibit higher resistance to

ablation with the water stream than the round sands. Sand

characterization with respect to its shape and sphericity will be

another parameter to be determined beside the tar sand tensile

strength. The impact of microstructure, composition, and origin on

the efficiency of ablation of oil sand samples under the influence

of water jets should be studied using the successful experimental

technique used for the Athabasca tar sands. 122 The influence of

bitumen saturation with CO 2 and subsequent gas release with the

formation of a separate phase (i.e., bubbles) during digestion and

gravity separation needs extensive study. In the current year, the

influence of tar sand conditioning in an alkaline solution on the

efficiency of the hot water process was examined and is described

in the following paragraphs.

EXPERIMENTAL PROCEDURE

The influence of tar sand conditioning in an alkaline solution

was examined in large-scale experiments. In the standard case 20

kg tar sand (5 cm max. size) samples were sprayed with 400 cc

kerosene (15 wt.% kerosene with respect to bitumen content) and 24

hours pretreatment time was provided for the diluent to penetrate

the tar sand. In some cases 6.7 L of water with 20 g of sodium

carbonate and I0 g of sodium tripolyphosphate was added to the

pretreated tar sand (75 wt.% tar sand during digestion), and the

mixture was left stagnant for one week in a water bath at 53±2°C.
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These procedures for sample preparation are referred to as one week

preconditioning and standard condition.

In one set of experiments a small cement mixer (32" max. dia.,

33 rpm) was used for digestion in the rotating drum. The tar sand

preconditioned in the alkaline solution for one week was simply

transferred to the cement mixer and conditioned for 5 min. In the

case of the tar sand sample which was only pretreated with

kerosene, water with alkalies was put directly into the cement

mixer. In both cases after digestion the slurry was discharged to

a container with I0 L of warm water (resulting in 55 weight percent

tar sand for gravity separation) and the bitumen concentrate was

skimmed from the surface. The tailings were then shortly agitated

with steam in order to liberate residual bitumen trapped in sand,

which increased the tailings temperature from 50°C to 72-74°C.

Bitumen skimmed after steam agitation was collected in a separate

container.

Another set of experiments was carried out in a baffled

stirred tank as the digester (double blade stirrer, 900 rpm) using

identically prepared feed and the same experimental conditions as

before. The maximum shear force attained in the stirred tank

reactor was estimated to be I0 dynes/cm 2 while the shear force in

the cement mixer was estimated to be an order of magnitude smaller.

All bitumen concentrates were analyzed with respect to their

composition in the Dean-Stark apparatus after three days of tar

sand processing to allow coarse water droplets to separate from the

bitumen concentrate. The remaining water was highly emulsified.
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RESULTS AND DISCUSSION

The tar sand digestion/separation experiments were performed

for both feeds (i.e., for the one week preconditioned sample and

for the standard sample) at two different digestion temperatures.

One temperature was below the critical temperature as dictated by

bitumen viscosity. The other temperature was at the desired level.

Additionally, it should be noted that each digester provides a

different amount of mechanical energy which is dissipated into the

slurry during digestion.

The processing results are presented in Table 22. Very high

bitumen recoveries and grades were obtained in all experiments when

the critical temperature was met, i.e. the bitumen viscosity during

processing was below 1.5 Pa.s. For the Asphalt Ridge tar sand

sample one week conditioning in the alkaline solution improved the

process efficiency. Higher sand content in the first gravity

concentrate probably resulted from the transfer of the digested

slurry through the forming bitumen concentrate layer in the

receiving container. Unlike the stirred tank reactor allowing fast
i

bottom discharge of a well mixed digested tar sand slurry, the

discharge from the cement mixer allowed for sand entrapment during

formation of the bitumen layer in the receiving tank.

The experiments confirmed that the cement mixer supplying less

turbulence during digestion, which means cost effectiveness due to

energy saving, provided equal separation yield and a bitumen

concentrate containing much less finely dispersed water.
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Table 18. Hot Water Digestion of Diluent Pretreated Asphalt Ridge Tar Sand

Bitumen Recovery to Water Content in Sand Content in

Gravity Bitumen Gravity Bitumen Gravity

Concentrate [wt.%] Concentrate [wt.%] C_te [wt.%]

Processing Digestion
Conditions Temperature GMS" SA" Total GMS" SA" GMS" SA °

[°C]

Rotating Drum
one week L

preconditioning 46 55 21 76 20 30 6.9 3.5
58 79 20 99 17 28 3.4 3.0

standard condition 45 52 25 77 17 25 9.5 3.4
58 83 16 99 21 27 4.6 2.5

Stirred Tank Reactor

one week

preconditioning _ - - 99 29 - 1.9

standard condition 58 - - 99 34 - 2.4 -

" GMS -- first gravity concentrate obtained with only gentle manual stirring of the digested

slurry, SA -- second gravity concentrate obtained with steam agitation
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CONCLUSIONS

Considering surface chemistry principles and hydrodynamic

features, successful bitumen recovery from diluent-treated Utah tar

sands provides the possibility for underground processing if an

adequate tar sand rubbling technique can be developed. Conceptual

processing steps have been presented, and a laboratory experimental

program has been initiated. At this point it has been concluded

that the underground processing concept has merit and further study

is justified. If successful, such a process could be less

expensive and would greatly lessen the environmental problems of

land reclamation. Appropriate bitumen dilution prior slurrying

will have a crucial impact on bitumen recovery.

FUTURE ACTIVITIES

The technical feasibility of the proposed steps for the

underground processing will be evaluated using laboratory

techniques. Tar sand composition and microstructure should be

correlated with the ablation efficiency using water jet streams.

Tar sand characterization with respect to tensile strength and sand

grains shape and sphericity will be determined. Finally, the

influence of bitumen saturation with CO2 and subsequent gas release

with the formation of a separate phase (i.e., bubbles) during

digestion and gravity separation will be studied.
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EXTRACTION OF BITUMEN FROM WESTERN OIL SANDS BY AN
ENERGY-EFFICIENT THERMAL METHOD

Principal Investigator: J.D. Seader
Post-doctoral student: S.Y. Lee
Graduate student: C.J. Coronella

INTRODUCTION

During the year ending July 1992, significant progress was

accomplished in the development of an energy-efficient process for

the extraction of cracked bitumen from tar sands by a thermal

method. The process and apparatus described below involves

advanced technology based on the use of thermally coupled fluidized

beds. The cracked bitumen, following hydrotreating for removal of

nitrogen and sulfur, is a high-grade synthetic crude oil. The

process is characterized by the absence of a need to provide

process water or solvents and does not require the recycle of large

amounts of sand.

The extraction equipment, shown in Figure 53, consists of a

vessel segregated into a pyrolysis reaction zone, a first-stage

combustion zone, and a second-stage combustion zone. Each zone

operates as a fluidized-bed reactor. Tar sand feed at ambient

temperature and pressure is fed by a conveyor from a hopper down

into the pyrolysis reactor, which operates at 450-525°C and where

bitumen is thermally cracked to about 80 weight percent vapor and

20 weight percent coke that remains deposited on the sand

particles. The vapor is sent to a condensing system, where almost

90 weight percent of the vapor is condensed to oil. The coked sand

flows downward to the first-stage combustion reactor, where
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approximately 90% of the coke is combusted with air or oxygen-

enriched air at 550-600°C. The heat of combustion is transferred

to the pyrolysis zone by heat pipes. The remaining coke is

combusted adiabatically with air in the second-stage combustion

zone. Energy remaining in the sand is used to preheat the

combustion air and produce steam from boiler feed water. The clean

sand can be returned to the environment or used for other purposes,

such as for drilling or for making glass.

In other fluidized-bed thermal processes for extraction of

bitumen from tar sands, energy requirements in the pyrolysis zone,

including preheating of tar sands and heat of pyrolysis, are

provided by recycling large amounts of hot sand from the combustion

zone to the pyrolysis zone, with recycle ratios of 4-to-I being

typical. In the process being developed here, sand recycle is

eliminated by transferring the heat between the two zones with heat

pipes, which are closed tubes that contain a heat transfer medium

that boils at the lower end and condenses at the upper end. Heat

pipes can transfer heat at extremely high rates so that the pipes

operate almost isothermally.

In large-scale applications of the process, a large number of

heat pipes would be provided for transferring the thermal energy

from the first-stage combustion zone to the pyrolysis zone. The

equipment may also include additional heat exchangers for heating

the incoming combustion air for the combustion zone and cooling the

sand. The combustion air serves as the fluidizing medium for the

fluidized bed reactors of the combustion zones while flue gasesI
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from the combustion zone can serve as the fluidizing medium for the
I

fluidized bed reactor of the pyrolysis zone. Alternatively,

recycled light hydrocarbon gases produced from the bitumen and/or

steam may be used to fluidize the pyrolysis zone.

Two experimental studies were completed during the year ending

July, 1992. The first study was directed at the determination of

the extent and mechanism of erosion and corrosion of the vertical

heat pipes in the fluidized beds. The second study involved the

determination of the effect of the vertical heat pipes on the

minimum slugging velocity in the fluidized beds, since it is

important to operate the beds in the bubbling regime.

Erosion and Corrosion

Metal wastage of heat transfer tubes in fluidized-bed

combustors (FBC) has recently emerged as a potentially serious

problem that affects the commercialization of FBC technology for

various applications, as discussed by Anderson et al. 123. Since

most combustors are operated at high temperatures and the

combustion gases are oxidizing agents, the wastage process might

involve two mechanisms: (I) erosion - metal loss caused by mechani-

cal action resulting from impingement of solid particles and (2)

corrosion - tube surface deterioration caused by chemical action

due to oxidation at high temperature. Even though metal wastage in

fluidized-bed combustors could be caused by erosion and corrosion,

previous studies have concentrated mainly on erosion of metals.

For example, Dennis, Zhu et al.12s, MacAdam and Stringer 126, and Zhu

et al. 12z studied erosion of metals in fluidized beds by conducting
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experiments at room temperature to minimize the influence of

corrosion. Only the studies by Wright et al. 128, Levy et al. 129, and

Stott et al. 13° have involved the combined erosion-corrosion

behavior of metals at elevated temperatures. Questions regarding

whether wear in fluidized bed combustors is caused by an erosion or

corrosion mechanism or a combination of the two mechanisms still

exist, as discussed by Gansley and O'Brien 131.

The effect of increasing temperature in conjunction with

corrosion on wear of metals in fluidized beds has been studied in

the last few years. Levy et ai.129, who investigated the wear of

1018 steel by particles in circulating fluidized-bed combustors,

observed a large increase in the metal wastage for temperatures

from 450 to 650_. On the other hand, Smeltzer et al. 132 reported

a decrease in the wear rate of type 410 SS (stainless steel) with

increasing temperature in the range of 25 to 370t. In addition to

the above two trends, other researchers, including Young and Ruff 133

and Stott et ai.13°, observed that the oxide scales formed by

corrosion of steels at high temperatures could either enhance or

inhibit erosion leading to higher or lower wear rate, respectively,

depending on the operating conditions. In view of all these

studies, it is evident that the erosion-corrosion behavior of

metals in FBC is so complex that generalization on the basis of

any particular research results could lead to erroneous

conclusions.

Extensive research has been conducted at the University of

Utah to develop a two-stage, thermally coupled fluidized-bed
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processing system for energy-efficient conversion of tar sands to

synthetic crude oil, as discussed by Oblad et al, 134 and Coronella

and Seader 13s. In an experimental laboratory model of the system,

three vertical immersed heat pipes, with liquid potassium as the

working fluid, are used to transfer excess heat from a lower

fluidized-bed combustion reactor to the upper fluidized-bed

pyrolysis reactor. A primary concern is the wear of the heat pipes

under continuously operating conditions. Because small changes in
I

operating conditions can produce extremely large variations of

wastage behavior and because most previous studies, e.g. Levy et

ai.129 and Stott et ai.13°, used relatively high gas velocities

typical of circulating fluidized beds, the wear-test results

reported in the literature may not be applicable to our system,

which typically operates in the bubbling regime. Therefore, the

objective of this study was to investigate the influences of

operating parameters on in-bed metal wastage, especially for

fluidized beds operated in the bubbling regime as expected for

commercial operation. Although the heat pipes in our system are

installed vertically, some tests were also performed with a

horizontal orientation.

MiDimum Slugqing Velocity

In order to properly scale-up a fluidized-bed reactor, it is

necessary to identify the regime in which it operates. Certainly,

all hope of successful scale-up must be abandoned if no attempt is

made to operate both large and small reactors in the same regime.

At the operating conditions under consideration in the research
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reported here, only the bubbling and slugging regimes need to be

considered.

Briefly, the bubbling regime is characterized by the passage

of small bubbles, growing by coalescence, throughout the height of

the bed. In a slugging bed, the bubble size has grown to some

maximum size, directly proportional to the bed diameter, with

different values for this constant of proportionality being given

by different authors. The rate at which the bubbles pass through

a slugging bed is significantly reduced, compared to that in a

bubbling bed. Since the bubbles (slugs) have grown to a maximum

and relatively uniform size, they pass through the bed essentially

at a single, characteristic frequency. More detailed descriptions

of these and other regimes possible in a fluidized bed are given by

Clift I_ and Wen 137.

There is widespread disagreement in the literature in

predicting um, the superficial gas velocity above which a bubbling

bed becomes a slugging bed. Let us consider as an example a 10-cm

diameter bed of sand, with an average particle size of 165 mm

diameter, fluidized by air at 25t and 1 atm. Four correlations

from the literature predicting the onset of the slugging regime in

an open bed, i.e., one without internal solid parts, as a function

of Lmf, the bed height at minimum fluidization, are shown in Figure

54. For the sake of illustrative comparison, Umf is also shown.

The correlation given by Broadhurst and Becker 138 predicts a lower

value for um than the others. Stewart and Davidson 139 did not

consider the effect of bed depth in their work. However, for a bed
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deeper than about 0.7 m, Darton et al. 14° and Baeyens and Geldart 141

confirm the following correlation given by Stewart and

Davidson139:

um = u,_ + 0.07(gDb) 0"s (6)

Thus, except for Broadhurst and Becket, there is accord in

predicting um for deep beds (with a height-to-diameter ratio

greater than 7) among the different groups of workers. However,

there is little consensus regarding um in shallow beds.

Apparently, one cause of the disagreement in the curves of Figure

54 lies in the definition of the bubbling and slugging regimes.

Thus, the issue of slugging is perplexing, since each investigator

has chosen different experimental criteria to differentiate between

the two regimes.

Many studies have been presented regarding the effects on

fluidization of fixed internal objects, typically horizontal heat-

exchanger tubes. It is widely acknowledged that fluidization and,

hence, fluidization regime can be affected by the presence of

internal objects within a bed 14z'146. It is usually said that a

network of horizontal tubes within a bed either inhibits bubble

growth or breaks up large bubbles. Thus, the transition from the

bubbling to the slugging regime is shifted to a higher gas

velocity. However, no investigation has quantitatively described

the effect of vertical tubes, as used in fluidized beds for bitumen

recovery from tar sands. Conseq.ently, the goal of this study was

to quantitatively determine the influence of vertical tubes upon

the regime of fluidization within a bed.
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Several experimental methods have been employed to identify

the regime of fluidization. A pressure probe offers the simplest

nonintruslve device for studying properties of fluidized beds in an

objective fashion. To prevent the probe from interfering with the

fluid dynamics, most researchers prefer to place the probe flush

against the reactor wall 147. However, it has been shown recently

that meaningful pressure-fluctuation data may be obtained from a

probe placed below the distributor in the plenum chamber 148,149.

The phenomenon of pressure fluctuations induced by bubble

eruptions can be described as follows 141. A gas bubble erupting at

the surface of a fluidized bed projects particles into the

freeboard region, resulting in a reduction of pressure drop. This

can be attributed to the reduced height of dense bed which the

fluidizing gas must pass through. Thus, pressure below the surface

of the bed is reduced for the period of time that particles are in

the freeboard. As the particles subsequently fall back into the

bed, pressure in the bed is increased by the larger pressure drop

across the dense region. Thus, each bubble or slug erupting at the

surface causes a pressure fluctuation. These fluctuations may be

masked by other pressure-related phenomena, including overlapping

bubble eruptions, bubble coalescence within a bed, and bubble

formation at the gas distributor.

Broadhurst and Becket 15° proposed the method of studying the

power spectral density function (PSDF) of the pressure fluctuations

for describing the fluidization quality. Spectral analysis is a

powerful tool used to study data taken in the time domain for the
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purpose of examining a specific phenomenon of interest, when it

might not otherwise be easily isolated, due to the presence of

noise or other signals. The PSDF identifies the frequencies

present in a signal, and assigns to each a power, which is

indicative of the relative strength of that frequency in the

signal. In other words, the PSDF of a true periodic function has

a peak at the frequency of periodicity, and has zero power at all

other frequencies. Individual physical phenomena can be studied by

identifying distinct frequencies dominant in a particular signal

and attributing each to the relevant mechanisms. Hence, a spectral

analysis of the pressure fluctuations is useful for the purpose of

studying the bubble eruption phenomenon.

EXPERIMENTAL

E_rosion and Corrosion

Wear experiments were performed in a 309 SS fluidized-bed test

unit having a diameter of 10.8 cm and a height of 140 cm, as shown

in Figure 55. Silica sand ('99 % quartz) was chosen as the bed

material in this study because it is typical of the major

constituent of tar sands and is believed to be primarily

responsible for any metal wear. The average sand-particle size,

computed from a geometric average, was 153 microns, and more than

90% by weight of the sand fell into the range 124 to 297 microns.

The sand-particle shape factor was found to be 0.7 by the method of

Casal et al. 151. A differentia] pressure gauge was used to monitor

bed level, which was maintained constant by adding suitable amounts

of sand as required during a run to replace any losses due to
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entrainment.

Most tests were conducted with air as the fluidizing agent at

superficial velocities of 0.07-0.37 m/s. The air was fed to a gas

distributor consisting of a perforated steel plate of 0.16-cm

thickness with 0.l-cm-diameter holes at a center-to-center hole

spacing of 1 cm. When in operation, air first passed through a

preheater and then entered the bed via the distributor, flowing

upward through the bed towards the exhaust at the top, where it

passed through a cyclone that collected fines elutriated from the

bed. A relatively high rate of formation of fines was observed

during the first 24 hours of fluidization (i.e., nearly 5% of the

initial weight), due probably to the loss of sharp corners and

edges of the silica sand by particle attrition. After a period of

two weeks of operation, the overall weight loss of the silica sand

was less than 8% corresponding to less than a 4% decrease in

average particle size. A 1.5 kW external furnace was used to

accurately control the temperature of the test unit. Wear tests

were conducted under different conditions of gas velocity,

temperature, rod orientation, and rod metal. To test the effect

of gas composition, tests were conducted on beds fluidized by air

and by nitrogen of 99.95% purity.

Solid metal rods of 0.64-cm diameter were used to simulate the

heat pipes. The rods tested were mounted on six equally spaced

sample holders, 3.6 cm center-to-center, hanging from the top head

of the fluidized bed. As shown in Figure 56, the metal rods were

mounted in either a vertical or horizontal configuration with
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!
lengths of 18 and 6 cm, respectively. For the vertical

orientation, six metal rods were tested simultaneously with the

bottoms of the rods located approximately 5 cm above the

distributor plate. Three metal rods, located about 5, 14, and 23

cm, respectively, above the distributor plate, were used for the

horizontal-orientation tests. For all test runs, the metal rods

were fully immersed in a bed of silica sand of a 35-cm depth under

static conditions. Most wear rates were determined based on the

weight loss occurring during an approximately 336-hour (2-week)

continuous operation. Following each test run, the weight loss of

each rod was measured with a Denver Instruments scale accurate to

0.i mg and its wear rate was then determined based on the average

weight loss of all the metal rods tested. The average weight loss

was typically in the range of 3 to 20 mg relative to the initial

weight of approximately 44.5 gram.

It was observed that the vertical rods in the fluidized bed

did not wear uniformly and their wear rates were affected by the

rod location. Large variations were obtained when using low gas

velocities whereas relatively uniform wear was observed under high

gas velocity. It is believed that the hydrodynamics of the

fluidized bed is more prone to stable flow patterns with minimum

friction resistance under the condition of low gas flow rate, as

opposed to a random, well-mixed bed under the condition of high gas

flow rate. The relative standard deviations of the measured wear

rates varied from 6 to 14 percent. Duplicated wear tests with

identical materials and under identical conditions showed wear

240



rates to be consistent within +12%. The average results used in

this study actually reduced uncertainty associated with

preferential bubble paths and uneven fluidization and eventually

improved statistical accuracy.

Minimum Sluaaina Velocity

Table 23 shows the experimentally determined physical

parameters of the sand used in minimum slugging velocity study.

Particle diameter was taken as the harmonic average. Particle

shape factor was found by a standard method 151, and minimum

fluidization velocity was found by the usual method of plotting

fluidizing gas velocity vs. pressure drop, and fitting two lines,

the intersection of which gives umf.

As shown in Figure 57, the study was conducted using a

cylindrical glass reactor, with an inside diameter of 10.2 cm and

height of 170 cm. The distributor was made of sintered steel 0.32

cm thick. Three 1.9-cm aluminum rods, mounted on a triangular

pitch, were inserted in the bed to simulate the presence of the

vertical heat pipes. The center-to-center spacing was 5.2 cm and

the rods extended down to 1.3 cm above the distributor. The rods

hung from the top lid, and were supported by a triangular brace

welded to each at about the midsection of their length to prevent

horizontal motion during the experiments. Pressure taps were

located at the top of the column by the gas exit line and in the

plenum chamber, below the distributor. The volume of the plenum

chamber was 3350 cm 3.

I

The data-acquisition system that recorded the pressure-drop
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Table 23

Characteristics of the sand used in the fluidization studies

Mean dp 165 mm

umf O. 04 04 m/s
rs 2580 kg/m3

0.49

s 0.90
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data is capable of measuring pressures between 0 and 21 kPa at a

rate of 19 Hz. Although this rate of data sampling is apparently

slow compared to the rate previous investigators have used (as high

as i00 Hz), several research groups have shown this rate to be

adequate 147,149.The only limitation to this slower sampling rate is

that no information can be gleaned about frequencies greater than

the Nyquist frequency, 9.5 Hz in this system. It has been shown 152

that all meaningful frequencies in the bubbling system are well

within the range that can be measured accurately by our system.

The procedure used for a given amount of sand in the bed was

straight forward. A predetermined amount of sand was put in the

bed and the bed was fluidized at a gas rate high enough to ensure

vigorous bubbling. Then the air flow was slowly reduced, over the

period of about a minute, to zero, after which the settled bed

height was measured. This was done to ensure consistency in the

height measurement. For each of several gas flow rates, starting

with the largest, and finishing with the smallest, the pressure-

drop data were recorded 500 times, the gas flow rate was recorded,

and visual observations of the bed were made, as described below.

This procedure was repeated several times with different amounts of

sand in the bed. Then the apparatus made of three aluminum rods

was inserted into the bed, and the entire procedure was repeated.

Visual observations of the fluidization regime were classified

as follows: If bubbles were visible along the length of the

column, and the diameter of the bubbles erupting on the surface was

obviously less than the bed diameter, and the height of the bed was
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relatively constant, then the bed was said to be in the bubbling

regime. The bed was said to be in the slugging regime when bubbles

were visible along the entire length of the column, and when at

some point along the column bubbles appeared to span the width of

the column or when the level of the bed fluctuated widely. If the

bed was not clearly operating in either regime, then this also was

recorded. Thus, a crude estimate of um was established by

bracketing the value between a lower and an upper estimate, based

on visual observation alone.

Power spectra of the data were computed offline in order to

study the frequency of bubble or slug eruption. To prevent the

signal from being dominated by a peak at a frequency of zero, the

mean value was subtracted from each collection of 500 data points

before processing. The versatile algorithm for computing the PSDF

by the fast Fourier transform algorithm (FFT) 153 was used for the

computations. The power spectra were computed at Nr=32 different

frequencies. Detail about the theory and applications of spectral

functions is available in textbooks 154.

It is widely recognized that beds of large particles (Group D)

slug at a single dominant frequency. This is reflected in the PSDF

by one, or at most, two peak frequencies. This is typical of so-

called square-nose slugging 155, which is characterized by nearly

square slugs of gas rising through the bed. Slugging beds of

smaller Group B particles, however, are characterized by less

orderly slugs. Although it is recognized that slugging in large-

particle systems (Group D particles) is more likely to have a PSDF

245



with an easily identified dominant frequency 155, it will be shown

below that this method can indeed be used to extract useful

information from smaller-particle systems (Group B particles).

RESULTS AND DISCUSSION

_ros_on and Corrosion

Duration of run. As many as three successive runs of

approximately two-weeks duration each were made with the same rods

to better determine the characteristics of the wear process as a

function of time. The experimental results of two 1000-hour-total

wear tests using six 316 SS rods mounted vertically are given in

Figure 58 for superficial gas velocities, U, of 0.133 and 0.266 m/s

and an operating temperature of 500C. As shown in Figure 58, the

cumulative weight loss increases with time of exposure. A higher

superficial gas velocity causes a larger weight loss, implying that

metal wear as a result of erosion may be significant.

The wear rate can be calculated based on the weight loss per

unit time, i.e., from the slopes of the cumulative-weight-loss

curves. Figure 58 shows that at first the wear rate (or slope)

decreases with time, but then seems to tend towards a constant

value after about 400 hours of operation. Therefore, it was

assumed that a steady wear rate is achieved after about two weeks

of operation. Initial wear rate is herein defined as wear rate

calculated on the basis of weight loss in the first two-week

period. The initial wear rates calculated from Figure 58 are 1.27

and 1.99 nm of rod depth (in the radial direction) per hour for gas

superficial velocities of 0.133 and 0.266 m/s, respectively, while
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the corresponding steady wear rates are 0.73 and 1.16 nm/hr,

respectively.

Even though the more angular particles tend to cause higher

wear rate, as found by Zhu et a1.125, and particles in fluidized

beds gradually becomes rounded with operation time, the differences

in the initial and the corresponding steady-state wear rates

observed herein can not be attributed to the different erosive

properties of angular and rounded silica sands. This is because

the silica sand was replaced by fresh sand every two weeks in the

1000-hour tests. It is likely that the wear process of the 316 SS

rods is dominated by abrasive erosion as a result of low drag

forces of the slowly-moving particles sliding along the metal

surface, as shown by Tucker 156 and Hutchings 157. Accordingly, the

wear of the 316 SS rods in the fluidized bed is caused mainly by

low-energy stresses, which is very similar to particle attrition,

as discussed by Shamlou et al. 158. Thus, the differences in the

initial and steady-state wear rates could be due to the changes in

the abrasive properties of the metal rods. It is postulated that

the higher initial wear rate is caused by preferential abrasion of

the edges at the bottom of the vertical rods, because this region

is more susceptible to low-energy stresses. As the edges became

less angular with operation time, the wear rate gradually decreased

and then eventually reached a constant value. Levy et al. 129 found

that less than 5 hours of operation was long enough to achieve

steady state conditions at a particle velocity of 20 m/s and the

period required to achieve a steady-state loss rate increased with
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decreasing particle velocity. Since our wear tests were conducted

at lower gas velocities and the removal rate of the edgez and

corners of the metal rods was slower, a longer period of operation

was required to achieve the steady-state. Consequently, it is

believed that the time required to achieve a steady-state wear rate

is strongly dependent on the severity of test conditions.

For commercial applications, steady wear rate is of more

concern than initial wear rate. Based on the steady wear rate at

500t and a superficial gas velocity of 0.266 m/s, a heat pipe with

an 0.165-cm wall thickness would require more than 150 years to

wear through provided that wear is evenly distributed around all

surface area. Regardless of the significance of the steady-state

wear rate, it is very time-consuming to obtain a steady-state wear

rate datum (i.e., 45 days). Instead, the initial 14-day wear rate

was used to investigate the influence of process variables on wear.

Even though these two wear rates are not the same, the ratios of

initial wear rate to steady wear rate were found to be

approximately the same, based on the data shown in Figure 58.

Thus, it was presumed that conclusions based on initial wear rate

are indicative of the steady-state wear rate.

Fluidizinq velocity

Metal wastage in a fluidized bed operated at room temperature

is mainly caused by the impact forces of particles, which are

carried upwards in the wake region behind rising bubbles, as shown

by Yates 159. Thus, wear rate might be correlated to the excess

energy of fluidizing gas above its minimum fluidization value, Umf.
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Accordingly, the effect of fluidizing-gas velocity on the wear rate

is illustrated by plotting initial wear rate vs. excess gas

velocity (U-Umf) , as shown in Figure 59 for temperatures of 25 and

500t. In these tests, the 316 SS rods were mounted in a vertical

orientation and the minimum fluidization velocities, U,f, were

calculated by the relationship between the Archimedes number and

Reynolds number, as discussed by Geldart I_, which showed agreement

with those determined by experiments within ±8%. As might be

expected, the wear rate increases with increasing excess gas

velocity due to deeper plowing and gouging of the metal surface by

the silica sand on the 316 SS rods. The wear rate at 500C is much

higher than that at 25C for all excess gas velocities, signifying

that temperature has a large effect on the wear rate. As the

temperature is increased the effect of gas velocity is much more

pronounced.

As can be seen in Figure 59, there is essentially no wear when

excess gas velocity (U-Um_) approaches zero. Thus, the threshold

gas velocity, below which no wear can be detected, of the system

investigated here can be assumed to be minimum fluidization

velocity. When the fluidizing gas velocity is lower than the

minimum fluidization velocity, the test unit would be operated in

the fixed-bed mode without particle movement and then there would

De negligible wear of the metal rods. At gas velocities above this

threshold, the wear rate (R) of the metal rods may be described by

an equation of the form

R a (U - Urn,)" (7)
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The wear rate at 500_, shown in Figure 59 is proportional to

excess gas velocity but is less sensitive at relatively high

velocities. This result is not in agreement with that reported by

Zhu et al 125 who found that wear rate of metals at room

temperature increased rapidly with superficial gas velocity and was

more pronounced at high velocities. This discrepancy could be due

to different test temperatures, because their wear tests were

conducted at room temperature and only erosion of metals was of

concern, whereas the wear process investigated in this study might

involve erosion combined with corrosion under high-temperature test

conditions• In our tests, we found essentially negligible wear of

the metal rods at 25C, but, as shown in Figure 59, the wear rate

does appear to be increasing flster at the higher excess gas

velocity.

Most theoretical studies for erosion of metals in fluidized

beds, e.g. Gansley and O'Brien 161, are based on the erosion model

of Finnie 162,which predicts erosion due to particle motion combined

with an appropriate hydrodynamic model describing the particle

motion induced by bubbles. Finnie and McFadden 163predict that the

erosion rate increases with particle impact velocity raised to the

power 2.0 to 2.5. Based on Eq. (2), a logarithmic plot of wear

rate vs. excess gas velocity should yield a straight line with

slope equal to n, as given in Figure 60. Accordingly, the velocity

exponent, n, was determined to be 1.2, which shows less dependence

of wear rate on the excess gas velocity at 500C compared to the

prediction of the model.
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Levy et al. I_ conducted a study to investigate the dependence

of the velocity exponent on temperature. They found, as we did, a

lower velocity dependence of erosion on 310 SS at a higher

temperature, i.e., the slope of the line at high temperature was

lower than the corresponding slope at room temperature. The slope

of 1.23 was reported for erosion tests at 800t, while an average

slope of 2.5 was determined from room temperature tests. This

difference was attributed to the higher test temperature causing a

change in the kinetic energy distribution of the impacting

particles in the target material. Thus, the low n value obtained

in this study might be due to the temperature effect alone. It is

also noted that Levy et al. I_ conducted their tests in a nitrogen

atmosphere to avoid the complexity of erosion combined with

corrosion. The work presented here was carried out in air. Thus,

a good fit to their data was obtained, with a straight line through

all data points in a logarithmic plot similar to Figure 60. The

fit of our data is as satisfactory, as can be seen in Figure 60.

It is believed that in addition to the above-mentioned temperature

effect, corrosion of the metal rods occurred during the wear tests,

as discussed below, resulting in the less satisfactory correlation.

Nevertheless, the result of a lower velocity exponent value at

higher temperature obtained in the study reported here is

consistent with the finding of Levy et al. I_.

Finnie's erosion model was developed for estimating wear due

to airborne particles cutting an eroding surface at relatively high

speeds (e.g., 75-140 m/s). Because our experiments were conducted
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in the bubbling regime, the velocity dependence of Finnie's model

may not be appropriate for the relatively lowuspeed particle motion

expected in the bubbling fluidized bed. Additionally, it is

believed that most wear found in our tests with the vertical 316

SS rods is due to abrasive erosion by particles sliding against the

rods, typical at low flow velocities. This abrasive erosion

mechanism is not considered in Finnie's model and, thus, the use of

that model to justify the wear behavior reported in this study is

questionable.

Temperature

The effect of temperature on the wear behavior of vertical 316

SS rods was studied over a range of temperatures while keeping

constant the excess gas velocity and exposure time. As can be seen

in Figure 61, there is a marked difference in the amount of wear at

different temperatures. The wear rate only slightly increases

until a test temperature near 350t is reached, above which the

wear rate begins to increase rapidly. The result obtained here is

in agreement with that reported in the literature. For example,

Stott et al. 13° observed, in wear tests using coarse particles at a

speed of 5 m/s, that the extent of wear of 310 SS increased

considerably on increasing the temperature from 300 to 500t. Levy

et al. 129 found that the wear rate of 1018 steel significantly

increased when test temperature changed from 450 to 650t, while

only a slight increase in the wear rate was observed when the test

temperature was changed from 25 to 450C.

The drastic increase in the weight loss of metals at some
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elevated temperatures has been rationalized in two ways: (i) metal

surface deterioration due to corrosion at high temperature, as

discussed by Stott et al. I]0 and (2) a rapid decrease in the

mechanical properties of metals, such as short-time tensile

strength, as discussed by Levy et al. I_. Among the mechanical

properties, hardness of test specimens is normally a good indicator

of wear resistance (i.e., 1/wear rate), as discussed by Kruschov 165.

To determine the effect of hardness on wear resistance, wear rates

of various metals with a range of hardness were measured at 25 and

500t. The results are shown in Figures 62 and 63 for test

temperatures of 25 and 500t, respectively. The Vickers hardness

used in Figure 63 was measured at room temFerature. Since data of

Figure 62 were obtained at room temperature, there was no corrosion

or change in mechanical properties due to temperature. The wear

rate (or erosion rate) appears to decrease sharply with increasing

Vickers hardness of the metals. This trend is anticipated and has

been reported by Finnie et al. I_ and Hutchings 157 . However, the

same trend is not observed in Figure 63 for the wear test at 50Or,

where the wear rates are more than an order-of-magnitude higher and

the data scatter somewhat. The hardness of aluminum, copper, and

brass normally decreases rapidly with increasing temperature while

the decrease in the hardness of steels with temperature is

generally not so significant. Thus, it is expected at high

temperature that the wear rates of aluminum, copper, and brass

would be much larger than those of steels. However, an exception

was observed where wear rate of steel is larger than that of brass
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as shown in Figure 63. This indicates that some other process

occurring at high temperature does not depend on Vickers hardness.

Hardness of numerous steels measured in an argon atmosphere at

temperatures ranging from ambient to 450_ was found by Witherel1167

to decrease only slightly with temperature. Hence, the extreme

increase in the wear rate of 316 SS at high temperatures is not

likely due to the slight decrease in the hardness.

It was observed that steel and copper rods formed fragile and

loosely adherent scales on their surface after high-temperature

wear tests. Coincidentally, these two metals exhibited relatively

high wear rates. Type 304 SS and 316 SS rods also formed thin,

adherent oxide scales, revealed by a change in the surface color.

To further identify the major mechanism responsible for the rapid

increase in the wear rate of stainless steels at high temperature,

a wear test with vertical 316 SS rods at 500t was made using inert

nitrogen as the fluidizing gas (excess gas velocity=0.115 m/s) to

avoid corrosion. The initial wear rate obtained was 0.31 nm/hour,

which is much less than the wear rate of 1.27 nm/hour obtained from

a test under identical conditions, but using air as the fluidizing

gas. Therefore, it is concluded that the rapid increase in the

wear rate of 316 SS at relatively high temperature is related to

corrosion. The wear rate of 0.31 nm/hour obtained from the test in

nitrogen at 500t is larger than that (0.02 nm/hour) estimated on

the basis of wear tests in air and at 25t. Thus, it appears that

a decrease in the hardness of 316 SS at high temperature can

enhance the wear rate; however, this effect is not as significant
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as the effect of corrosion. Since 316 SS and 304 SS have

approximately the same hardness and resistance to corrosion, their

wear rates were approximately the same at 25 and 500C.

In view of the above resu]ts, it is strongly suggested that

high-temperature wear tests with 315 SS rods might involve a

combination of erosion and corrosion. It should be noted that,

unless the oxide scale is being eroded off as it forms, oxidation

is accompanied by weight gain. Thus, three 316 SS rods of

approximately 44.5 gram were heated to 500C in a laboratory

electric oven in still air and held at that temperature for two

weeks to assess the degree of oxidation. A weight gain of

approximately 5 mg was obtained, showing that oxidation did occur

at the high-temperature conditions. For further confirmation of

oxidative corrosion, the compositions of SS 316 rods after a wear

test at 500C for two weeks were measured by energy dispersive X-

ray (EDX) spectrometry. As shown in Figure 64, the relative amount

of Iron, chromium, and nickel on the surface is lower than that in

the center due to oxidation on the surface. Although not included

in Figure 64, the EDX also showed that the outer layer of scale

contained a much higher concentration of oxygen and silica compared

to the compositions in the center. The increase in silica

concentration on the surface is probably due to silica sand

becoming embedded in both the metal surface and the oxide scale.

The high concentration of oxygen observed on the surface provides

concrete evidence that the 316 SS surface was oxidized to form an

oxide scale. Thus, the wear process investigated in this study
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consists of erosion and corrosion mechanisms that are combined.

Weight loss due mainly to corrosion (i.e., corrosion-

dominated) was determined by carrying out a wear test at 500_ and

near zero excess gas velocity (data point 1 of Figure 59). As

shown, the weight change caused by corrosion is small. Weight loss

due mainly to erosion (i.e., erosion-dominated) was determined by

conducting a wear test with a high fluidizing velocity at room

temperature (data point 2 of Figure 59). The weight loss as a

result of pure erosion was found to be relatively small. By

comparing the total weight loss of the specimens at elevated

temperature and high gas velocity (data point 3 of Figure 59) with

the sum of the weight losses obtained from corrosion and erosion

dominated tests (data points 1 and 2 of Figure 59), it is found

that the former weight loss is much larger than the latter one. As

discussed before, this much larger weight loss can not be explained

by an increase in erosion rate at high temperature. Consequently,

It is proposed that erosion and corrosion took place

simultaneously, interacting in a way leading to ac:elerated

degradation of the 316 SS rods, i.e., a synergistic effect, as

discussed by Pitt et al. I_.

Wear due to a synergistic effect can be described by the

following steps: formation of surface scale by corrosion, loss of

the scale by erosion, and formation of new surface scale. In a

gaseous oxidizing atmosphere at high temperature, 316 SS rods

initially oxidized rapidly to develop a protective oxide layer

(i.e., scale), after which the rate of oxidation decreased with
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increasing thickness of the scale due to increasing diffusion

resistance of oxygen through the scale. Therefore, if the wear

process had not involved erosion, the protective film could have

reduced corrosion rate and, thus, overall wear rate. However, in

the real situation, the scale thickness increased with time up to

a certain level where the stresses _nd strains generated in the

scale reduced the adhesive forces of the scale to the metal rods.

Then, the loosely adherent oxide scale could be easily eroded as

long as the sliding forces of fluidizing particles were larger than

the adhesive forces• After removal of the loosely adherent scale,

another oxide scale was formed and subsequently removed• This

sequential process of corrosion and erosion increased the overall

wear rate of the 316 SS rods. Thus, the resultant metal loss due

to the synergistic effect of corrosion and erosion was much larger

than if corrosion and erosion occurred separately.

As discussed earlier, the convex shape of the curve shown in

Figure 59 for wear at 500C is not similar to that reported for a

temperature of 25C by Zhu et al 125 who obtained a concave curve

The synergistic effect proposed here successfully explains the

trend observed in Figure 59. It is plausible that in the

corrosion-dominated region, an oxide layer was formed continuously,

but the sliding force of silica sand was not large enough to cause

wear of the oxide layer due to a relatively low fluidizing

velocity. Wear only occurred when the oxide layer reached a

certain thickness where the adhesive force between the surface

oxide and the specimen was lower than the particle sliding force.
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Thus, it is expected that in this region the weight loss would be

strongly dependent on the fluidizing velocity b_cause increasing

gas velocity results in higher particle sliding forces that can

more easily cause wear of the oxide layer. When the fluidizing

velocity is relatively large, the sliding forces become

sufficiently high to remove most of the oxide scale. Under such a

condition, the oxide scale as a result of corrosion might not be

formed fast enough to compensate for the wear due to erosion.

Therefore, increasing gas velocity has less effect on total weight

loss compared to that in the low gas velocity region.

Based on the above discussion, the thickness of the oxide

scale is crucial in the wear process. Dispersive microanalysis was

used to examine the distribution of chromium in the cross-sections

of polished SS 316 rods after two-week wear tests at 500_. Figure

65 shows the microanalysis results of two 316 SS rods under

identical test conditions except excess gas velocity. The cross-

section analysis reveals a considerably lower chromium content in

the outer surface than in the base metal. The thickness of the

oxide layer is herein defined as the layer with the lower chromium

content. Thus, the thicknesses of the oxide layers were determined

to be 20 and 16 mm, as shown in Figure 65, for specimens after

tests at 500t with excess gas velocity of 0.05 and 0.34 m/s,

respectively. With the same test temperature and duration, the

thickness of the oxide scale decreased with increasing gas

velocity. It is believed that a higher gas velocity causes greater

abrasion on the metal rods, which in turn reduces the scale
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Figure 65. Determination of the thickness of oxide scale by
dispersive microanalysis.
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thickness due to removal of the more strongly adherent oxide scale.

This result is in line with the proposed synergistic effect.

The combined erosion-corrosion behavior of steels has been

investigated by others over a range of temperature and in an

oxidizing atmosphere. Some investigators, e.g. Levy et al. 169 and

Levy and Man 17°, found that corrosion was the dominant mechanism,

while other researchers, e.g. Parkinson et al.lZl, concluded that

erosion was the dominant process. It is apparent that the dominant

mechanism is mainly determined by the test conditions and the

specimen properties. Since the wear of 316 SS rods investigated

herein is dominated by the synergistic effect of erosion and

corrosion, the ideal material for heat-pipe construction should

have both mechanical properties yielding low erosion and a chemical

composition that provides high corrosion resistance such as 304L

stainless steel.

Rod orientation

Another important aspect of this research was to investigate

the difference in wear behavior of vertical and horizontal rods in

fluidized beds. To study the effect of rod orientation, three

horizontal 316 SS rods as wear specimens were tested at 500_ and

a range of excess gas velocities. Average wear rate of the three

rods was used to assess the dependence of the wear rate upon

excess gas velocity. As can be seen in Figure 66, the wear rate

increases with increasing excess gas velocity. The wear rate of

each horizontal rod was found to increase with the vertical

distance between the specimen and the gas distributor plate.
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Figure 66. Effect of excess gas velocity on the wear rate of
horizontal 316 SS rods at a test temperature of
500°C.
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Because the average specimen height of the three horizontal rods

was exactly the same as that of the six vertical rods, a reasonable

comparison between the two sets wear data (i.e., Figure 59 and

Figure 66) can be made. It is seen that the wear rate of the

horizontal rods was consistently larger than that of the vertical

rods under identical test conditions. The difference in the wear

rates was most significant at the highest fluidizing velocity, but

there the horizontal rods experienced only 30% more wear.

Zhu et al. 125 conducted wear tests in a fluidized bed with a

horizontal tube of square cross-section to determine the influence

of the erosion mechanism on the tube wear. The erosion at the tube

bottom was mainly caused by normal particle impacts while the wear

at the two sides was mainly caused by angled abrasion of solid

particles. They found that erosion associated with normal impacts

was much more severe than that caused by particle abrasion

occurring at lower angles. Accordingly, the wear at the bottom of

the vertical 316 SS rods in the study reported here is believed to

be more severe than on the peripheral surface of the rods. With

the vertical orientation, the wear rate could be reduced because

only a small fraction of the surface is subjected to normal

impacts. The more linear curve observed in Figure 66 as compared

to the curve in Figure 59 suggests that the wear of horizontal rods

is more sensitive to excess gas velocity, due probably to a larger

rod surface area exposed to normal impacts. This study implies

that erosion of heat transfer tubes in fluidized beds can be

reduced by using vertical tubes instead of horizontal tubes.
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As mentioned above, the wear rate of each horizontal 316 SS

rod was found to increase with the vertical distance between the

rod and the gas distributor. For the case of test runs using

horizontal rods, three rods mounted in the different sections of

the fluidized bed were tested simultaneously. After the test run,

the wear rate of each horizontal rod was measured to assess the

extent of its wear. The effect of specimen height on wear rate for

a range of excess gas velocities is illustrated in Figure 67.

Since the wear rates of the 316 SS rods at the lowest location are

relatively small, it is believed that all the metal specimens were

located above the height of the jets so that the effect of high-

velocity jets on the metal wear was not significant. Within a

small distance of the jet height, the jet is transformed into

bubbles. Gansley and O'Brien 161, in a theoretical study on erosion

of surfaces caused by particle motion induced by bubbles rising in

fluidized beds, indicated that erosion rate strongly depended on

bubble size, i.e., erosion increased with bubble size. Therefore,

the specimen mounted in the lower section of the fluidized bed had

a lower wear rate because bubbles did not have a chance to grow to

full size before reaching the specimen.

It was concluded that metal loss of heat-transfer tubes in

fluidized-bed combustors may be caused by erosion and/or corrosion,

depending on operating conditions. Based on this study, the wear

of 316 SS rods in the bubbling fluidized bed was mainly caused by

the synergistic effect of erosion and corrosion rather than by

either erosion or corrosion alone. Thus, the ideal material for
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Figure 67. Increase in the wear rate of horizontal 316 SS rods
with increasing distance between the rods and the
gas distributor plate.
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the heat-pipe construction should have both mechanical properties

yielding low erosion and chemical compositions providing high

corrosion resistance.

In addition to the influence of operating parameters, rod

orientation also has a large effect on wear rate. This study

suggests that the metal wastage of tubes in fluidized beds can be

reduced by using a vertical instead of horizontal orientation. In

the event that horizontal tubes are necessary, the tubes might be

mounted in the lower region of the fluidized bed, but above the jet

penetration zone to minimize the influence of bubble size on

erosion rate.

Minimum Sluqginq Velocity

Typical pressure-drop data for a bubbling bed and for a

slugging bed are shown in Figure 68. In both beds, the

fluctuations are characterized by both high and irregular

frequencies, reflecting the stochastic nature of the bubbling

phenomenon in a fluidized bed. The pressure-drop fluctuations in

the slugging bed are larger in magnitude and are more uniform in

frequency when compared to those in a bubbling bed. Figure 69

shows some statistical quantities of the pressure-drop fluctuations

over a spectrum of fluidizing-gas velocity, from a low velocity

(bubbling regime) to a high velocity (slugging regime). Shown are

the mean, the standard deviation, the minimum and the maximum of

the pressure drop, excluding the extreme 5% from each of the latter

two quantities. For a bubbling bed, the magnitude of the average

pressure drop is in all cases well described by the well-known
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Figure 68. Pressure-time records; _ = 0.396 m; u = 0.236 m/s
(slugging) and u = 0.236 m/s (bubbling).
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the minzmum, maximum, mean, and standard deviation
are shown.
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relationship:

DP = g(l-emf)rsi_f (8)

which says simply that all the sand is being supported by the

fluidizing gas so that DP is independent of u. As seen in Figure

?(sic)69, the average pressure drop in a slugging bed increases

somewhat with u, confirming a trend noted by others Iz2, who attrib-

ute the increased pressure drop to particle acceleration.

Figure 70 shows the PSDFs, for nine different gas velocities,

of the pressure-drop fluctuations for a bed with a settled bed

height of 0.396 m. Included at the extremes are the PSDFs for the

two gas velocities of Figure 68. In these plots, power is used

loosely to refer to the relative energy in the pressure-fluctuation

signal that can be associated with a particular frequency. The

units of this power are arbitrary, since they are as much a

function of the computation procedure as they are influenced by the

physical phenomena. It is the relative power that is of importance

here. When a PSDF exhibits a single peak which overwhelmingly

dominates the spectrum, then it can be said that the original

signal is very nearly periodic. On the other hand, if the PSDF is

seemingly chaotic and exhibits no clear peak, then the original

signal is either dominated by noise or is not periodic.

Comparing the spectra in Figure 70, it is evident that the

magnitude of the power increases with the gas velocity.

Qualitatively, this is indicative of increased kinetic energy in

the bed due to intensified bubble agitation. The dominant fre-

quency, fd, and the side frequency, fs, are hereby defined as the
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Figure 70. Power spectral density function of pressure
fluctuations at several velocities; _ = 0.396 m.
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Itwo frequencies corresponding to the largest and second largest

peak in each PSDF, respectively. Some of the spectra exhibit only

one peak, while some exhibit several peaks. Generally, there are

fewer major peaks in the spectrum of a slugging bed, indicating

that the rate of bubble/ slug eruptions is very nearly periodic.

All the spectra from a bubbling bed show a peak at 0 Hz. This is

because the pressure drop in a bubbling bed is relatively constant,

i.e., it is not periodic.

The two principal frequencies, fd and fs , for the spectra of

Figure 70 are shown in Figure 71 as a function of gas velocity.

Kage et al. 148 studied the pressure-fluctuation frequencies taken

from the plenum chamber, and determined that it is possible to

identify as many as three distinct physically meaningful

frequencies in a bubbling fluidized bed: a natural frequency of the

bed, a bubble-eruption frequency, and a bubble-generation

frequency. They give an equation for the natural frequency, fn as

fn = (I/2p) (PpaB/VpLmf rB)0 .5 (9)

For the conditions of Figure 71, Eq. (4) predicts fn = 3 Hz. For

a shallower bed with _f = 0.173 m, Eq. (4) predicts fn = 5 Hz,

which is in fair agreement with fs shown in Figure 72. Thus, it is

concluded that, in this system, the side frequency of the PSDF is

the same as the natural frequency of the bed, i.e., fs = fn" There-

fore, the side frequency need be considered no longer in our

analysis; it is a phenomenon caused by the bed rather than the

fluidization, and it can be assumed that fd is the bubble-eruption

frequency.
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Figure 73 shows the dominant frequency as a function of gas

velocity while varying the amount of sand in the bed. Each of

these curves exhibits a similar trend. As the gas velocity

increases from above Umf (0. 056 m/s) , the dominant frequency

increases to a maximum, decreases, and finally reaches a constant

level at higher gas velocities. These tailing frequencies are

lower in deeper beds.

The effect of u on slugging frequency has been the subject of

several previous reports 141,15°,157,172"174).Some claim that as long as

the bed is operated in the slugging regime, the slugging frequency

is not effected by the rate of gas flow, while others claim that fd

is either slightly reduced or slightly increased by increasing u.

It seems safe to conclude that, although not exactly constant, fd

is approximately constant in the slugging regime with respect to

changing gas velocity. Thus, u_, the minimum slugging gas

velocity, corresponds to the point in each curve of Figure 73 from

which fd is constant. The values determined from Figure 73 for u_

are shown in Figure 74 as a function of settled bed depth, along

with the visually observed minimum slugging range. Also shown is

the following semi-empirical correlation predicting u_141:

Urns= Umf + 0.07(gDB) 0"5 + 0.16(1.3 Ds0"175_ Lmf)2 , if Lmf< 1.3 DB0"175

175
Um = Umf + O.07(gD s)0.5 , if Lmf > or = 1.3 DB°" (i0)

where the second equation coincides with Eq. (1) for sufficiently

deep beds. The first equation is a dimensional equation, in which
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Lmf and DB are given in meters. The fact that our experimental

values of u_ agree reasonably well with equation and that the

experimental values of u_ fall within the range established by

visual observation is taken as confirmation of the method presented

here for determining u_.

Figure 75 shows the dominant frequencies, fd' determined from

Figure 73 for the slugging condition as a function o settled bed

height. Also shown are the dominant slugging frequency curves

predicted by other workers. The trends of the predicted frequency

curves 138,174agree with the trend of our experimentally determined

dominant slugging frequencies. This is taken as further

verification of the technique for ascertaining the onset of the

slugging condition developed in this paper, although our measured

frequencies are higher.

The PSDF method described above for determining the minimum

slugging velocity was next applied to the case where three vertical

rods were present. The pressure-fluctuation data were processed in

a manner similar to that above for the open beds. The dominant

frequencies for six settled bed heights are shown in Figure 76. As

in the case of an open bed, the dominant frequency is smaller in

deep beds than in shallow beds. In the deepest bed, fd reached a

constant value at u= 0.123 m/s, which lies in the visually observed

range for the onset of slugging of 0.085 - 0.123 m/s. Apparently,

for the other five cases studied, the bed was in the bubbling

regime over the full range of gas velocity studied. However, it

should be noted that visual observation indicated that the beds
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with i_f = 0.808 m and 0.663 m exhibited slugging or developing

slugging at the highest gas velocities. Due to equipment

limitations, it was not possible to study the effects of gas

velocity greater than about 0.32 m/s. Therefore, in the cases when

fd never reached a constant value, it is assumed that um is greater

than the highest gas velocity studied for that case. This is

indicated in Figure 77 by the arrows pointing up. The curve

predicted by Eq. (5) is shown, and it is obvious that um is

significantly increased in the presence of the rods.

Grace and Harrison I_ showed that vertical rods in a fluidized

bed will tend to limit bubble coalescence, provided that: I) The

rods are not spaced closer than 30 times the average particle

diameter, and 2) The tube diameter is not greater than about 20% of

the expected bubble diameter. Vertical tubes have been prescribed

as heat exchangers for the purpose of increasing gas-solid

contacting, a phenomenon usually associated with s,.aller gas

bubbles 146. In light of the work presented here, these previous

conclusions can be extended to mean that slugging will be

suppressed when vertical tubes are present within a _luidized bed.

In conclusion, a new method for determining the onset of

slugging in fluidized beds was developed. Pressure-drop data,

measured from the plenum chamber, below the distributor, to the gas

exit line, were used to characterize the regime of fluidization.

The dominant frequency, fd' in the power spectral density function

(PSDF) of the pressure fluctuations was constant in the slugging

regime. Therefore, the criterion for slugging proposed here is
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that fd is constant over a range of fluidizing gas velocity. Using

this method, it was shown that, at least for a 10-cm diameter

fluidized bed of sand, um is increased, i.e., slugging is sup-

pressed, when the bed contains vertical rods.

FUTURE ACTIVITIES

The following activities are scheduled during the 1992-1993

fiscal year:

i. Development of an integrated mathematical model that

includes the thermally coupled pyrolysis bed and the previously

completed model for the first combustion bed, for use in optimizing

the reactor configuration and operating conditions for the energy-

efficient extraction of bitumen

2. Development of an advanced control scheme based on

internal model control to determine appropriate tuning parameters.

3. Operation of the revamped and upgraded laboratory unit

to validate the model and the control scheme.
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NOTATION

As = Area of bed, (m2)

DB = Diameter of bed, (m)

Mean dp = Average particle diameter, (m)

dj = Particle diameter, (m)

fd = Dominant frequency in a PSDF, (Hz)

fn = Natural frequency of a bed, (Hz)

fs = Second dominant frequency in a PSDF, (Hz)

g = Acceleration of gravity, (m/s 2)

Lm = Settled bed height, (m)

Lmf = Bed height at minimum fluidization, (m)

Nr = Number of data points in a record, (-)

Pp = Average pressure in plenum, (Pa)

R = Wear rate, (mm/hr)

U, u = Superficial gas velocity, (m/s)

Um_ , Umf = Minimum fluidization velocity, (m/s)

um = Superficial gas velocity at which a bubbling
bed becomes a slugging bed, .(m s)

Vp = Volume of plenum chamber, (m_) /

wj = Weight fraction of a particle size, (-)

Greek:

DP = Pressure drop across a fluidized bed, (Pa)

emf = Void fraction at minimum fluidization, (-)

fs = Particle shape factor, (-)

p = 3.1416..., (-)

rs = Average density of bed, (kg/m 3)

rs = Particle density, (kg/m 3)
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DEVELOPMENT OF A FLUIDIZED BED REACTOR SYSTEM

FOR REDUCED PRESSURE PYROLYSIS STUDIES

Professor F.V. Hanson

Graduate Student John V. Fletcher

INTRODUCTION

Fluidized bed reactors have been successfully adapted to a

wide range of chemical and physical processes requiring contact and

interaction between solids and a fluid. Many combinations of

solids and fluids are possible, based on the properties and

function of the materials. One important application is the gas-

solids fluidization reactor, where the solid, the gas, or both may

undergo a process change. Reactors of this type have been the

subject of a considerable body of literature on the application of

fluidization principles to the design of practical systems. One

potential application of the gas-solids fluidized bed reactor is

for the thermal processing of mined oil sands such as those found

in the state of Utah.

The thermal processing of Canadian oil sands using a fluidized

bed reactor has Deen studied by several investigators. I_'I_ The

fluidized bed pyrolysis of Utah oil sands has been extensively

studied by many investigators at the University of Utah. I_'187

Emphasis in the fluidized bed studies at the University of Utah has

been on the influence of process variables on the product

distribution, yields, and liquid product quality for the pyrolysis

of oil sands. In these studies, both laboratory and small-pilot

scale fluidized bed reactors have been used including reactor

diameters from 3.5 cm to 10.2 cm. The process variables of
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interest have included reactor temperature, solids retention time,

fluidizing gas velocity, and average feed sand particle size. I_ A

schematic flow diagram typical of the fluidized bed systems is

presented in Figure 78.

Analysis of the performance characteristics of the small

diameter (3.5 cm) and the larger diameter (10.2 cm) reactors

suggested that both were operated as slugging beds rather than

bubbling beds. 189 This finding led to a reexamination of fluidized

bed reactor performance and design parameters applicable to oil

sands processing as described in this report.

In the process variables studies, Im'187 the influence of average

solids retention times, pyrolysis temperatures, and fluidizing gas

velocities on product yields and quality were evaluated. Yields of

C5. liquids decreased with increasing pyrolysis temperature and sand

retention time, but were insensitive to fluidizing gas velocity. 189

The results of the process development efforts at the

University of Utah offer some interesting contrasts in terms of the

influence of process variables on product yields when oil sands are

pyrolyzed in a fluidized bed reactor. In the heat pipe coupled

system, developed by the former Chemical Engineering department,

liquid yields were found to increase as temperature increased up to

500°C, I_ a trend that reportedly reverses above 525°C in a

conventional fluidized bed. 19° The effect of retention time on

liquid yields is not at all clear. Smart I_ reported a decrease in

liquids at shorter residence times; however, Venkatesan, 181

Dorius, 185 Sung, I_ and Shun 187 reported just the opposite. Likewise
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Smart I_ found a decrease in coke with increasing temperature, but

181Dorius 185 Sung1_ and Shun 187 reported no appreciableVenkatesan,

change. The fluidizing gas velocity was one process variable that

all researchers seem to agree had no influence on product

distribution and yields, or on the liquid product quality. The

results of fluidized bed pyrolysis process variable studies at the

University of Utah can be summarized as follows:

i. Liquid yields will be a maximum near 800 K.

2. Coke yields will not vary appreciably with temperature

but are sensitive to oil sand source.

3. Liquid yields are inversely proportional to retention

time below 29-30 minutes and proportional to retention

times greater than 29-30 minutes.

4. C I - C4 gas yields increase as pyrolysis temperature

increases.

5. The fluidizing gas velocity does not appear to effect

product yields, quality, or distribution.

6. 723 K is the lower temperature limit for oil sand

pyrolysis in a fluidized bed, according to Wang. 183

The trends above suggest that in order to maximize liquid

yields and keep CI - C4 gases at a minimum, the pyrolysis

temperatures should be kept low. However, lower pyrolysis

temperatures should lower the bitumen volatility wl and increase the

extractables on the coke. 183 Also, temperature is known to have

significant effects on rates and selectivities of paraffin

pyrolysis, 192 with high temperatures increasing cracking rates and
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favoring light products.

One fluidized bed process variable that has not been studied

at the University of Utah is reactor pressure. The studies

summarized above were all conducted at nominally atmospheric

pressures. The effect of an applied pressure less than atmospheric

on hydrocarbons is to increase their volatility. 193 A lower reactor

pressure is thus a potential solution to the processing problems

described by Wang 183 as resulting from incomplete distillation of

bitumen at lower temperature.

Pressure, as a variable in fluidization engineering, usually

implies atmospheric or greater pressure. 194"19z Subatmospheric

pressure applications of fluidSzed bed technology are few 198'I_ and

experimental techniques are not well documented. 195

Although a limited number of investigations on fluidization at

less than atmospheric pressure have been conducted, 198"2°3they all

indicated that gas-solids fluidization in that pressure range was

feasible. In fluidization engineering, the term pressure means

above atmospheric pressure. Studies at pressures below atmospheric

.198 ,, .200 synonymouslyuse "reduced, ''IW'203 "sub-atmospheric, or low,

The word "reduced" has a modest connotation and therefore the term

reduced pressure was adopted for this work. Reduced pressure is

defined as a pressure range from less than ambient atmospheric to

75 kPa (563 mm Hg, 0.74 atm) absolute.

Research Objectives

This investigation was carried out in an effort to correct

several engineering problems common to both the 3.5 cm ID and the
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10.2 cm ID fluidized bed reactors and to study the pyrolysis of oil

sands at reduced pressure. The engineering problems were most

recently described by Sung I_ and include_ mechanical difficulties

with the feeder, cyclones, and spent sand withdrawal systems.

Analysis of the performance of the two reactors led to the

conclusion that the best way to correct their slugging problems was

to design a new 15.2 cm ID reactor.

The specific research objectives of this phase of the project

were:

i. Design, install, and startup a 15.2 cm ID fluidized bed

pyrolysis reactor.

2. Develop a method, including minimum dilution ratios, for

feeding oil sands uniformly and on demand to a fluidized

bed reactor operating at 500 °C.

3. Develop a method for continuous and controlled withdrawal

of spent sand from a fluidized bed reactor operating at

500 °C.

4. Design and test a simple, efficient product recovery

system.

5. Determine the physical nature of the oil sand as it

enters the reactor.

6. Evaluate the relative merits of thermal recovery of

bitumen at less than ambient pressures as compared to

previous ambient pressure studies. (to be completed in

1993)

7. Reexamine the effect of excess fluidizing gas flow,
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U/Um_, on liquid product yields. (to be completed in

1993)

8. Reexamine the effect of residence time on liquid product

yields. (to be completed in 1993)

9. Propose and experimentally verify correlations between

Umf, temperature, and pressure for the spent sand in a

well-mixed fluidized bed.

i0. Demonstrate that hot flue gases from the reactor heat

source can be used as the process fluidizing media.

ii. Contribute experimentally to the development of a

suitable mathematical process model of the fluidized bed

pyrolysis reactor.

EXPERIMENTAL

The fluidized bed reactor and support systems used in this

investigation constitute a small-pilot scale continuous flow

pyrolysis process development unit, and consists of an oil sand

feeder, a fluidized bed reactor, pyrolysis products withdrawal and

recovery systems, and various process monitoring and support

systems. A process flow diagram is presented in Figure 79.

Oil Sands Feeder and Controls

The oil sands feeder used in this investigation was a standard

commercial dry materials feeder supplied by Acrison. Discussion

with factory and local representatives led to the following set of

initial specifications:

• Acrison Model BDF-I.5/E/2 feeder
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Figure 79. Reduced Pressure Process Flow Diagram
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• Stainless steel solid shaft feed auger and cylinder

• Stainless steel 4 inch ID cylinder downspout with an

auger end bearing and a downspout cover with 2-3/8 inch

NPT fittings

• 0.5 psig pressure rating

• 6 cubic foot hopper

• Hopper cover with 2-1/4 inch NPT fittings and a 6 inch

circular fill opening with coupler

• Model 050-2A SCR-DC remote mounted speed controller, 30:1

speed range

• Quick clamp construction for feed auger assembly

Subsequent to the calibration studies the feeder was modified

by changing the feed auger and cylinder downspout for use on the 6

inch ID fluidized bed reactor. The new auger specification was:

• Stainless steel _/2 feed auger, 24 inch length

• Stainless steel 6 inch ID cylinder downspout with an

auger end bearing and a downspout cover with 2-3/8 inch

NPT fittings

• Stainless steel auger cylinder with water jacket and 1/2

inch NPT fittings for counter current water flow

• 0.5 psig pressure rating

Reactor Desiqn and Construction

Reactor Body

Analysis of fluidization data from the small-pilot scale

reactor (Sung, 1988) indicated that it was operating in the

slugging mode, even though
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generally accepted slugging criteria, w5 suggests that the reactor

should not have slugged.

HB _ 60 D0"1_ (cm) (ii)

The right hand side of equation (1) equals 90 cm for the 10.2 cm ID

bed and Sung (1988) reported a lower bed height, H8, of 61 cm, for

the runs with a bed mass, MB, of 6 kg. Because wall effects are

well known in small diameter reactors 195 and slugging is virtually

unknown when H/D _ 2, 204 it was decided to rebuild the reactor with

a larger diameter. For the same M8 = 6 kg, the settled bed in a

15.2 cm ID reactor yields an H/D of 1.8. Therefore, the decision

was made to redesign the fluidized bed pyrolysis system around a

bed diameter of 15.2 cm or 6.0 inches.

Key reactor specifications:

• Reactor body = 6.0 inch ID x 0.25 inch wall x 70 inch

seamless tube (15.2 cm x 0.64 cm x 188 cm)

• Disengager walls = 12.0 inch ID x 0.375 inch wall x 7.0

inch seamless pipe (30.5 cm x 0.95 cm x 17.8 cm)

• Disengager floor = 3/8 inch flat steel (0.95 cm)

• Height from bottom to top flange = 78 inches (198 cm)

• Cross sectional bed area = 28.4 square inches (182 cm 2)

Because this was a prototype reactor design, heavy wall carbon

steel instead of stainless steel was used to reduce costs and make

future modifications easier. The transition from the 15.2 cm ID

reactor to the 30.5 cm ID disengager was made with a 90 ° horizontal

floor rather than a 60 ° tapered bell also reduced costs.
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e 0H atlng and Fuel !

The 10.2 cm ID reactor described by Sung I_ had been heated

successfully by burning natural gas and channeling the hot

combustion gases through an outer shell that enclosed the reactor

body. A similar concept was adapted for this reactor wherein

propane (LPG) was chosen as the fuel, which would facilitate

monitoring consumption based on cylinder mass losses. The LPG was

purchased in 30 ib refillable cylinders.

Mole percents of the LPG components were determined using dual

80/100 mesh chromosorb 102 columns (3.18 mm OD and 6.1 m long) in

a 5830A Hewlett Packard gas chromatograph with dual conductivity

detectors. The LPG analysis and the physical properties of the

light hydrocarbons are presented in Table 24, which was adapted

from Table 9-13 in Perry's Chemical Engineering Handbook. 205

Calculated energy values for the LPG are presented in Table 25

along with values reported in the literature.

The heating jacket for the reactor was designed to envelop the

full length of the 15.2 cm ID reactor tube. The outer wall was

built from a section of the same 30.5 cm material used for the

disengager. Wall thickness was 0.95 inches.

The gas burner was placed on the lower side of the heating

section so that burner gases entered the heating jacket at the bed

level and then rose to the exhaust port at disengager height. A

strip of 16 gauge stainless steel was tack welded in a spiral

around the reactor tube so that the heating gases were forced to

make four revolutions around the heat envelope in the lower half of
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TABLE 24

Physical Properties of Light Hydrocarbons

Wasatch Heating Value
LPG Gross (HHV)

Species Vol % ft3/ib ft3/ga ib/ga BTU/f BTU/I BTU/ga
1 1 t3 b 1

CH 4 0.22 23.60a 59.0 2.50 1012 59708 b
23885

C2H 6 5.44 12.50 39.31 ¢ 3.145 1786 70210
22323

C3H 8 93 .86 8.55 36.28 4 .24 2522 91500
21560

i-C4H10 0.14 6.55 32.80 5.01 3163 103750
20732

n-C4H10 0.34 6.49 31.46 4.85 3261 102600
21180

' from BTU/ft 3 and BTU/Ib Source: Perry' s Handbook (3°)

b from BTU/ft 3 and ib/gal
c from BTU/ft 3 and BTU/gal

TABLE 25

LPG Energy Content Data

Data Source Wasatch LPGa Bland an_ Combustion
Davidsonu Handbookc

BTU/ft 3 2,482 2,522 2,558

BTU/Ib 21,590 21,560 21,573

BTU/gal 90,444 91,500 N/A

a Calculated from Table 7

b Bland & Davidson (31)

c North American Combustion Handbook (32)

the reactor, roughly equivalent to the bed plus splash zone.
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propane Burner

The propane burner was site built using a 1/2 inch black iron

pipe tee for the premix chamber. A schematic of the burner is

presented in Figure 80. The gas nozzle was built from a brass

Swagelock cap, and drilled for a 0.0795 cm diameter orifice. The

orifice horizontal position in the tee was adjustable and a

midpoint placement was used. This burner design gave a combination

premix and diffusion flame burner capable of at least a 5/1

turndown ratio. A permanent propane pilot flame was used as shown

in Figure 80.

Fuel Control

Propane fuel delivery to the burner was controlled using a

combination of a cylinder regulator and a pneumatically operated

gas control valve. Primary cylinder regulation was manually

adjustable using a Matheson Model 1 regulator (IL-510) specified

for propane service. Process control of the propane used the bed

temperature type-K thermocouple signal as an input to a Beckman

7200 digital controller. The 4 to 20 milliampere output of the

controller was linked to a Fisher type 546 electro-pneumatic

transducer which produced a 3 to 15 psig air signal. The air

signal actuated an I-trim Badger Control Valve ® (Model No.

1001GCN363V0PILN36) which used air to open and a spring to close.

A Matheson 6103 flash arrestor was installed between the Badger

Control Valve ® and the fuel/air premix chamber. In operation, the

Beckman controller was set to operate the Badger Control Valve ® in

the 15 to 55% range. This controller had provisions for
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proportional (P), integral (I), and differential (D) control. The

PID functions were set at 6.6, 0.20, and 0.20, respectively.

i

Gas Distributor

The gas distributor (Figure 81) was an inverted carbon steel

cone I_ machined to fit inside the reactor against a machined

retaining ring. The lower end of the cone terminated in a 1.5 inch

standpipe. Thirty-three holes, 3 mm in diameter, were drilled

radially in the cone giving an open area of 1.28% based on the

reactor bed area. Each hole was drilled at an angle of 15 degrees

from the horizontal in order to reduce weeping of solids into the

windbox. Solids weeping was further reduced by covering the

outside of the cone with a 42 mesh stainless steel screen. A type-

K thermocouple and a pressure tap were located below the

distributor in the windbox.

Sand Removal System

As noted by Sung, I_ spent sand removal was a persistent

problem in the _luidized bed oil sand pyrolysis reactors. Because

the problems associated with spent sand removal were mechanical in

nature, a nonmechanical L-Valve design, described by Knowlton, 208

was adopted after modification. The Modified L-Valve for this

system had two individually adjustable aeration points fed by

nitrogen gas. The spent sand removal section is diagrammed in

Figure 82. Nitrogen aeration, which caused spent sand to flow out

of the reactor, was controlled by a Foxboro differential pressure

(DP) controller. The DP scale was used as "scale units" only, but

had an upper limit of approximately 50 inches of water.
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Bed pressure drop, APB, was monitored with a Dwyer Magnehelic

2050 differential pressure gauge plumbed in parallel with the DP

controller. Pressure taps in the windbox and above the dissengager

were used to measure bed pressure drop. When AP B exceeded the set

point value, the DP controller would reduce the 20 psig air

pressure to the Foxboro, normally open, air actuated control _

valve. This allowed 12 psig nitrogen from a cylinder to flow

through rotameters A and B, fitted with Matheson needle valves and

Matheson 603 tube cubes, into aeration points A and B (Figure 82).

Aeration caused sand to flow from the reactor through the

distributor cone (Figure 81) and standpipe (Figure 82) into the

spent sand receiver. When loss of sand from the reactor caused AP 8

to decrease below the set point, the DP controller would increase

air pressure at the nitrogen valve, aeration of the solids

standpipe/L valve would cease, and spent sand withdrawal would

stop.

The spent sand receiver was a commercial 30 gallon drum. The

drum lid was fitted with two 1/4 inch NPT couplers, one for a type-

K thermocouple and the other for a gas vent. The center of the lid

had a 1.5 inch fitting which allowed flexible connection to the

outlet of the Modified L-Valve. The standard lid rubber gasket was

replaced with a high temperature fiberglass gasket.

Liquid Product Recovery System

Sung I_ and others 181,183'185,187,2°9have noted a "mist" in the

product gas/liquid stream and have described various attempts to

eliminate it. Also, cyclones in the product stream have not
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removed sand as expected. I_ In order to reduce the solids loading

in the product stream, traps were designed into the reactor (Figure

83) and the liquid product recovery system (Figure 79).

Pyrolysis and fluidizing gases exit the reactor through the

bottom of a trap and cleanout port located near the axial midpoint

of the reactor. Exit temperatures were monitored with a type-K

thermocouple. The 1.5 inch exit pipe transitioned into a 1 inch

pipe 8 inches down stream from the cleanout port where the

insulation ended.

The liquid product recovery system consisted of three

components through which all of the product gases passed. The

liquid product recovery system was designed around two stainless

steel Rosedale Model 4 commercial basket strainers (Model 4-6-1P-2-

200-N-S-V-N-B). These strainers were placed in series using a

prestrainer trap made from 1 inch pipe fittings. The trap and both

strainers had bottom drains for removal of liquids. The first

strainer had aLi00 mesh stainless steel basket when spent sand only

was fluidized and a 200 mesh basket when oil sand pyrolysis was

carried out. The second strainer was fitted with a 25 micron

polyester filter bag (Rosedale PE-25-P35). The strainer housings

were externally wrapped with 1/4 inch copper cooling coils.

Strainer #2 also had an internal 1/4 inch copper cooling coilo

Inlet and outlet gas piping was 1 inch on both strainers.

Type-K thermocouples were used to monitor the internal

temperature for both strainers. A pressure tap at the reactor

outlet and a second tap at the exit of strainer #2 were connected
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Figure 83. Reactor Schematic
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to a 0-I00 inches of water differential pressure gauge (Dwyer

Magnehelic 2100) to monitor plugging of the filters.

Process SupDort Systems

The complete oil sands pyrolysis system had two support

systems working in conjunction with the main reactor, feeder, and

sand removal and liquid product recovery systems. These were the

gas pumping system and the cooling system.

Gas Pumping System

System design calculations indicated that the fluidized bed

pyrolysis reactor would require gas flows over i00 SCFH. Gas

compressors or vacuum pumps are the usual choice for such an

application but i00+ SCFH is too great for laboratory devices and

two little for commercial devices such as a Roots blower.

Therefore, a gas pumping system was built using a belt driven

sliding vane pump which had 3/4 inch inlet and outlet ports and a

5 inch drive sheeve.

The drive motor was a 1 horsepower Universal AC/DC type with

a i0 ampere speed control (W.W. Grainger Cat. No. 2M191 and 4x797).

An AC ammeter was wired in series to indicate gas pump load. A 20

ampere DPDT switch was used for system on/off control and a i0

ampere slow blow fuse was used for protection. System ground was

a third wire to the electrical distribution panel ground buss.

The inlet and outlet lines to the gas pump were fitted with

manually drained knockout pots. The entire system was frame

mounted and guarded with wire mesh. A 6 inch fan was used to cool

the drive motor and a type-K thermocouple was used to monitor the
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drive motor jacket temperature.

Cooling System
i

Both water and air were used to cool equipment and materials.

Laboratory cooling water was used to maintain a constant

temperature in the feed sand auger cylinder. A parallel stream of

the same water was used in the liquid product recovery cooling

coils. Water temperature was monitored at the exit port of the

feed auger cylinder using a type-K thermocouple. The reactor had

a water jacket on the feed inlet tube between the top flange and

the feeder downspout (Figure 83). This jacket used a portion of

the water exiting the feed auger cylinder for cooling. No cooling

water was in direct contact with oil sands or pyrolysis products.

Air was used to cool the gas pump drive motor. A fan was also

used to sweep the portable propane cylinders and provide cooling

air to the 30 gallon spent sand receiver.

Process Monitoring

The status of the various process systems and components was

monitored based on pressures, temperatures and fluid flows.

Pressure Monitoring

Atmospheric pressure was calculated from barometric pressure

as read from a mercury barometer. Corrections for latitude,

gravity, and temperature were made according to the outline in

Lange's Handbook of Chemistry. 21° The force due to gravity, g , at

the University of Utah was taken as 979.75 cm/s 2 based on

corrections for latitude and elevation. 205,211

Differential pressure was read using Dwyer Magnehelic
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differential pressure gauges, factory calibrated and certified at

±1% accuracy. Following the recommendation of Hong et al., 212 the

upper pressure tap for AP B measurements was placed above the

disengager.

Temperature and Data Logging

A total of 16 type-K thermocouples was used to monitor process

and equipment temperatures. Each thermocouple, tested at the uame

ambient temperature on its respective panel readout position,

agreed ±l°C with the others. The temperature of the ambient

temperature thermocouple (#13) agreed with the mercury thermometer

on the laboratory barometer to within ±0.5°C difference. The

thermocouple numbers and their system locations are shown in Table

26. Thermocouples 1-6 were on one rotary switch and panel meter

and 7-16 were on a second rotary switch and panel meter.

TABLE 26

Thermocouple Numbers and Locations

1 Feed Sand 9 Heater Exhaust #i*

2 Gas Pump Motor i0 Windbox*

3 Bed Profile* ii Water at Feed Auger

4 Disengager Top* 12 Coked Sand Receiver

5 Heater Exhaust #2* 13 Ambient

6 Clean Out Top* 14 25 Micron Bag Strainer

7 Product Exit Port* 15 100/200 Mesh Strainer

8 Reactor Dead Zone* 16 Disengager Bottom

* Computer monitored

In addition to manual temperature readings, eight of the

thermocouples were wired in parallel to a data logger (DCC
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Corporation Hotmux) which used the serial port of an IBM PC for

computer monitoring and temperature recording. Each thermocouple

was read every 30 seconds, with software controlled timing, and all

data were stored to a file on the computer hard disk. The software

(also from DCC Corporation) allows data recall and plotting from

the stored file. The eight computer monitored thermocouples are

also identified in Table 26.

Fluid Flow Monitoring and Rotameter Calibration

Rotameters were used to monitor fluid flows. Cooling water

was controlled and monitored using a Dwyer VFC-EC (2-20 GPM water)

rotameter. Dwyer RMC-102 (i0-i00 SCFH) and RMC-103 (20-200 SCFH)

flowmeters with stainless steel valves were used to monitor and

control gas flows into the gas pump. The Dwyer water rotameter

factory scale was used as received.

The Dwyer gas flowmeters and the two Matheson 603 tube cubes

were calibrated using a Singer Model DTM-II5 Dry Test Meter. Scale

readings on the Dwyer meters were found to vary less than 2% over

the range of pressures used in this study and were therefore

accepted as accurate. Calibration curves for the Matheson 603 tube

cubes used in rotameters A and B to monitor nitrogen flow to the

spent sand removal system are shown in Figure 84.

Feeder Calibration

Using spent sand produced in the 10.2 cm ID fluidized bed

reactor (Sung, 1988), mass delivered versus time data were

collected for the E/2 feed auger at 15%, 30%, 45%, 60%, and 75% of

total speed. This calibration data is presented in Figure 85,
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where time has been adjusted for a 3.3 second delay between

switching the feeder on and observed auger motion. At 100% of

speed the E/2 auger fed 1.86 kg of spent sand per minute. Similar

tests with i:i and 1:3 mixtures of spent sand to oil sand exhibited

no observable performance changes.

Mass versus time data was also taken for 100% Whiterocks (WN)

oil sand (Cha, 1991) at 60%, 75%, and 90% feed rates and is shown

in Figure 86. Mass delivered versus time data for the H/2 feed

auger using Whiterocks (WN) oil sand is shown in Figure 87.

Mass delivered in eight minutes at 5% of full speed with the

H/2 auger is shown as a function of % moisture in Figure 88.

Percent moisture was calculated from the mass loss of a i0 g sample

of oil sand, placed in a weighing boat at a depth <0.5 cm, which

had been left at ambient laboratory conditions for at least 72

hours. The final state of the sample was defined as air dry and 0%

moisture.

Spent Sand Withdrawal System Operation

Nitrogen at 12 psig was injected at points A and B (Figure 82)

when spent sand was to be removed from the reactor bed. Jet A was

set at approximately 240 LPH (8.5 SCFH) and jet B was set at

1/3 of jet A. Both jet flows were adjusted with a rotameter

needle valve. The DP controller that actuated nitrogen flow to

jets A and B could be operated manually or automatically by

placement of the set point indicator.
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Reactor Calibration and Startup

Ambient Procedures and Air Fluidization.

In order to verify that the reactor was performing as expected

and without any appreciable leaks, a series of air fluidization

runs were made with spent sand produced in the previous study with

the 10.2 cm ID fluidized bed reactor. I_ Samples of the sand were

sieved and the average particle diameter, _p, was calculated in the

conventional mannerZ13:

1

= (12)
Sieve data for three spent sand samples are shown in Table 27.

Knowledge of _p allowed calculation of a predictive Umf as detailed

in Fletcher et al. z14

Data in the air fluidization studies were taken for both

increasing and decreasing gas flow rates. A plot of the maximum

pressure drop across the bed, AP s, obtained at U = 2.5 Umf , versus

mass of bed material, Ms, is shown in Figure 89. A similar plot

for settled bed height Hs, is shown in Figure 90. Hs was measured

after fluidization data were taken using the inside ring of holes

in the distributor as the zero reference height. Figures 89 and 90

were later used to calculate M s and Hs from AP a operating data.

When the ambient air fluidization studies were complete, the

reactor windbox was modified by closing the two 3/8 inch NPT air

inlet ports on the bottom plate and cutting three 3/8 inch wide

slots in the 1/8 inch thick windbox gasket. This allowed gases

from the reactor heating zone (Figure 83) to enter the windbox.
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TABLE 27

sieve Analysis of Spent Sand Feed Before Umf Studies (8/6/91 Data)

Standard Sieve Average Trial (i00 Trial (i00 Trial (i00
U.S. Size D_ameter #i (g) Xi) I #2 (g) Xi) 2 #3 (g) Xi) 3

Sieve (.m) dp (_m)

6 3350 4838 9.98 3.34 ii. 27 3.77 7.03 2.35

18 i000 2168 5.68 i. 90 5.42 i. 81 5.50 I. 84

25 710 855 2.23 0.75 2.16 0.72 2.54 0.85

45 355 532 8.92 2.99 8.14 2.72 9.87 3.30

50 300 328 7.68 2.57 6.92 2.32 8.37 2.80

70 212 256 180.47 60.40 175.15 58.60 174.54 58.35

i00 150 181 37.26 12.47 34.69 ii. 61 38.24 12.78

140 106 128 26.29 8.80 31.96 i0.69 29.73 9.94

200 75 90 i0.03 3.36 12.41 4.15 12.94 4.33

pan 0 38 i0 .27 3 .44 i0 .78 3 .61 i0 .35 3 .46
I

Total 298.81 100.02 298.91 i00.00 299. ii i00.00

Loss I. 19 - i. i0 - 0.89 -

i

;_ 193um 188_m 187_m

_p (3 samples) 189_m
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For air fluidization studies at temperatures above ambient,

the burner was allowed to heat the static bed until the bed

temperature was above the target temperature. The burner was then

shut off and the bed was allowed to cool while the heating zone was

purged of exhaust gases using a draft inducer fan in the chimney

(Tjernlund Model DJ3-HD). Fluidizing air was then drawn from the

exhaust-purged heating zone into the windbox and the reactor.

Fluidizing and defluidizing data were taken as the reactor cooled.

This procedure gave a temperature change in the sand bed, ATs, and

a temperature difference between the bed and the windbox, TB - Twbx,

of i0 °C or less for one complete fluidization cycle. A

fluidization cycle included incrementally changing QRxr from 0 to

200 CFH and back to 0 CFH and recording AP B for each QRxr setting.

Shutdown

The reactor and support systems were designed for fast

shutdown in an emergency. A switch on the feeder control would

stop oil sand feed. The control panel master switch would shutdown

the gas pump. Propane could be shutoff with the switch on the

Beckman controller for the Badger Control Valve ® , at the propane

tank, or at the propane burner with a manual valve.

RESULTS AND DISCUSSION

A 15.2 cm (6.0 inch) ID fluidized bed reactor was designed,

built, installed, and operated at reduced pressures as preparation

to pyrolyze oil sands from the Whiterocks deposit of Utah.

Significant engineering accomplishments include trouble free solids
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feeding and solids withdrawal, efficient product recovery, and

reactor operation at reduced pressure using combustion gases for

fluidization.

variables EffectinqFeeder Cal_br_tion

As described above, the Acrison BDF-I.5/E/2 feeder showed a

marked decrease in feed rate when the feed stock was shifted from

spent sand to oil sand. At a 90% setting, the feeder would deliver

1674 grams per minute of spent sand but only 660 grams per minute

of oil sand. Also, the feed rate using oil sands was not linear

with time and, as shown in Figure 86, higher speeds accentuated the

disparity.

In a feeder test with the E/2 auger, oil sand at 24°C in the

hopper was fed at the 90% rate. In the course of 60 minutes of

operation the temperature of the oil sand delivered increased 5°C

and the hopper oil sand increased 3°C. This temperature increase

occurred even though ambient temperatures were 22°C throughout the

test. The temperature increase with time on stream is believed to

be due to mechanical shear in both the hopper and the feed auger

cylinder. The temperature increase in turn causes the oil sands to

become sticky, hence the feed rate decreases.

Augers are interchangeable on the Acrison feeder, so a larger

H/2 auger was purchased and installed. In order to control the

temperature of the feed sand and reduce the sticky nature of the

sand, the H/2 auger cylinder was fitted with a water jacket. The

initial calibration runs with the H/2 auger at 5% of full speed

produced inconsistent results. The data in Table 28, for I0
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independent trials, illustrate the type of data obtained.

Noting that the temperature of the oil sand delivered was

constant for the tests reported in Table 28, oil sand moisture

content was considered as an influencing variable. The effect of

moisture cn feed rate was evaluated from air dry (0 wt%) to 12 wt%

moisture. The term "air dry" was adopted from its usage in the

wood fuels industry and was given an operational definition based

on 72 hours of exposure in the laboratory.

TABLE 28

Mass of Whiterocks Oil Sand (/RWN) Delivered

in 8.0 minutes at 5% of Maximum Speed

(Acrison BDFI.5/H/2 Feeder)

Date Mass (kg)

11/26/90 3.0

1/3/91 3.7

3.5

3.3

3.4

3.6

1/4/91 2.3

1/8/91 2.9

3.3

1/1.5/91 3.9

A plot of mass of oil sand delivered in 8 minutes versus

moisture content was found to be linear at 5% of maximum speed with
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the H/2 auger. This is illustrated in Figure 88 above, where the

range of moistures studied includes the data in Table 28.

Finally, the physical state of the oil sand was evaluated as

a feeder variable. Whiterocks WN (WRWN) and WS (WRWS) oil sands as

described by Cha 2°9 were run in mass versus time feeder tests as

previously described. The WRWS, a 7.3 wt% bitumen oil sand, was

additionally screened through a 1/4 inch mesh which removed about

25 wt% of the material, both rock and consolidated oil sand. This

screened finer material fed at a rate of 5.0 kg in 20 minutes, only

half the i0.i kg in 20 minutes rate of the higher bitumen (7.6

wt%) WRWN sand used in all of the earlier feeder tests. The WRWS

sand was also returned to the feed hopper and rerun at the same

settings after 48 hours. The second 20 minute test produced 4.6

kg. These tests suggest that screening of the oil sands to produce

smaller and more uniform particles will result in lower feed rates

from the Acrison feeder. Conversely, higher bitumen sands may feed

more successfully if they are not screened to a 1/4 inch or smaller

size.

The discharge of oil sand from the auger cylinder was observed

to pulse in direct relation to the auger speed. This is typical of

solid flight augers and the pulsing is unavoidable at low speeds.

The oil sand itself would fall from the feeder as both fine

particles and large, loose packed lumps. A 5/8 x 1 3/4 inch

diamond screen was placed vertically 3/8 inches from the end of the

auger flights and served to break up the lumps and smooth out the

feed pulses. With the screen in place, oil sands fell from the
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feeder as an almost uniform pattern of particles.

The results of the preliminary feeder studies may be

summarized as follows:

• The Acrison BDF 1.5/H/2 will feed oil sands at a linear

rate provided:

a) delivered oil sand temperature is below 20°C and

kept constant with a water jacketed feed auger, and

b) oil sands are air dry and previously unused in a

screw feeder

• The feed rate is inversely proportional to oil sand

moisture on an air dry basis

• The absolute feed rate is sensitive to oil sand source

and size

• The feed exits the auger cylinder with a pulsing flow

Co t ol of So s ow___t__9_ified L-Va!ve

Tests with a bench scale mockup of a solids withdrawal system,

based on the J valve described by Knowlton, 2°3confirmed that solids

flow from the standpipe could be started and stopped with this

device, but the flow rate could not be controlled at any acceptably

low and reproducible value. An additional problem with the J valve

only became apparent when narrow-size-range test sand was replaced

with a sample of spent sand having a broader size distribution.

When larger pieces were present in the discharging sand, e.g., 3

mm, they would not always clear the bottom of the J and eventually

a plug would develop. The J valve would not operate reliably with

typical wide-size-distribution spent sand and was therefore
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abandoned.

The J valve was rebuilt to simulate an L-Valve but with two

aeration points. The Modified L-Valve and its relation to the

fluidized bed reactor is illustrated in Figure 82. In theory, an

L-Valve works because solids in a standpipe flow when fluidized and

choke when they are not. A detailed analysis of the L-Valve

operating principles and mechanisms was presented recently by Ould-

Dris and Molodsof. 215 Test results with the wide-size-distribution

spent sand showed that at least a 3/4 inch I.D. hole was required

at the standpipe top in order to avoid bridging of the spent sand

above. The standpipe itself was larger in diameter so that the

expansion caused by fluidization would tend to force solids down

rather than up.

The segregation of solids as they flowed down the standpipe

and through the nonmechanical valve did not cause even occasional

plugging in the standpipe/L valve after the top restriction in the

standpipe was drilled to 1.0 inch ID. Control of mass flow at low

rates using one injection point was a problem, however, and the use

of two injection points for nitrogen aeration was required to solve

the flow control problem. Point A (Figure 82) was used to reduce

the density of the packed bed in the standpipe so that flow would

begin, and point B (Figure 82) was used to maintain or increase

flow across the horizontal leg of the valve. The A-B combination

allowed operation of the Modified L-Valve at mass flow rates as low

as 1 kg per minute with the 1.0 inch ID restriction at the

standpipe top. Efforts to "calibrate" the Modified L-Valve based
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on nitrogen flow rates were not successful.

Adjustment of gas flow at either point A or point B (Figure

82) would alter the mass flow of solids from the reactor, but point

A was much more sensitive and flexible. In order to give quick

response when aeration was initiated, the horizontal length of the

Modified L-Valve was built so that without aeration, the solids

would flow to within 0.5 inch of the exit to the spent sand drum

(Figure 82).

Ai_ Fluidization with Push and Pull Gas Flows

A reactor in the "Pull" configuration must have, by design, a

pressure above the distributor that is less than the windbox

pressure for gas to flow through the distributor (neglecting A_i,t ).

This establishes the sub-atmospheric requirement above a

distributor which is at atmospheric pressure on the windbox side.

A reactor pressure analysis and the results of fluidization studies

were included in the 1991 Annual Report. The fluidized bed

configuration in which gas was pulled through the bed had several

potentially advantageous features:

1. Tuning of the distributor pressure drop to higher values

should improve bed mixing and distributor performance

2. Lower pressures above the bed should allow faster

vaporization or a lower operating temperature for heat

sensitive processes

3. Entrainment and elutriation should be lowered due to

lower gas density above the bed

4. Deeper beds appear to be operable without slugging
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compared to ambient pressure beds where the gas is pushed

5. Distributor jet momentum and associated disturbances

should be reduced using a pull configuration

_lationshiD Between U_f and TemDerature for SDent Sand

A method for predicting U.f at elevated temperatures was

proposed by Fletcher et al. z14using, in part, the fluidization data

from earlier studies on oil sands. 18°0181.1_Investigations indicated

that many published sets of data for Umf and T could be correlated

by

T°'z7 - kf (13)Umf

The procedure for predicting Umf at elevated temperatures

includes:

• Determine a value for U,_ at a selected temperature

either by experiment or by use of equations 214

• Calculate the fluidization constant, kf, using equation

(3)

• Predict Umf at another temperature by solving equation

(3) at that temperature using the kf determined above.

It was preferred that kf be determined as an experimental value.

Data were taken in this study to test this predictive method

and are presented in Table 29. Following the procedures outlined
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by Fletcher et al. ,214the predicted U_ and kf may be calculated for

TABLE 29

Experimental U,f and kf at Various Temperatures

Material = Whiterocks Spent Sand

G_Pa = 169 ,ms = Air

U

Date T (K) (cm_s) kf

9/13/91 295 2.7 13

I0/17/91 295 2.9 14

10/18/91 295 2.7 13

295 2.9 14

12/17/91 527 2.5 14
534 2.2 12

547 2.5 14

559 2.2 12

12/19/91 455 2.6 14

an air fluidized bed at 295 K and compared to the experimental

values:

Calculated Ar = 360

Calculated Reef = 0.25

Calculated Umf = 2.7 cm/s

Calculated kf = 13

The average experimental Umf at 295 K is 2.8 cm/s and agreement

with the calculated Umf is within 4%. The experimental kf for all

temperatures (Table X) is 13, the same as that predicted from

calculations above. Using kf = 13, U,f at 455 K would be

predicted at 2.5 cm/s using equation (3). The experimental Umf was
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2.6 cm/s at 455 K.

SUMMARY AND CONCLUSIONS

A fluidized bed pyrolysis reactor system was designed,

constructed, and tested at reactor pressures less than atmospheric

using crushed oil sands and spent sands from the Whiterocks deposit

of Utah. A 15.2 cm ID fluidized bed reactor was fed spent sand on

a continuous basis while maintaining a bed height of approximately

30 cm using a modified nonmechanical L-Valve for spent sand

withdrawal.

The reactor used propane for heating and the hot propane

combustion product gases could be used for fluidization.

Fluidizing gas was pulled through the reactor from the windbox

using suction from a variable speed gas pump. Sand was fed to the

reactor from a dry materials feeder which had a jacketed and cooled

auger. Off gases were condensed and filtered using commercial

basket strainers modified with water cooling coils. Included in

the engineering phase of this work was the development of systems

to feed oil sands, withdraw spent sands, and efficiently recover

liquid products. The data taken from a small-pilot plant reactor,

suggests that multisized spent sand particles can be successfully

fluidized at moderately reduced pressures. It has been found that

reduced pressure fluidization can be accomplished by pulling the

gas from above the sand bed, and that, by restricting the gas flow

into the reactor, the equivalent of distributor pressure tuning can

be accomplished.

The characteristics of bed pressure drop, APB, versus
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superficial gas velocity, U, were determined during fluidization

and defluidization of spent sand using laboratory air.

Reduced pressure fluidization and defluidization curves for

multisized particles have a shape similar to atmospheric curves

when the distributor is at atmospheric pressure. Defluidization

curves for a below atmospheric pressure distributor were shaped

more like atmospheric fluidization curves, sometimes showing a

sharp change in pressure near the "interpreted" Um_. As in

atmospheric fluidized beds, a plot of AP vs U for decreasing gas

flow was easier to interpret at reduced pressure and is thus

recommended for reduced pressure studies. An "interpreted" Umf ,

using either the right hand side of the defluidization AP hump or

the point where AP was 95% of its theoretical MB/A value, was shown

to give good agreement with the predictive correlation of Fletcher

et ai.214

The relationship Umf T0"2z = kf, as proposed by Fletcher et

214
al., was experimentally verified from 295 K to 559 K for spent

sand fluidized by air. The predictive methodology for Umf , based

on Remf = Ar/1400 214 was also verified experimentally at ambient

conditions where reactor gas pressure is accounted for in the

Archimedes number and the U,f calculations from Remf.

With reference to the specific research objectives for this

investigation, which were outlined above, the following conclusions

were made:

i. A 15.2 cm ID fluidized bed with an H/D of 2 will operate

in the bubbling, rather than slugging regime, using spent
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sand in the bed. Fluidization using a pull rather than

push system for gas movement is feasible, and beds with

H/D up to at least 4 can be smoothly fluidized in this

manner•

2. Oil sand can be fed to a hot fluidized bed reactor using

an Acrison dry materials feeder, provided the auger

cylinder is cooled to at least 15 °C and the auger is

sufficiently large in diameter to allow speeds of only a

few rpm.

3. A Modified L-Valve, into which two aeration points have

been designed, can be used to withdraw hot spent sand

from a fluidized bed reactor•

4. Commercial basket strainers, modified to also serve as

condensers, can efficiently recover liquids with no

observable mist formation.

5. Oil sand leaving the Acrison feed auger falls as a

pulsing media ranging from single sand grains to

agglomerates up to 1/4 inch in diameter•

• T°'27- kf as proposed by Fletcher et6 The relationship Umf -

al. 214 is valid over the range 295 to 559 K using air as

the fluidizing gas.

7. Hot combustion gases from a propane (LPG) burner

regulated to avoid excess oxygen can be used to fluidize

the spent sand bed as part of the fluidized bed pyrolysis

processing of Whiterocks oil sands•
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FUTURE ACTIVITIES

The next phase of this project includes the operation of the

semi-pilot scale pyrolysis reactor in order to get pyrolysis data

for several temperatures including those below 500°C. We will

attempt to determine if optimum process conditions are at longer

residence times and lower temperatures than previously reported. Im"

187,209 Liquid yields and coke formation will be determined when

combustion product gases are used for fluidization instead of the

more traditional nitrogen. Any potential advantage of reduced

pressure operation will be identified. Specifically we will

attempt to:

i. determine if reduced pressure pyrolysis of bitumen gives

higher liquid yields and makes less gas and coke

(carbonaceous material), when compared to previous

ambient pressure studies.

2. find the temperature at which maximum liquid products are

produced.

3. reexamine if U/Umf has an influence on product yields for

the ratios where the bed stays well mixed.

4. examine the liquid yields and product distributions for

a range of residence times.

5. verify the observation of previous workers using TGA 216

that bitumen pyrolysis rates peak at temperatures below

500°C.

6. find experimental conditions where coke formation is

suppressed, and increased liquid yields are favored over
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increased gas yields.

7. determine the yields and properties of pyrolysis products

using Whiterocks oil sands.
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NOTATION

A Area of empty reactor bed, m2

Ar Archimedes number from equation (7), --

B Constant in equation (I), --

C I C2 Constants in equation (13), --

D Diameter of the empty reactor bed, m

dp,_p Average size of particles, m

dp| Size of particles in ith fraction, m

F Feed rate of oil sand, g/min

g* Local acceleration due to gravity, m/s 2

h Abbreviation for hour, h

HB Settled bed height, m

HRxr Reactor height, m

Hs Maximum slug height, m

ID Internal diameter,m

kd Mass transfer coefficient, m/s

kf Fluidization constant from equation (17), --

M B Mass of bed, kg

Mpr0p Mass of propane, ib

min Abbreviation for minute, min

mw Molecular weight, g/mol

PAtm Atmospheric pressure, Kpa

PBar Barometric pressure, Kpa

PTop Pressure measured in the freeboard, Kpa

Pwbx Pressure measured in the windbox, Kpa

APB_ Pressure drop across the bed, Kpa

AP0ist Pressure drop across the distributor, Kpa

OD Outside Diameter

QRxr Flow rate of gas in the reactor, L/min

Remf Reynolds number at minimum fluidization from
equation (2), (13), or (14), --

rpm Revolutions per minute, min "I

T Temperature, K
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TB Average Temperature in the Bed, K

T_x Average Temperature in the Windbox, K

tRes Average residence time, min

TDH Transport disengaging height, m

U,Ug Superficial gas velocity, m/s

Ucf Superficial gas velocity at complete fluidization,

m/s

Umf Superficial gas velocity at minimum

fluidization conditions, m/s

xi Mass fraction of particles in ith fraction, --

GREEK SYMBOLS

emf Bed voidage at minimum fluidization, --

Pg'Ps Density of gas and solid respectively, kg/m 3

_,_g Gas viscosity, kg/m • s

Sphericity, --

o Standard deviation, --
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PYROLYSIS OF OIL SANDS IN A ROTARY KILN REACTOR

Principal Investigator F.V. Hanson
Graduate Student H. Zheng

INTRODUCTION

The efficiency of the liquid recovery system was a persistent

problem in previous studies with the rotary kiln. The glass

recovery system was fragile and prone to leaks rendering material

balance closure difficult. Thus a more efficient, metal recovery

system was designed and fabricated (Figure 91). The design

calculations were predicated on feeding PR Spring oil sand ore (9

wt% bitumen saturation) to the rotary kiln and on the assumption

that the bitumen-derived liquid (i.e., the condensables) would

represent 80% of the produced hydrocarbons. Volumetric flow rates

were computed using the <PROCESS> simulation software package.

These flow rates were used to compute the stream velocities in the

recovery system transfer lines. The <PROCESS> software was also

used to perform the heat transfer calculations.

SUMMARY AND CONCLUSIONS

Preliminary tests indicate that the recovery system is

approximately 98% efficient in recovering the condensable, bitumen

derived hydrocarbon liquids.

FUTURE ACTIVITIES

Modify the rotary kiln dry materials feeder to handle 100% oil

sand feed.
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HYDROTREATING THE BITUMEN FROM THE
WHITEROCKS OIL SAND DEPOSIT

Principal Investigator F.V. Hanson
Graduate Student D.C. Longstaff

INTRODUCTION

The exploitation of Utah's Uinta Basin 0il sand resource will

occur by a combination of _ thermal recovery and mining-

surface recovery techniques. It has been estimated that 15-25% of

the Uinta Basin 0il sand resource is amenable to mining

production 217. The mining-surface recovery processes include

aqueous separation 218°219,pyrolysis 22°'222and solvent extraction 22_'225.

The separation and extraction processes produce the bitumen which

can be used as an asphalt base stock and/or a refinery

feedstock 226,227. The amount of water available in the Uinta Basin

may not be sufficient to sustain production-scale aqueous

separation operations 228, thus fluidized bed and rotary kiln

pyrolysis have been extensively studied 22°'2220229"232.The pyrolysis

processes produce a bitumen-derived liquid which can be used as a

refinery feedstock 233.234.

The high nitrogen content of the Uinta Basin bitumens and

bitumen-derived liquids(0.8-1.2%) 235 indicated that hydrotreating

would be required as a primary upgrading process. The bitumen from

the Whiterocks oil sand deposit was used as the feed in these

studies.

The objective of this investigation was to determine the

influence of process variables on bitumen denitrogenation,

desulfurization and residuum conversion. The variables studied
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included temperature, pressure and weight hourly space velocity

(wHsv).

EXPERIMENTAL METHODS AND MEANS

Feedstock Preparation

Bitumen recovered by toluene extraction of the Whiterocks oil

sand was used as the feedstock in this study. The toluene/bitumen

solutions were concentrated by rotary evaporation and batch

distillation to produce a bitumen which contained <0.1 wt% toluene.

Selected physical and chemical properties of the bitumen are

presented in Table 30236.

Hydrotrgate_ P_ocess U_t

Process studies were conducted in a fixed-bed reactor which

operated in the upflow mode to minimize thermal gradients in the

catalyst bed and to ensure complete wetting of the catalyst. The

design, construction and operation of the hydrotreater system have

been discussed in detail by Longstaff 2_. A schematic of the

hydrotreater system is presented in Figure 92. The denitrogenation

and desulfurization data were correlated using the kinetic average

temperature, Tk, which was defined as follows 237:

1 ex - RT(x)

where E, is the apparent activation energy and T(x) is an

appropriate function which describes the variation of the reactor

temperature as a function of axial distance, x, in the bed.
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Table 30 Analysis of the Whiterocks Bitumen

Gravity (API) 11.4
Density (288.7 K) (g cm "I) 0.989
Pour Point, K 330
Asphaltenes, wt% I) 5.0

Simulated Distillation
Volatility (wt%) 43.3
IBP, K 489
477-617 K (wt%) 6.3
617-811 K (wt%) 37.0
>811 K (wt%) 56.7

Elemental Analysis
C (wt%) 85.9
H (wt%) ii.i
N (wt%) i. 07
S (wt%) 0.37

H/C Atomic Ratio 1.54

Metals Content

Ni (ppm) 78
V (ppm) 4
As (ppm) 3

_)Pentane Insolubles

The base case operating conditions for the bitumen

hydrotreating study were as follows: temperature, 642 K (696°F);

weight hourly space velocity, 0.75 h'1; total pressure, 13.7 MPa and

hydrogen-to-oil feed ratio, 890 m3 m "3 (5000 SCF/bbl). The process

variable study was conducted by changing a single variable at a

time in a random manner to avoid systematic errors. The

experiments were sequenced so that an equilibrated experiment at

the base case conditions (Table 31) was conducted between each

process variable experiment. All mass balances were greater than

97.5%.

The extent of nitrogen removal was the key reactivity
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Table 31 Catalyst Properties, Base-Case Conditions
and Process Variable Ranges

Process Variable Ranges
Temperature (K (°F)) 642-711 (696-822)
Pressure (MPa (psia)) 11.2-16.9 (1626-2426)
WHSV (h"I) 0.29-1.38
LHSV (h"_) 0.18-0.86

H2/oil ratio (m3 m "3 (scf/bbl)) 890 (5000)

° 8
Catalyst Propertles

Loading (cm3) 152

Surface area (m23 g'l I 241
Pore Volume b (cm g" ) 0.55
Median Pore Diameter, A 90

Composition (wt%)
NiO 3.3

MoO 3 12 •8
P2Os 0.8

Base Case Process Conditions

Temperature (K (°F)) 642 (696)
Pressure (MPa (psia)) 13.7 (1980)
WHSV (h"I) 0.75
LHSV (h"I ) 0.45

_JNOCAL i/16" quadra 1obe
bHg porosimetry

parameter followed during the course of the study; however, the key

operating parameter followed on the catalyst testing unit during

the run was the specific gravity of the total liquid product. The

nitrogen content of the total liquid products produced during the

hydrotreating of the Whiterocks bitumen 236 and the bitumen-derived

liquid 2_ varied as a function of API gravity (Figure 93). The

nitrogen-gravity data reported by Sullivan and Stangeland 238 for

shale oil hydrotreating are also included in Figure 93. The

similarity between the trends indicated that the nitrogen-gravity

correlation for the hydrodenitrogenation (HDN) of the bitumen could
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be used with confidence as an on-line guide to estimate the real

time influence of changes in operating variables during the course

of the study.

Catalyst and Catalyst Activation

A UNOCAL Ni/Mo/AI203 hydrodenitrogenation catalyst was used in

this study. The catalyst contained 3.3 wt% NiO; 12.8 wt% MOO3, and

0.8 wt% P205; had a surface area of 241 m2 g-l; a pore volume of 0.55

cm 3 g-1 and an average pore diameter of 90 A. The alumina support

had a unimodal pore structure. Selected properties of the catalyst

are reported in Table 32. The catalyst was dried and sulfided in___:

situ at a LHSV of 1.0 h "I and a hydrogen-to-kerosene ratio of 5000

SCF h "I. The sulfiding solution was dimethyl disulfide in kerosene

(-2 wt% sulfur). During sulfiding the reactor temperature was

ramped from room temperature to 505 K at 28°C h "I and held at 505

K for two hours or until sulfur breakthrough was observed. The

temperature was then raised to 664 K at 28°C h "I, and held at 664

K for an additional 2 hours. The catalyst and catalyst activation

procedure have been described in detail by Longstaff and co-

workers233, 236.

RESULTS AND DISCUSSION

Process Variable Study

The primary process variables investigated were temperature,

total pressure and weight hourly space velocity (Table 32). Three

sets of experimental data were obtained at the following

conditions: (1) the reaction temperature was varied at constant
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Table 32 Run Conditions Employed to Hydrotreat
the Whiterocks Bitumen

Time on Reaction Reactor

Run Stream Temperature WHSV Pressure
Number (h) (K) (h"I) (MPa)

5 98 642 0.67 13.7

6 122 685 0.75 13.7

7 141 642 0.75 13.6

8 165 664 0.76 13.6

9 193 642 0.76 14.0

10 239 664 0.29 13.5

11 261 642 0.75 13.6

12 284 664 0.76 16.7

13 312 642 0.73 13.6
14 335 663 0.76 11.2

15 363 642 0.74 13.7

16 407 665 0.43 13.7

17 415 642 0.76 13.5

18 437 643 0.79 13.5

19 461 664 0.73 15.3

20 485 642 0.77 13.7

21 513 675 0.74 13.8

22 539 642 0.75 13.8

23 559 662 1.38 13.7

24 582 643 0.76 13.7

25 605 665 0.76 13.7
26 629 642 0.74 13.7

27 664 665 0.43 13.6

28 692 643 0.77 13.7

29 713 712 0.76 13.8

30 735 642 0.71 13.6

pressure (13.7 MPa (1980 psia)) and WHSV (0.75 h'1); (2) the WHSV

was varied at constant temperature (664 K (735 °F)) and pressure

(13.7 MPa); and (3) the total pressure was varied at constant

temperature (664 K) and WHSV (0.75 h'1). The hydrogen-to-bitumen

ratio was 890 m3 m "3 (5000 scf/bbl). After the steady state was

attained and a material balance was completed, a second experiment

was conducted at the base-case conditions listed in Table 31.
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The decrease in the API gravity of the total liquid product

produced at the base-case operating conditions was nearly linear

from 0-800 hours (Figure 94). It should be noted that the spread

of the points above and below the least squares fit is accentuated

by the expansion of the y-axis to a range of 0.4 °API. The

difficulty associated with exact reproduction of the temperature

and space velocity in the base-case experiments also contributed to

the scatter of the data. The deactivation or aging rate was

estimated to be 0.20°C day "I over approximately 700 hours on-stream.

The deactivation rate was similar to the deactivation rate obtained

with the bitumen-derived liquid produced during the fluidized bed

pyrolysis of the Whiterocks oil sand 236. Even though the residuum

content of the bitumen was three times that of the bitumen-derived

liquid the deactivation rates were similar. This is attributed to

the presence of 2-3 ppm arsenic in both the bitumen-derived liquid

and the bitumen.

Prior to the final run at the base-case conditions, the

reactor was operated at 712 K (Run 29) to determine the extent of

molecular weight reduction which could be achieved at high

temperatures. Although substantial molecular weight reduction

occurred there was a significant increase in the specific gravity

relative to the total liquid products produced during the previous

runs at the base-case conditions. This increase was due to the

rapid catalyst deactivation at 712 K. It was concluded that semi-

continuous catalyst replacement would be necessary for high

temperature hydrotreating of bitumen.
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Figure 94. API gravity versus time on-stream for base case
runs
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i
Preliminary Process Kinetics

The rates of sulfur, nitrogen and residuum conversion may be

fit by power rate law kinetics239"242:

When a significant fraction of the heteroatoms or the residuum

are" present in unreactive fractions such as asphaltenes, the

kinetics of their conversion can be represented by two parallel

first order reactions 236. The fraction unconverted for any

component j, which consists of a reactive or facile fraction and a

less reactive or refractory fraction is given by Equation 3236,243:

fj = (l-x r)exp[-kfz] +xrexp[-kr_] (16)

where fj is the unconverted fraction of component j, xr is the

fraction of component j which is refractory, T is the reciprocal

WHSV, and k_ and k r are the first order rate constants for the

facile and refractory fractions of component j.

The nitrogen conversion data appeared to fit pseudo-first

order kinetics (Figure 95) with a rate constant of 0.6 h "I. A plot

of -in(l-x) for sulfur conversion versus reciprocal WHSV (Figure

96) gave a straight line which had a y-intercept greater than zero.

This indicates that sulfur conversion data can be described by two

parallel reactions according to Equation 3. The rate constants, kf

and kr, for facile and refractory sulfur conversion were 4.8 h "I and

0.5 h "I, respectively. Thus 35% of the bitumen sulfur is
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-In(l-x) vs 1/WHSV for
Sulfur Conversion
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Figure 96. Plot of -In (l-x) versus reciprocal WHSV for sulfur
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refractory, which represents 0.12 wt% of the total bitumen feed.

This agrees with data reported by Riley 24° and Ohtsuka 244. The

conversion of residuum can also be analyzed in terms of facile and

refractory fractions (Figure 97). The data at the highest

reciprocal WHSV suggests that residuum conversion goes through a

maximum• This is not the case, but rather is an artifact resulting

from insufficient line-out time between Run 9 and Run I0. The

first order rate constants for facile and refractory residuum

conversion were determined to be 3 8 h "I and 0 25 h "I respectively• • W •

Furthermore, the data indicated that 62% of the residuum was

refractory, which represents 35% of the total bitumen• The dotted

lines in Figures 96 and 97 are the least-squares fit usin_ the

values of kf, kr and xf for sulfur and residuum conversion• Mosby

et. al. 245 have reported that residuum consisted of facile and

refractory fractions•

The apparent link between sulfur and residuum conversion

kinetics infers that the refractory sulfur fraction consisted of

organic sulfur present in high molecular weight moieties which

crack slowly• Thus, residuum conversion was presumed to be the

rate determining step for refractory sulfur conversion. It has

been suggested that refractory sulfur is the sulfur present in

asphaltenes; 240.244however, this is an unsatisfactory explanation for

Whiterocks bitumen because less than 7% of the bitumen sulfur is

asphaltenic. 24S Refractory sulfur in asphaltene fractions and in

the Whiterocks bitumen is unreactive because it consists of sulfur

which is sterically hindered due to the high molecular weight of
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the species in which it is bound rather than because it is present

as inherently unreactive functionalities. This postulate is based

on the notion that asphaltenes and residuum are a continuum of

functionalities which are also present in lower molecular weight,

reactive species 247,248. This is in agreement with work by Trytten

and co-workers 249who reported over an order of magnitude difference

between the intrinsic rate constants for nitrogen and sulfur

conversion _s the average molecular weight of the feed increased

from 200 to 450 g mol "I.

The apparent activation energy for refractory sulfur

conversion, 146 kJ mol "I, is similar in magnitude to the apparent

activation energy for refractory residuum conversion, 134 kJ mol "I,

which supports the contention that refractory residuum conversion

is the rate limiting step for refractory sulfur conversion (Figures

98 and 99).

The Arrhenius plot for the whole residuum conversion indicated

that there were two regions of residuum conversion: a lower

temperature region where facile residuum conversion occurred and a

higher temperature region where the facile residuum was presumably

totally converted (Figure 99). The low apparent activation energy

for residuum conversion in the low temperature region suggested

that facile residuum conversion was the result of diffusionally

hindered catalytic hydrocracking. Refractory residuum conversion

may be related to thermal cracking of the refractory portion of

residuum. Activation energies of 230 kJ mol "I for mild

hydrocracking of residuum in ebullieted beds have been
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reported 250'251. The difference may be related to differences in

reactor scale and configuration.

The Arrhenius plot for nitrogen conversion (Figure I00) gave

an activation energy of 93 kJ mol "I for denitrogenation, which

compared favorably with activation energies, 121 kJ mol "I, reported

for coker gas oil denitrogenation (723-773 K) 249. The difference

may be related to the difference in the reactor operating modes:

the coker gas oil was hydrotreated in a trickle-bed, downflow

reactor whereas the bitumen was hydrotreated in an upflow reactor

The reaction order with respect to hydrogen partial pressure,

8, for nitrogen, refractory sulfur and refractory residuum

conversion were determined to be 0.7, 0 and 0, respectively. The

higher value of _ for denitrogenation is indicative of the greater

importance that hydrogen plays in denitrogenation 2s2. The fact that

the order with respect to hydrogen was the same for refractory

sulfur and residuum conversion supported the contention that

refractory sulfur conversion is linked to residuum conversion and

not to hydrogenation of aromatic rings.

Effect of WHSV

The effect of WHSV on the product distribution and yields and

on denitrogenation and desulfurization is presented in Table 33.

The space velocity experiments were conducted at a pressure of 13.7

MPa, a temperature of 664 K and a H2/oil ratio of 890 m3 m "3. The

product volumetric yield was independent of the WHSV in the range

0.3 to 1.4 h °I at 663 K; however, the C5. liquid yield decreased from

99 wt% to 95 wt% as the retention time increased from 0.7 to 3.5 h.
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Table 33 Effect of WHSV on the Product Properties of the

Hydrotreated Bitumen from the Whiterocks Oil Sand
Formation

Run number 23 8 16 i0

Process operating conditions

WHSV (h "I) 1.38 0.76 0.43 0.29
T (h) 0.73 1.31 2.34 3.47

Temperature (K) 662 664 665 664

Pressure (MPa) 13.7 13.5 13.7 13.5

API Gravity 16.0 18.1 20.5 22.0

Specific Gravity 0.955 0.938 0.920 0.909

H2 Consumption (m3 m "3) 90 94 163 120

Elemental analysis

C (wt%) 86.0 86.1 86.3 86.1

H (wt%) ii. 7 ii. 9 12.3 12.4

Nitrogen (ppm) 8100 5400 3500 1200

Sulfur (ppm) 980 680 430 230

H/C atomic ratio 1.62 1.65 1.70 1.72

Product yields (wt%)

C I 0.3 0.3 0.4 0.8

C2 0.2 0.2 0.2 0.5

C3 0.3 0.3 0.4 0.8
i-Butane 0.1 0.1 0.1 0.3

n-Butane 0.2 0.2 0.2 0.5

C5. liquid product 99.1 97.6 95.7 95.3
Liquid yield (vol%) I01.2 i01.5 i01.0 i01.7

Simulated distillation of total liquid product

Volatility (wt%) 68.9 73.8 79.3 79.2

C5. -477 K (wt%) 4.1 4.0 4.6 6.0
477-617 K (wt%) 13.9 16.5 20.7 21.2

617-811 K (wt%) 50.9 53.2 54.0 51.9

>811 K (wt%) 31.1 26.2 20.7 20.8
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The product distribution was dependent upon the space velocity at

WHSV's greater than 0.5 h "I and appeared to be independent of space

velocity at longer retention times, that is, at WHSV's below 0.5 h"

I. The distillate yield increased with increasing retention time

and appeared to be constant at WHSV's below 0.5 h °I. The residuum

yield decreased with increasing retention time and appeared to be

constant at WHSV's below 0.5 h "I. The gas oil yield did not exhibit

a distinct trend for WHSV's in the range of 0.3 to 1.4 h "I. The

extent of denitrogenation and desulfurization increased with

decreasing space velocity: the fractional nitrogen conversion

increased from 0.24 at 1.4 h "I to 0.89 at 0.3 h "I and the fractional

sulfur conversion increased from 0.74 at 1.4 h "I to 0.94 at 0.3 h "I.

Effect of Reaction Temperature

The effect of reaction temperature on product distributions

and yields and on denitrogenation and desulfurization is presented

in Table 34. The experiments in which the temperature was varied

were conducted at a WHSV of 0.76 h"I and a pressure of 13.7 MPa.

The reaction temperature exerted a significant influence on the

product distribution and yields. The volatility increased from

68.4 wt% at 642 K to 83.4 wt% at 685 K. Concomitant with the

increase in residuum conversion, the naphtha and distillate yields

increased; however, the gas oil yield was approximately constant in

the temperature range 642-685 K. At 712 K there was decrease in

the total liquid product due to excessive coking in the void spaces

of the bed and a significant increase in the residuum and gas oil

conversion due to thermal cracking. The nitrogen content of the
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Table 34 Effect of Temperature on the Product Properties of the

Hydrotreated Bitumen from the Whiterocks Oil Sand
Formation

Run Number 9 8 21 6 29

Process operating conditions

Temperature (K) 642 664 675 685 712

WHSV (h "I) 0.76 0.76 0.74 0.75 0.76

(h) i. 32 i. 31 I. 35 i. 32 i. 32

Pressure (MPa) 14.0 13.5 13.8 13.7 13.8

API G_-avity 15.8 18.1 19.9 23.4 34.8

Specific Gravity 0.956 0.939 0.925 0.898 0.811

H 2 Consumption(m 3 m "3) 91 94 122 124 127

Elemental analysis

C (wt%) 85.9 86.1 86.2 86.1 86.1

H (wt%) 11.7 11.9 12.1 11.9 12.7

Nitrogen (ppm) 7000 5400 5000 3400 ii00

Sulfur (ppm) ii00 680 530 250 50

H/C atomic ratio 1.62 1.65 1.63 1.65 1.76

Product yields (wt%)

CI 0.i 0.3 0.6 0.9 2.1

C2 0.I 0.2 0.4 0.6 1.6

C3_Butane 0.1 0.3 0.5 0.9 2.80.04 0.i 0.2 0.9 1.2

n-Butane 0.1 0.2 0.4 0.6 2.2

C5. liquid product 99.0 97.7 97.4 97.5 89.3
Liquid yield (vol%) 101.7 101.5 102.0 103.5 98.7

Simulated distillation of total liquid product

Volatility (wt%) 68.4 73.8 76.2 83.4 94.5

C5. -477 K (wt%) 1.0 4.0 5.6 6.2 26.1
477-617 K (wt%) 12.6 16.5 19.8 25.0 40.6

617-811 K (wt%) 54.8 53.2 50.8 52.2 27.7

>811 K (wt%) 31.6 26.2 23.8 16.6 5.5
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total liquid product decreased from 7000 ppm at 642 K to 3400 ppm

at 685 K which corresponded to fractional conversions of 0.35 and

0.68, respectively. The sulfur content of the total liquid

products decreased with increasing temperature. The sulfur

conversion ranged from 0.7 at 642 K to 0.93 at 685 K and approached

0.99 at 712 K despite the excessive coking at that temperature.

Effect of Pressure

The effect of reaction pressure on product distribution and

yields and on denitrogenation and desulfurization is presented in

Table 35. The reaction temperature and WHSV were held constant at

663 K and 0.76 h "1, respectively, while the pressure varied from

11.2 to 16.7 MPa. The reactor pressure did not exert a significant

influence on the product distribution and yields (Table 35). The

naphtha, distillate, gas oil and reszduum yields were virtually

identical in the pressure range from 11.2 to 16.7 MPa. The API

gravity and the H/C atomic ratio of the total liquid product were

insensitive to the increase in reactor pressure at a fixed

temperature and WHSV. The sulfur content of the total liquid

products did not vary significantly as the pressure increased which

was consistent with the speculation that residuum and refractory

sulfur conversion are related. The fractional sulfur conversion

exceeded 0.81 over the range of pressures studied at 663 K. The

nitrogen content of the total liquid products decreased from 6500

ppm at 11.2 MPa to 4900 ppm at 16.7 MPa. The fractional nitrogen

conversions at 663 K were 0.39 at 11.2 MPa and 0.54 at 16.7 MPa.
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Table 35 Effect of Pressure on the Product Properties of the

Hydrotreated Bitumen from the Whiterocks Oil Sand
Formation

Run number 14 8 19 12

Process operating conditions

Pressure (MPa) ii.2 13.5 15.3 16.7

Temperature (K) 663 664 664 664

WHSV (h"I) 0.76 0.76 0.73 0.76

T (h) 1.31 1.31 1.38 1.32

API Gravity 17.5 18.1 18.3 18.8

Specific Gravity 0. 943 0. 938 0. 937 0. 933

H2 Consumption(m 3 m "3) 65 94 110 126

Elemental analysis

C (wt%) 86.1 86.1 86.1 86.2

H (wt%) 11.9 11.9 12.0 12.1

Nitrogen (ppm) 6500 5400 5500 4900

Sulfur (ppm) 620 680 610 580

H/C atomic ratio 1.64 1.65 1.67 1.67

Product yields (wt%)

CI 0.i 0.3 0.i 0.3

C2 0.04 0.2 0.05 0.2

C3 0.I 0.3 0.i 0.3
1-Butane 0.02 0.1 0.03 0.1

n-Butane 0.04 0.2 0.05 0.2

C_+ liquid product 96.0 97.6 97.1 98.6
Liquid yield (vol%) 100. i01.5 i01.6 103.2

i

Simulated distillation of total liquid product

Volatility (wt%) 72.9 73.8 73.5 73.9

C5. -477 K (wt%) 3.6 4.0 3.6 3.7
477-617 K (wt%) 16.3 16.5 16.5 16.4

617-811 K (wt%) 53.1 53.2 53.3 53.8

>811 K (wt%) 27.1 26.2 26.5 26.1
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Molecular Weiqht Reduction

Although denitrogenation was the main objective of Whiterocks

bitumen hydrotreating, significant levels of boiling range

reduction were observed (Tables 33-35). Boiling range reduction

was modelled according to the reaction network suggested by Mosby

et. al. 245 (Figure I01) which was used to predict boiling range

yields in industrial hydrocrackers. The model accounts for

conversion of facile and refractory residuum as well as virgin and

cracked gas oil to lighter fractions. Fourteen rate constants are

required and it has been reported by Beaton et. al. 251 that all

fourteen are necessary for satisfactory prediction of distillate

yields. The model can be simplified so as to require only eleven

rate constants by treating product and virgin gas oils as a single

lump.

Equations relating the yield of gas (CI-C_) , naphtha (C5-477

K), distillate (477-617 K), gas oil (617-811 K) and residuum (>811

K) were derived 236 and rate constants and activation energies were

determined using software employing the multidimensional simplex

method 253 (Table 36). The kinetic data in Table 36 were used to

calculate the yields of gas, naphtha, distillate, gas oil and

residuum with respect to reciprocal WHSV and temperature (Figures

102 and 103). Agreement between experimental and calculated

results was good; however, the rate constants and activation

energies should not be used to draw meaningful conclusions about

facile residuum conversion because low bitumen conversion data were

not obtained in this study.
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Table 36 Values of Rate Constants, Activation Energies and

Preexponential Factors Derived for the Mosby Model

i k_ (h"I) E,,i (kJ mol "I) Ao,i (h"I)

1 2.51 3 1.2 X I00

2 1.09 36 8.0 X 102

3 0.50 39 5.7 X 102
4 0.01 33 4.3 X I00

5 0.22 155 3.3 X 1011

6 0.00 69 3.3 X 101

7 0.00 80 8.3 X 102

8 0.005 296 9.3 X 1020

9 0.i0 187 4.8 X 1013

10 0.003 7 1.1 X 10 .2

11 0.025 189 1.9 X 1013

12 0.00 128 4.1 X 106

13 0.05 227 2.1 X I0 °

14 0.002 107 4.7 X 105

SUMMARY AND CONCLUSIONS

The bitumen from the Whiterocks oil sand deposit in the Uinta

Basin of eastern Utah was hydrotreated in a fixed-bed reactor to

determine the extent of upgrading as a function of process

operating variables. The process variables investigated included

pressure (11.2-16.7 MPa); temperature (641-712 K) and liquid hourly

space velocity (0.19-0.77 h'1). The hydrogen/oil ratio, 890 m3 m"3,

was fixed in all experiments. A sulfided Ni-Mo on alumina

hydrodenitrogenation catalyst was used in these studies.

The deactivation of the catalyst, 0.2°C/day, was monitored by

the decline in the API gravity of the total liquid product with

time on-stream at a standard set of conditions. The effect of

temperature, weight hourly space velocity, and pressure on

denitrogenation, desulfurization and residuum conversion were
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studied and apparent kinetic parameters determined. The effect of

process variables on residuum conversion and Conradson carbon

residue reduction was also investigated.

Substantial molecular weight reduction occurred during

hydrotreating which was the result of thermal and catalytic

cracking. Catalyst activity remained stable for over 700 hours

during normal hydrotreating conditions. The deactivation rate was

0.2°C day "I. The activity was substantially reduced after

processing bitumen for short times temperatures above 700 K.

Denitrogenation was pseudo-first order, while desulfurization

and residuum conversion were adequately represented by two parallel

first order reactions. Sulfur conversion was linked to residuum

conversion because sulfur contained in residuum moieties is

unreactive until those moieties are cracked. The apparent

activation energies for denitrogenation, refractory sulfur

conversion, and refractory residuum conversion were 93 kJ mol "I, 146

kJ mol "I and 134 kJ mol "I, respectively.

Future Activities

The Whiterocks bitumen will be hydrotreated over a commercial

hydrodemetallation catalyst. The influence of temperature,

pressure and WHSV on denitrogenation, desulfurization, and resid

conversion will be determined.
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REACTION PATHWAYS IN THE OIL SAND
PYROLYSIS-HYDROTREATING SEQUENCE AS REVEALED BY HIGH

RESOLUTION GC-MS ANALYZES

Principal Investigator F.V. Hanson
Co-Principal Investigator M.D. Deo
Post Doctoral Fellow Chi-Hsing Tsai

INTRODUCTION
l

The utilization of Utah's Uinta Basin oil sands resource will

most likely involved a combination of in-situ and mining-surface

recovery techniques. It has been reported that 15-30% of Utah's

oil sands are amenable to mining-surface recovery processes. 254 The

mining-surface recovery processes include aqueous separation 2ss.2s6,

solvent extraction 257"259 and pyrolysis. 26°'272 The production of

refinery feedstocks from mined oil sands can be accomplished by a

number of processing sequences: aqueous separation or solvent

extraction followed by coking and hydrotreating of the coker

liquids or hydrotreating of the full range bitumen and rotary kiln

or fluidized bed pyrolysis followed by hydrotreating of the

bitumen-derived liquid.

The objective of this investigation was to explore the

molecular transformations that occurred in the processing sequence.

pyrolysis of the mined oil sand ore in a fluidized bed 2_ or rotary

kiln 271 followed by hydrotreating of the bitumen-derived liquid 2_.

Several reaction pathways will be discussed to explain bitumen

conversion to a refinery feedstock by this sequence.
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. II

EXPERIMENTAL METHODS AND MEANS

Fluidized Bed Pyrolysis System

The bitumen-derived liquid used in the hydrotreating studies

was produced from the Whiterocks oil sand ore in a large diameter,

fluidized bed pyrolysis reactor. The reactor temperature ranged

from 773 to 813 K, and the average feed sand retention time was

17.2 minutes during the course of the production run. The

production of the bitumen-derived hydrocarbon liquid from the

Whiterocks oil sand has been described in detailed by Sung 2_.

Hydrotreater Process Unit

Process studies were conducted in a fixed-bed reactor which

was operated in the upflow mode to minimize thermal gradients in

the catalyst bed and to ensure complete wetting of the catalyst.

A schematic of the hydrotreater system is presented in Figure 104.

The reactor was designed for operation at a maximum pressure of

5000 psi at 500°C. The catalyst was diluted with quartz sand (50%

by volume) in the inlet region of the bed ('20%) to trim the

exotherm which resulted from olefin hydrogenation reactions.

The base case operating conditions for the hydrotreating study

were: reaction temperature, 346°C; liquid hourly space velocity

(LHSV), 0.5 h1; total reactor-pressure, 1980 psia and hydrogen-to-

hydrocarbon feed ratio, 5000 SCF/b. The API gravity of the total

liquid product was constant at 23.2 ° API after the reactor was on-

stream for 94 hours at the base case conditions. At this point, it

was assumed that the catalyst had equilibrated and that 95% of the

coke deposition had occurred. A series of experiments were
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conducted in which the system was operated in a cyclic mode (base

case condition/desired reaction condition/base case condition) for

approximately I000 hours. The total liquid product from each

experiment was collected for analyses. The analytical test

procedures conformed to those outlined in the ASTM manuals.

Mass balances were taken for 3 hours at the end of a 16-hour

lineout period after the system had attained a stationary state at

the reaction conditions. The mass balances were conducted by

monitoring the liquid fed to the reactor system for discrete time

periods. At the conclusion of each mass balance the collected gas

and liquid samples were weighed and the gas sample was weathered

into a vapor collector and analyzed by gas chromatography. All the

mass balances were greater than 97.5 wt%.

The extent of nitrogen removal was the key reactivity

parameter followed during the course of the study; however, the key

operating parameter followed on the catalyst testing unit during

the run was the API gravity of the total liquid product.

Catalyst

A UNOCAL quadralobe Ni/Mo/AI203 hydrodenitrogenation (HDN)

catalyst was used in this study. The catalyst contained 3.3 wt%

NiO, 12.8 Wt% MOO3, and 0.8 wt% P205; had a surface area of 241 m2/g;

and a pore volume (Hg porosimetry) of 0.55 cm3/g. The A/203 support

had a unimodal pore structure. The sulfiding conditions were

specified by the catalyst manufacturer. A solution of dimethyl

disulfide in kerosene ('2 wt% sulfur) was used to sulfide the

catalyst at a LHSV of 1.0 h "I. The hydrogen-to-sulfiding solution
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ratio was 5000 SCF/B. The reactor temperature was adjusted to the 1

initial run temperature after sulfur breakthrough at which point

the sulfiding solution was discontinued.

A description of the experimental apparatus and operating

procedures; a description of the catalyst and the catalyst

activation procedures; and a summary of the process variable study

have been reported by Longstaff, et al. 274. The design,

construction and operation of the hydrotreater catalyst testing

unit have been discussed in detail by Longstaff 2_.

Analysis of Liquid Products

Simulated Distillation. The boiling point distributions of

the hydrotreated products were determined by simulated

distillation. The samples were dissolved in dichloromethane and

the analyses were performed on a programmed Hewlett-Packard Model

5730A gas chromatograph: the oven temperature was programmed from

-30°C to 350°C at ll°C/minute and was held at 350°C for 16 minutes;

the injector temperature was initially set at 250°C and raised to

350°C after 12 minutes and the FID detector temperature was 400°C.

The boiling point temperatures were calibrated with a standard

mixture of normal paraffins (Cs-C44) .

Fourier Transform Infrared Spectroscopic Analysis. The FTIR

spectra were obtained with a Perkin Elmer 1600 Spectrometer which

was operated in the transmission mode. Transmission spectra of the

neat liquids from the bitumen-derived liquid and the hydrotreated

products were determined in a liquid cell with a path length less

than 0.015 mm. Primary spectra of the bitumen-derived liquid and
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the hydrotreated total liquid products were obtained with a nominal

resolution of 4 cm "I in the range of 4000-450 cm "I.

Gas Chromatoqraphy-Mass Spectrometry Analysis. The bitumen-

derived liquid feed, the hydrotreated total liquid products and the

volatile-fraction of the bitumen (<538°C) were analyzed with a gas

chromatograph (Hewlett-Packard Model 5890 Series II) using a fused

silica capillary column coated with 5% phenyl methyl _ilicone

bonded stationary phase (30m x 0.25 mm I>D., DB-5, J & W

Scientific). The temperature program was ramped from 50°C to 300°C

at 3°C/min, with a hold at 300°C for 20 minutes for the bitumen-

derived liquid and the volatile fraction of the bitumen. The final

oven temperature was 320°C for hydrotreated total liquid products.

Gas chromatograph-mass spectrometry analyses were performed on

a Finnigan MAT high resolution gas chromatography/mass spectrometer

(Finnigan MAT ICIS II operating system) fitted with a DB-5 gas

chromatographic column (30m x 0.25 mm I.D.).

RESULTS AND DISCUSSION

The bitumen-derived liquid was significantly upgraded relative

to the native bitumen (Table 37): 18.5°API versus 11.9,36 API; a

viscosity of 85.4 centipoise at 15.6°C, versus 7,900 centipoise at

60°C; a volatility (<538°C) of 82.2 wt% versus 44.1 wt%; a

Conradson carbon residue of 4.7 wt% versus 8.8 wt%; etc.,

respectively. The atomic hydrogen-to-carbon (H/C) ratio of the

bitumen-derived liquid was lower than that of the native bitumen.

This reduction was related to dealkylation and dehydrogenation

reactions during pyrolysis which resulted in the production of a
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Table 37. - Properties of Bitumen and Bitumen-Derived Liquids

from the Whiterocks Oil Sand Deposit

Bitumen Hydrotreated

Bitumen Derived-Liquid Bitumen-Derived

Liquid

Gravity, °API 12.2 18.5 35.0

Conradson Carbon 8.8 4.7 N_

residue, wt%

Pour Point, °F 134 43 7

Pentane insol.,
wt% 4.0 2.8 NA

Simulated Distillation

(ASTM D2887)

Volatility, Wt% 44.1 82.2 97.4
IBP - °F 460 286 207

IBP- 400°C, wt% 0.0 4.7 12.5

400-650°F, wt% 6.2 18.5 40.0

650-i000° F, wt% 37.9 59.0 34.9

>I000°F, wt% 55.9 17.8 2.6

Elemental Analysis

C, wt% 85.8 85.9 86.7

H, wt% ii.6 ii.i 13.3

H, wt%/ppm I. 1 i. 1 43 ppm

S, wt%/ppm 0.4 0.4 16 ppm
O, wt% I.I 1.5 0.0

Ni, ppm 67 9 NA

V, ppm <5 <i NA

H/C atomic ratio 1.32 1.55 1.84

NA = Not available.
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more aromatic hydrocarbon liquid and consequently a lower H/C

ratio. Furthermore, since the asphaltene (pentane insolubles) and

resin fractions in the bitumen was assumed to be the primary

precursor of the carbonaceous residue deposited on the spent

sand 2_, the coking tendency of the bitumen-derived liquid during

hydrotreating was expected to be less than that of the native

bitumen.

GC-MS Analyses

Identification of individual compounds in the volatile

fraction (IBP-538°C) of the Whiterocks bitumen, the bitumen-derived

liquid and the hydrotreated total liquids was based on the

comparison to known spectra from the literature or were tentatively

assigned based on interpretation of the mass spectrum 276"324. The

individual compounds identified in these samples are summarized in

Tables 38-39. The identification of individual isomers was not

attempted due to the complexity of compound types and the co-

elution of several compounds at the same retention time in GC-MS

analysis. The biological markers found in these samples were

described in general terms such as hopane 17-21-secophane, sterane,

perhydrophenanthrene, etc. (Tables 38-40) due to the lack of

standard compounds for comparison. In addition, most of the single

ring cycloalkanes were assigned as cyclohexanes due to the

similarity of the fragmentation ion peaks from cyclohexanes and

cyclopentanes. For the same reason, most of the bicyclic alkanes

were assigned as decalins even though lesser amounts of

hexahydroindanes were present. In addition to saturates, aromatics
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Table 38. - Compounds detected in the volatile fraction (IBP-538°C)
of the Whiterocks Bitumen

Molecular Structure

Scan No. Composition weight Assignment

75 C6H12 84 Cyclohexane (CH)

85 C_I 6 i00 C7 Isoalkane

92 C_I 4 98 Methylcyclohexane

106 C8H18 114 n-C 8 Alkane
108 CTH 8 92 Toluene

125 C8H16 112 C2CH

149 C_I 8 126 C3CH

168 C8HI0 106 Xylene

174 C8HI0 106 Xylene

195 C8HI0 106 Xylene

240 CIOH22 142 Cio Isoalkane

266 CioH2o 140 C4-CH

286 CIOH18 140 Trans-decalin
317 CIoH18 138 n-C10 Alkane

330 CIOH22 142 n-C10 Alkane

352 C11H24 156 C111soalkane

359 C9H12 120 C3 Benzene

365 C_IH24 156 n-C11Alkane

373 C11H24 156 n-C11Alkane

386 CIOH18 138 Cis-Decalin

C11H22 154 CsH XH

394 C11H22 154 CsCH

400 C11H22 154 CsCH

4 55 C12H24 168 C6CH

CIOH14 134 C4 Benzene

474 CioH2o 152 C I Decalin

CIOH14 134 C4 Benzene

497 C12Hz6 170 n-C12calinDeC11H2o 152 CI

508 C11H2o 152 CI Decalin

C12H22 166 C2 Decalin

CIOH14 134 C4 Benzene

517 C11H2o 152 CIH Decalin

C12H22 166 C2 Decalin

529 CIoH_2 132 CI Indan

532 C 12H24 168 C6CH

C11H2o 152 C I Decalin

547 C12H22 166 C2 Decalin

C12H24 168 C6 CH

558 C12H22 166 C2 Decalin
C11H14 146 C I Tetralin

566 C12H22 166 C2 Decalin

585 CIoH14 134 C4 Benzene

600 C13H24 180 C3 Decalin
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C15H28 208 C5 Decalin
C15H3z 224 Cio CH

1243 C1sH22 202 C5 Tetralin

C16H32 224 C10 CH

1253 C16H3o 222 C6 Decalin

C15Hz2 202 C5 Tetralin

1257 C15H22 202 C 5 Tetralin

C16H3o 222 C6 Decalin

1276 C14H2o 188 C4 Tetralin

1281 C18H14 17 0 C3 Naphthalene

C16H30 222 C6 Decalin

1290 C16H24 216 Cz Phenylcylcohexylethane

C13H14 170 _ Naphthalene
CI_34 238 C11CH

1302 C16H3o 222 C6 Decalin

C17H34 238 Cli CH
C15H22 202 C5 Tetralin

C11H12S 17 6 C3 Benzothiophene

13 07 C16H28 22 0 Cz Perhydrophenanthrene

C16H30 222 C6 Decalin

C15H22 202 C5 Tetralin

1317 C13H14 170 C3 Naphthalene

1325 C15H30 222 C6 Decalin

1335 C16H30 222 C6 Decalin

1341 C13H14 170 C3 Naphthalene

C16H3o 222 C6 Decalin

C16H28 220 C 2 Perhydrophenanthrene

C17H28 232 Cli Benzene

134 3 C13H14 17 0 C3 Naphthalene

C17H28 232 Cll Benzene

C1zH3o 234 C2 Perhydrophenanthrene
1349 C13H14 176 C3 Naphthalene

13 5 3 C17H30 2 34 C3 Perhydrophenanthrene

C16H30 222 C6 Decalin

C17H32 2 36 C7 Decalin

C14H16 184 C4 Naphthalene

1386 C13H14 170 C3 Naphthalene

C16H3o 222 C6 Decalin

14 09 CI7H26 2 30 _ Phenyl (cycl ohexyl )ethane

C14H16 184 C4 Naphthalene

C16H24 216 C6 Tetralin

142 3 C17H26 230 _ Phenyl (cyclohexyl) ethane

14 3 3 C18H26 2 52 C12CH
C17H32 236 C7 Decalin

C15H20 200 C I Octahydrophenanthrene

1448 C14H16 184 C4 Naphthalene

C16H24 216 C6 Tetralin

C12H15N 17 3 C4 Indole

1480 C17H32 236 C7 Decalin

C16H24 216 C6 Tetralin

C16H22 214 C20ctahydrophenanthrene

1515 C19H40 254 2,6, i0,14-Tetramethyl-
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pentadecane (pristane)

1529 C14H16 184 C4 Naphthalene

C18H_ 250 Cs Decalin

C16H22 214 C20ctahydrophenanthrene

154 5 Ci_ _ 252 C12CH

C16H22 214 C20ctahydrophenanthrene

1558 C14H16 184 C4 Naphthalene

C18H32 248 C4 Perhydrophenanthrene

1562 C18Hz8 244 C4 Phenyl (cyclohexyl) ethane

159 3 C1sH26 24 2 C40ctahydrophenanthrene

CIzHI5N 173 C4 Indole

C12HI3N 171 _ Quinoline

C18H30 246 C12 Benzene

C15H18 198 C5 Naphthalene
16 00 CI_20 224 C3 Tetraphydrophenathrene

C18H32 248 C4 Perhydrophenanthrene

1609 C20H42 268 2,6, i0,14-tetramethyl
hexadecane (phytane)

C18H_ 250 Ca Decalin

1632 C14H16 184 C4 Naphthalene

C18H26 242 C40ctahydrophenathrene

C18H_ 250 C8 Decalin

16 37 CI_30 258 _ Phenyl (cyclohexyl) ethane

CI_ _ 264 C9 Decalin

164 9 C19H38 266 C13CH

1664 C15H16 196 C I Tetrahydrophenanthrene

1673 C19H_ 262 C5 Perhydrophenanthrene

1715 C19H34 262 C5 Perhydrophenanthrene

1742 C19H]6 264 C9 Decalin
C1_34 262 C5 Perhydrophenanthrene

C16H20 212 C6 Naphthalene

1764 C20H_ 274 C14 Benzene

177 5 C19H28 256 C2 Indan (cyclohexyl) ethane

C21H44 286 2,4,6, 10-Tetramethylhepta-
decame

1809 C16H18 210 C2 Tetrhydrophenathrene

C19H36 264 C9 Decalin

C18H26 242 C40ctahydrophenanthrene

1840 C20H38 278 CI0 Decalin

C16H18 210 C2 Tetrahydrophenanthrene

1864 C19H_ 262 C5 Perhydrophenanthrene

1884 C20H_ 274 C14 Benzene

C22H46 296 2,4,6,10-Tetramethylocta-
decane

1901 C20H38 278 CI0 Decalin

1908 C15H12 192 CI Phenanthrene

C20H30 27 0 C3 Indan (cyclohexl) ethane

1915 C2oH3z 272 C6 Phenyl (cyclohexyl) ethane

19 31 C20H32 27 2 C6 Phenyl (cyclohexyl )ethane

CI_20 224 C_ Tetrahydrophenanthrene
D1aromatic sterane

1963 C18H20 236

1993 CI_20 224 C3 Tetrahydrophenanthrene
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C26H50 362 CI_ Decalin

C20H_ 278 D[aromatic Sterane

2 591 C23H40 3 16 C5 Perhydrocrysene
2648 C25H46 346 CII Perhydrophenanthrene

27 00 C28H58 392 C28 Isoalkanes

2731 C24H42 3 30 17,2 l-secohopane (C24)

27 52 C20H25N 2 79 C8 Carbaz ol e

2801 C28H54 390 C18 Decalin

C26H42 354 C12 Octahydrophenanthrene

28 34 C26H38 3 50 CI2 Tetrahydrophenanthrene

2854 C_H56 404 C19 Decalin
388 C14 PerhydrophenanthreneC28H52

C2_44 368 CI30ctahydrophenanthrene

2868 C_54 404 C19 Decalin

C28H52 388 CI4 Perhydrophenanthrene

C26H42 3 54 C12 Octahydrophenanthrene
29 13 C27H48 37 2 17,2 l-secohopane (C27)

C26H42 354 C12 Octahydrophenanthrene

2927 C27H40 364 CI3 Tetrahydrophenanthrene

C_H54 404 C19 Decalin

29 69 C28H52 388 CI4 Perhydrophenanthrene

2985 C_H52 400 C29 Sterane
388 CI4 PerhydrophenanthreneC28H52

3 005 C27H48 37 2 C27 Sterane

C28H50 386 C28 Sterane

C_H52 400 C29 Sterane

3027 C27H48 372 C27 Sterane

3052 C27H48 372 17,21-secohopane (C27)

3069 C27H48 372 C27 Sterane

3084 C29H52 400 C2Q Sterane

C28H50 386 C28 Sterane

3102 C28H50 386 C28 Sterane

C30H54 414 C30 4-methylsterane

3126 C28H50 386 C28 Sterane

C30H54 4 14 C30 4-methylsterane
Trisnorphopane

313 2 C27H46 370

3142 C28H50 386 C28 Sterane

C31H54 414 C3o 4-methylsterane

315 2 C28H50 38 6 C_0 4-methyl sterane

316 3 C28H48 384 B1snorhopane

C29H52 400 C29 Sterane

C30H56 416 CI6 Perhydrophenanthrene

318 2 C28H50 386 C28 Sterane

32 12 C2QH52 400 C29 Sterane
3232 C_H52 400 C29 Sterane

C30H56 416 CI6 Perhydrophenanthrene
3239 C29H52 4 0C C16 Perhydrophenanthrene

32 60 C30H52 412 3-Methyl- 30-norphopane
384 Bisnorhopane

C28H48
C29H52 4 00 C29 4-methylstrane

C_H50 39 8 Norhopane
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Something missing here

3275 C_Hs0 39 8 Norhopane

C_H52 400 C29 Sterane

332 1 C_H50 398 Norhopane

3 361 _0H52 412 Methyl-norhopane

3376 C30H52 4 12 Hopane
C31H48 4 20 ?

3397 C30H52 4 12 Hopane

3438 C31H56 4 28 C31 24-Methyl- ianostane

3454 C31H54 426 ' Homohopane

34 66 C32H54 42 6 Homohopane

34 82 C30H52 4 12 Gammacerane

3497 C31H54 42 6 C_I 4-methylhopane

3530 C32H56 4 40 BI shomohopane

3548 C32H56 440 Bishomohopane

35 64 C33H58 454 Tr ishomohopane

3 57 5 C32H56 44 0 Bi shomohopane

359 9 C31H54 42 6 Homohopane

C31H56(? ) 4 40 Bishomohopane

3619 C22H58 454 Tr ishomohopane
3644 C33H58 454 Tr ishomohopane

3 667 C33H58 454 Tr ishomohopane

3681 C33H58 45 4 Tr ishomohopane
3698 C34H60 4 68 Tetraki shomohopane

37 17 C34H60 4 68 Tetraki shomohopane

374 8 C34H60 468 Tetraki shomohopane

377 2 C34H60 468 Tetrakishomohopane

3779 C34H60 46 8 Tetrakishomohopane

3824 C35H62 4 82 Pentakishomohopane

3874 C35H62 482 Pentakishomohopane

389 1 C40H78 558 Perhydrocarotene

394 7 C40H78 558 Perhydrocarotene

3982 C40H78 55 8 Perhydrocarotene
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Table 39. - Compounds Detected in the Bitumen-Derived Liquid
Produced from the Whiterocks 0il Sand in a Large Diameter

Fluidized-Bed Pyrolysis Reactor

Molecular Structure

Scan No. Composition Weight Assignment

91 C_8 92 Toluene

145 C_I 8 126 Butylcyclopentane

160 C8HI0 106 Xylene

182 C8HI0 106 Xylene
264 CgHIz 120 _-Benzene

312 CIoHz0 140 l-Decene
350 C_I z 120 C3-Benzene

382 C11Hzz 154 Cs-Cyclohexane

CgH 8 116 Dihydroindan (Indene)

444 CIOH14 134 C4-Benzene

465 CIOH12 132 C -IndanI
C11H20 152 CI-Decalln

478 C11Hzz 154 l-Undecene

517 CIOH12 132 Dimethylstyrene
(Ethenyl dimethylbenzene)

562 C10H10 130 Methylindene

571 C10H10 130 Methylindene

CIOH14 134 C4-Benzene

618 CIoH8 128 Naphthalene

660 C12H24 168 l-Dodecene

C11H14 146 Methyltetralin

703 C13H28 184 2,6-dimethylundecane

763 C11H12 144 C2-Indene

C13H24 180 C3-Decalin

820 C11HI0 142 Methylnaphthalene

851 C14H28 196 Methyltridecene

904 C14H26 194 C4-Decalin

908 C14H26 194 C4-Decalin

C13H18 174 C3-Tetralin

954 C12H14 158 Dimethyldihydronaphthalene

C15H30 210 C9-Cyclohexane

997 C12H12 156 C2-Naphthalene

C14H28 196 l-Tetradecene

1005 C12H12 156 C2-Naphthalene

1047 C12H12 156 C2-Naphthalene

1076 C16H32 224 2,6,10-Trimethyltridecene-i

1086 C16H34 226 2,6,10-Trimethyltridecane

1133 C16H3z 224 l-Hexadecene
1146 C15H32 226 n-Hexadecane

C13H16S 204 C4-Benzothiophene
C12HIsN 173 C4-Indole

1195 CIsH24 204 Cg-Benzene

C12HI3N 171 C3-Quinoline

1228 C13H16 170 C3-Naphthalene

388



12 54 C13H16 17 0 _-Naphthalene
12 82 C13H16 17 0 C3-Naphtha lene

13 44 C16H32 224 CIo-CY clohexane

C13H16 17 0 C3-Naphthalene

1356 C18H_ 252 C18 Isoprenoid alkene

14 34 C18H38 254 2,6,10-Trimethylpentadecane
(norpristane)

1443 C18H_ 252 _18 Isoprenoid alkenenorpristene)

1458 C18H_ 252 C18 Isoprenoid alkene

1477 C18H28 244 C3 Phenyl (cyclohexyl )
ethane

C14H18 18 4 C4-N aphtha iene

15 07 C17H34 238 l-Heptadecene

1518 CI_20 224 C3-Tetrahydr°phenanthrene
1529 C19H40 268 2,6, i0,14-Tetramethyl

pentadecane

C 14H18 184 C4-,Naphtha iene
Prlst-l-ene

1570 C19H38 266
15 95 C 14H I0 17 8 Phenanthrene

1660 C18H36 252 l-Octadecene

167 1 C18H18 254 n-Octadecane

1686 C20H22 282 2,6, i0,14-Tetramethyl-
hexadecane (phytane)

1755 C19H34 262 Cs-Perhydrophenanthrene

180 1 C 15H 12 19 2 C I-Phen anthrene

C19H38 2 66 l-Nonadecene

18 i0 C19H40 268 l-Nonadecane

18 57 C18H20 236 C1-Indan (phenyl) ethane

18 9 3 C 17H18 222 C3-D ihydr ophenanthrene

19 28 C20H40 28 0 I-E icosene

19 55 C20H36 276 C6-Perhydrophenanthrene

2054 C21H42 294 l-Unosene

20 67 C21H38 290 CT-Perhydrophenanthrene

2 105 C17H16 2 20 C3-Phenanthrene

213 6 C17H16 220 C3-Phenanthrene

217 7 C22H44 308 l-Decosene

C16H17N 22 3 C4-Carbazole

2197 C22H46 3i0 n-Dococane

223 1 C24H40 328 C10-Phenyl (cyclohexyl) ethane

C16HITN 223 C4-Carbazole

228 5 C23H42 318 Cg-Perhydrophenanthrene

2 29 2 C23H46 322 l-Tricosene

C18H18 234 C4-Phenanthrene

2361 C23H48 324 n-Tricosane

2 350 C23H40 316 Cs-Perhydrochrysene

C24H44 332 C10-Perhydrophanenthrene

2382 Cz3H40 316 Cs-Perhydrochrysene

2390 C23H40 316 C23-Sterane

2408 C24H50 33 8 n-Tetracosane

24 23 C23H40 316 Cs-Perhydrochrysene

2473 C25H46 346 C11-Perhydr°phenanthrene
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CI?HITN 2 35 C4-Benzoquinoline

CI_19N 237 Cs-Carba zole

25 17 C25H52 352 n-Pentacosane

25 39 C26H44 35 6 C12-Phenyl (cyclohexyl) ethane

2550 C24H42 3 30 C6-Perhydrochrysene
(17,2 1-Secohopane )

2570 C20H25N 279 C8-Ca rba zoie

263 8 C26H54 366 n-Hexacosane

C26H38 35 0 C12-Tetrahydrophananthrene
27 30 C2_56 38 0 n-Heptacosane

2747 C26H38 350 C12-Tetrahydrophenanthrene
286 6 C27H48 372 C27-Sterane

292 1 C27H46 370 Trisnorhopane

29 72 C28H50 386 C28-Sterane

2999 C29H52 4 00 C29-Sterane

3056 C29H52 4 00 C29-Sterane

C29H50 398 Norhpane

309 5 C29H50 398 Norhpane

C30H54 4 14 C30-Sterane
Norhpane

3128 C29H50 398

C30H54 4 14 C30-Sterane

313 7 C30H52 412 Hopane

3 169 C30H52 412 Hopane

32 18 C31H54 426 Homohopane

32 28 C31H54 4 26 Homohopane

3245 C30H52 4 12 Gammacerane

C31H54 426 Homohopane

329 1 C32H56 440 Bishomohopane

330 5 C32H56 440 Bishomohopane

33 68 C33H58 454 Trishomohopane

34 14 C33H58 4 54 Trishomohopane

3494 C33H58 4 54 Tr ishomohopane

3522 C34H60 468 Tetrakishomohopa ne
354 3 C34H60 468 Tetrakishomohopane

357 8 C34H60 4 68 Tetraki shomohopane

3 588 C35H62 4 82 Pentakishomohopane

362 7 C35H62 4 82 Pentakishomohopane

3658 C35H62 482 Pentakishomohopane

3694 C40H76 556 Olefinic carotane

3797 C40H_6 556 Olefinic carotane

382 6 C40H78 5 58 Perhydro-_-carotane
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Table 40 - Compounds Detected in the Hydrotreated Total

Liquid (8-13)

Molecular Structure

Scan No. Composition weight Assignment

5 0 CzH16 100 CT-Isoalkane

56 CTH16 10 0 n-CT-Alkane
59 CTH14 9 8 D imethy icyc 1opent ane

66 C_I 4 98 Methylcyclohexane

70 CBH16 112 Trimethylcyclopentane

78 CTH 8 92 Toluene

83 C8H13 114 Ca Isoalkane

87 C8H16 112 Dimethyl cycl ohexane

90 C8H16 112 Dimethylcyclohexane

C8H18 114 n-C 8 Alkane

93 C8H16 112 Dimethyl cycl ohexane

101 C8H16 112 Dimethyl cyc iohexane

104 C9H20 128 C9 Isoalkane

107 C8H16 112 Dimethylcyclohexane

109 C9H18 126 Trimethylcyclohexane or
C4 Cyclopentane

117 C9H18 12 6 Trimethyl cyc iohexane or
C4 Cyclopentane

119 C9H18 126 Trimethylcylcohexane or
C4 Cyclopentane

C9H20 128 C9 Isoalkane

122 C8HI0 106 Xylene

124 C9H20 128 C9 Isoalkane

127 C8HI0 106 C9 Isoalkane

129 C9H20 128 C9 Isoalkane
131 C9H18 12 6 Trimethylcyclohexane

13 4 C9H18 12 6 Trimethyl cyclohexane

13 6 C9H18 12 6 Trimetnylcyclohexane

13 8 C9H18 12 6 Trimethyl cycl ohexane

14 0 C9H18 12 6 Trimethylcyclohexane

143 C9Hi0 106 Xylene

14 9 C8H20 12 8 n-C 9 Alkane

154 C9H18 12 6 Methylethylcyclohexane

156 C9H18 12 6 Methy iethy icyc iohexane

164 C9H18 12 6 Methy iethy icyc 1ohexane

173 C9H18 12 6 Methyl ethy icyc 1ohexane

178 CIOH22 142 CI0 Isoalkane

184 CIOH20 14 0 C4 Cyclohexane

188 CIOH20 14 0 C4 Cyclohexane

192 CIoH20 14 0 C4 Cyclohexane

197 CIoH20 14 0 C4 Cyclohexane

203 C9H12 120 C3 Benzene

207 CioH22 142 CI0 Isoalkane

209 C9H12 120 C3 Benzene

212 CIoH20 140 C4 Cyclohexane

217 CioH20 140 C4 Cyclohexane
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220 C_I 2 120 CC_4Benzene2 25 CIOH20 14 0 Cycl ohexane

229 CIOH20 14o c4 cyclohexane
235 C9H2o 14 0 C4 Cyclohexane

239 CIOH20 140 C4 Cyclohexane

2 46 CIOH22 14 2 n-C10 Alkane

249 CIOH20 140 C4 Cyclohexane

252 C IOH18 13 8 Methy lhexahydro indan

25 6 CIOH18 13 8 trans-Decal in

2 61 CIOH18 140 C4 Cyclohexane

267 C_!2 120 C3 Benzene

274 CIIH24 156 C11 Isoalkane

281 C 1IH22 154 Cs Cyclohexane

288 C11H22 154 Cs Cyclohexane

294 C11H22 154 Cs Cyclohexane

307 C11H22 154 Cs Cyclohexane

CIOH18 13 8 cis-Deca I in
312 C11H22 154 C5 Cyclohexane

321 CllH2o 152 C2 Hexahydroindan

327 C11H22 154 C5 Cyclohexane

334 C11H20 152 C2 Hexahydroindan

340 C12H14 134 C4 Benzene

349 C11H22 154 C5 Cyclohexane

CsHTN 117 Indole
352 152 Methyldeca i inC11K_0

356 CIIH20 15 2 Methy ldeca I in
C11H22 154 C5 Cyclohexane

372 CIoH14 134 C4 Benzene

376 C11H24 156 n-C11 Alkane

383 CIIH20 15 2 Methyldeca i in

386 C12H24 168 C6 Cyclohexane

4 05 C1IH20 15 2 Methyldecal in

C12H24 168 C6 Cyclohexane

415 C12H26 170 CI_ Isoalkane

4 22 CIOH12 13 2 Methyl indan

428 C 12H22 16 6 Dimethyldeca iin

434 C11H16 148 C5 Benzene

C12H24 168 Cs Cyclohexane
Tetralin

437 CIOH12 132

442 CIOH14 134 C_ Benzene

4 84 C12H22 16 6 Dlmethyldecal in

4 97 C11H14 14 6 Dimethyl indan

C12H22 166 Dimethyldecal in

C12H24 168 C5 Cyclohexane

525 C12H26 170 n-C12 Alkane

547 C13H28 184 C13 Isoalkane

6 02 C13H24 18 0 Trimethyldecal in

C12H16 16 0 Dimethyltetral in

638 C14H30 198 C14 Isoalkane

651 C14H28 19 6 C8 Cyc iohexane

C13H24 18 0 Trimethyldeca iin

67 0 C14H26 19 4 Tetramethyldecal in
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CI4H28 19 6 Ca Cyc lohexane

C12H16 16 0 Dimethy 1tetra i in
679 C14H30 198 n-C14 Isoalkane

6 92 C13H16 16 0 D imethy itetra iin
19 4 Tet ramethy ldeca iin

C14H26
CsH.O 118 Benzofuran

706 ClS_32 212 C%5 Isoalkane

C12H16 160 D1methyldecalin

7 23 C14H26 194 Tetramethyldecalln

795 C15H32 212 C15 Isoalkane

831 C1sH32 212 C15 Isoalkane

8 53 C14H26 19 4 Tetramethyldeca i in

C13H18 17 4 Tr imethy itetra i in

8 79 C13H18 17 4 Trimethyltetral in

922 C16H34 226 C16 Isoalkane

930 C16H32 224 CI0 Cyclohexane
C15H28 208 C5 Decalin

C14H20 188 C4 Tetralin

943 C17H36 240 C17 Isoalkane
C15H28 208 C5 Decalin

C14H20 188 C I Tetralin

977 C17H36 240 C17 Isoalkane

10 01 C16H24 216 C2 Phenyl (cyclohexyl) '

C14H20 188 C4 Tetralin

C15H28 208 C5 Decalin

C15H20 2 00 C I Octahydrophenanthrene

1068 C16H30 222 C6 Decalin

C17H36 240 C17 Isoalkane

C15H22 202 Cs Tetralin

C15H20 200 C I Octahydrophenanthrene

1117 C18H34 226 n-C16 Alkane

C15H20 200 CI Octahydrophenanthrene

1186 C18H38 254 C18 Isoalkane

1206 C18H36 252 C12 Cyclohexane

C17H32 236 C7 Decalin

C17H30 234 C3 Perhydrophenanthrene

C16H22 214 C20ctahydrophenanthrene

1253 C17H36 240 n-C17 Alkane

C18H34 250 C8 Decalin

C17H30 234 C3 Perhydrophenanthrene

C16H22 214 C20ctahydrophenanthrene

1264 C19H30 268 2,6, i0,14-Tetramethyl-
pentadecane (pristane)

12 86 C19H38 266 C13 Cyclohexane

C18H34 250 CsH 8 Decalin

C16H22 214 C20ctahydrophenanthrene
C17H24 228 C30ctahydrophenanthrene

1363 C19H40 268 C19 Isoalkane

C19H36 264 C9 Decalin

C17H24 228 C30ctahydrophenanthrene
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138 1 C18H38 254 n-C18 Alkane

CI_ _ 264 C9 Decalin

C oH 278 Decalin
C2 _ CI0I_24 228 C30ctahydrophenanthrene

1394 C20H42 282 2,6,10,14-Tetramethyl-
hexadecane (phytane)

1445 C20H38 278 c_0 Decalin

C20H42 282 C20 Isoalkane

CI_24 228 C30ctahydrophenanthrene
CisH26 242 C40ctahydrophenanthrene

244 Ca DecalinC1aH2s

1462 CI_34 262 C5 Perhydrophenanthrene

C20H38 278 Ci0 Decal in

CI_24 228 C30ctahydrophenanthrene

C18H26 242 C40ctahydrophenanthrene

1496 C21H44 296 C21 Isoalkane

C19H34 262 C5 Perhydrophenanthrene

C21H42 294 C15 Cyclohexane

C18H26 242 C40ctahydrophenanthrene

C20H38 278 Ci0 Decalin

1505 C21H44 296 C21 Isoalkane

C21H40 292 C11 Decalin

1536 C21H42 294 C15 Cyclohexane

C20H38 278 CI0 Decalin

C19H34 2 62 C5 Perhydrophenanthrene

C18H26 242 C40ctahydrophenanthrene

1570 C20H38 278 C16 Decalin

C21H40 292 C11 Decalin

C18H26 242 C40ctahydrophenanthrene
C19H2e 256 C50ctahydrophenanthrene

1622 C22H46 3i0 C22 Isoalkane

C21H40 292 C11 Decalin

C20H36 27 6 C6 Perhydrophenanthrene

16 33 C20H36 27 6 C6 Perhydrophenanthrene

C22H46 3 i0 n-C22 Alkane

164 2 C22H44 308 C 16-cyclohexane

C20H36 276 C5 Perhydrophenanthrene

C21H40 292 C11 Decalin

C21H36 286 CT-Phenyl (cyclohexyl) ethane

1683 C22H42 306 C12 Decalin

C21H34 284 C4 Indan (cyclohexyl) ethane

C21H38 290 C7 Perhydrophenanthrene

17 32 C23H48 324 C23 Alkane

C21H38 290 C7 Perhydrophenanthrene

17 79 C24H48 3 36 C18 Cyclohexane

C23H44 320 C13 Decalin

C22H40 304 C8 Perhydrophenanthrene

C21H34 284 C70ctahydrophenanthrene

C20H28 268 Monoaromatic sterane
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18 38 C24H50 338 C24 AlkaneC24 46 334 C14 Decalin
C20H28 268 Monoaromatic sterane

C22H36 298 C80ctahydrophenanthrene

1859 C24H48 3 36 c18 Cyclohexane

C23H42 318 C9 Perhydrophenanthrene

C22H_ 298 Cs Octahydrophenanthrene
268 Monoaromatic sterane

C20H28
C21H30 282 Monoaromat ic sterane

18 7 7 C24H48 3 36 C18 Cyclohexane

C2_52 352 C25 Alkane

C24_40 328 c14 Tetralin

C23H42 318 C9 Perhydrophenanthrene

C22H36 298 C80ctahydrophenathrene
C H 268 Monoaromatic sterane20 28
C2_30 282 Monoaromatic sterane

19 23 C23H42 3 18 C9 Perhydrophenanthrene

C25H50 350 C19 Cyclohexane

C24H46 334 C14 Decalin
268 Monoaromatic steraneC2oH28

C21H30 282 Monoaromatic sterane

1940 C26H54 366 C26 Isoalkane

C24H44 332 CI0 Perhydrophenanthrene
C21H30 282 Monoaromatic sterane

C22H32 296 Monoaromatic sterane
19 78 C23H40 3 16 C5 Perhydrochrysene

C24H44 332 CI0 Perhydrophenanthrene

2016 C23H40 316 C23 Sterane

C21H30 282 Monoaromatic sterane
C22H32 296 Monoaromatic sterane

2038 C26H54 36 6 C26 Alkane

C23H40 316 C23 Sterane

C26H52 364 C20 Cyclohexane

2 13 3 C27H56 380 C27 Alkane

2 137 C28H58 394 C28 Alkane

C28H48 360 C12 Perhydrophenanthrene

C28H50 362 C 6 Decalin
1_, 2 1 Secohopane

215 3 C24H42 33 0

C25H40 34 0 C11 Octahydrophenanthrene

2223 C29H50 408 C29 Alkane

C28H54 390 C18'Decal in

C27H46 37 0 Trlsnorhopane

C28H42 354 C12 Octahydrophenanthrene

2277 C30H62 42 2 C30 Isoa ikane

C28H54 39 0 C18 Decalin

C2_48 372 C27 Sterane

C28H50 386 C28 Sterane

2311 C30H62 422 C30 Alkane

C30H60 420 C24 Cyclohexane

C27H48 372 C27 Sterane

C28H50 386 C28 Sterane

C2qH56 404 C19 Decalin
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2 346 C oH_ 420 C23 Cyclohexane
C_56 404 C19 Decalin
C28H52 388 C14 Perhydrophenanthrene .
C2_48 372 C27 Sterane
C28H5o 388 C28 Sterane

2368 C3_64 434 C31 Alkane
372 C27 SteraneC2_48

C2sHso 386 C28 Sterane
2 398 C2_54 402 C15 Perhydrophenanthrene

C H 416 Perhydrophenanthrene30 56 C16
C3oH38 4 16 C27 Sterane
C2_48 37 2 C27 Sterane
C2sHso 388 C28 Sterane
C_H52 400 C_ Sterane

24 07 C30H58 4 18 C20 Decalin
C2_54 402 C15 Perhydrophenanthrene
C27H48 372 C27 Sterane
C28H5o 386 C28 Sterane
C29H52 4O0 C29 Sterane

24 32 C29H54 402 C15 Perhydrophenanthrene
C3oH56 416 C16 Perhydrophenanthrene

372 C27 SteraneC27H48
C28H5o 386 C28 Sterane
C29H52 400 C_ Sterane

2449 C27H48 372 C27 Sterane
C28H5o 386 C28 Sterane
C29H52 4 00 C29 Sterane
C3oH54 414 C12 Perhydrochrysene

Trisnorhopane2473 C27H46 370
C27H43 37 2 C27 Sterane
C28H5o 386 C28 Sterane
C29H52 4O0 C29 Sterane
C3oH54 4 14 C12 Perhydrochrysene

2481 C27H43 372 C27 Sterane
C28H5o 386 C28 Sterane
C_H52 400 C29 SAterane

2 500 C28H50 38 6 Cm Sterane
C29H52 4 O0 C29 Sterane
C3oH54 414 C12 Perhydrochrysene

2513 C28H5o 386 C28 Sterane
C29H52 400 C29 Sterane
C3oH54 4 14 C12 perhydrochrysene

2 557 C28H5o 38 6 C28 Sterane
C29H52 4 00 C29 Sterane
C3oH54 414 C12 Perhydrochrysene
C31H56 416 C16 Perhydrophenanthrene

Norhopane2589 C29H5o 398
C29H52 400 C29 Sterane
C3oH54 4 14 C12 Perhydrochrysene
C31H56 428 C13 Perhydrochrysene
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2 621 C_H_50 398 Norhopane

C_H52 400 C_ Sterane

C30H54 4 14 C12 Perhydrochrysene

C31H56 428 C13 Perhydrochrysene

26 39 C_50 398 Norhopane

C_52 4 00 C_ Sterane

C30H54 414 C12 Perhydrochrysene

C31H56 428 C13 Perhydrochrysene

2654 C30H52 4 12 Hopane

2682 C30H52 4 12 Hopane
2727 C H 4 12 Hopane30 52

C31H54 4 26 Homohopane

C31H56 428 C13 Perhydrochrysene
458 C19 PerhydrochryseneC33H62

27 48 C30H52 412 Hopane
C31H54 42 6 Homohopane

2760 C30H52 4 12 Hopane

C31H54 4 26 Homohopane

C31H56 428 C13 Perhydrochrysene

C33H62 458 C19 perhydrophenanthrene

2786 C3oH52 4 12 Hopane

C31H54 42 6 Homohopane

C32H56 4 40 Bishomohopane

C33H6o 4 56 C15 Perhydrochrysene
2798 C30H52 412 Hopane

C31H54 426 Homohopane

C32H56 440 Bi shomohopane

C33H6o 456 C15 Perhydrochrysene

282 0 C30H52 4 12 Hopane

C31H54 4 26 Homohopane

C32H56 4 40 Bishomohopane

C33H60 456 C15 Perhydrochrysene

2 839 C30H52 412 Hopane

C31H54 426 Homohopane

C32H58 44 0 Bi shomohopane

C33H60 456 C16 Perhydrochrysene

C34H62 470 C16 Perhydrochrysene

C35H66 486 C21 Perhydrophenanthrene

285 5 C30H52 412 Hopane
C31H54 426 Homohopane

C32H56 44 0 Bishomohopane

C33H58 4 58 Tr ishomohopane

2878 C30H52 4 12 Hopane

C31H54 4 26 Homohopane

C32H56 440 Bi shomohopane

C33H58 454 Tr ishomohopane

29 46 C30H52 4 12 Hopane

C31H54 42 6 Homohopane

C32H56 44 0 Bishomohopane

C33H58 4 54 Tr ishomohopane

297 2 C33H58 4 54 Trishomohopane

C34H60 4 68 Tetrakishomohopane
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C35H64 484 C17 Perhydrochrysene

3020 C33H58 454 Tr ishomohopane

C34H6o 468 Tetrakishomohopane

310 4 C34H60 468 Tetraki shomohopane

C35H62 482 Pentaki shomohopane

318 2 C34H60 468 Tetrakishomohopane

C35H62 482 Pentakishomohopane

and heteroatomic species, the bitumen-derived liquid contained

olefinic compounds, therefore, only the predominent species in a

co-eluted peak is reported in Table 39.

Alkanes and Alkenes

High concentrations of alkanes were detected in the

hydrotreated bitumen-derived liquid, in particular normal alkanes

ranging from C7 to C32 were identified. Higher molecular weight

alkanes (up to C40) were also present in low concentrations in the

hydrotreated product produced under the most severe hydrotreating

conditions (T = 680K, WHSV = 0.3 h "I, Pt = 13.5 MPa) . At milder

hydrotreating conditions, the unconverted steranes and hopanes in

the liquid product coeluted with the high molecular weight alkanes.

Thus, they were difficult to detect due to the low molecular ion

peaks for high molecular weight alkanes. Alkanes in the range of

C8-C23 were the most abundant. The abundance of C13-C17 normal

alkanes in the hydrotreated products produced from the bitumen-

derived liquid indicated a greater input of algal or bacterial

materials.

Branched alkanes constitute about 40% of the total alkanes in

the hydrotreated bitumen-derived liquid and comprise homologous
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series of 2- and 3-methyl-alkanes and isoprenoid alkanes. The

isoprenoid alkanes were the most abundant compounds in the branched

alkane fraction. The principal regular isoprenoid alkanes present

in the hydrotreated products were 2,6,10-trimethyldodecane

(farnesane), 2,6,10-trimethyltridecane, 2,6,10-trimethylpentadecane

(nor pristane), 2,6,10,14-tetramethylpentadecane (pristane), and

2,6,10-14-tetramethylhexadecane (phytane).

Some of the alkanes identified in the hydrotreated bitumen-

derived liquid were the hydrogenation products of the alkenes

present in the bitumen-derived liquid. Terminal and internal

olefins with structures similar to the normal and branched alkanes

were observed in the bitumen-derived liquid feedstock. Additional

evidence for the presence of _-olefins in the bitumen-derived

liquid was obtained by FTIR analyses. The absorbance bands at

988.4 and 908.8 cm "I, were attributed to the CH and CH 2 out-of-plane

deformation (CRH=CH2) and the band at 885.6 cm "I was attributed to

CH out-of-plane deformation in CRIR2=CH2_. Internal olefins were

present in lower concentrations.

Alkanes and alkenes identified in the bitumen-derived liquid

were presumed to have been derived from the cleavage of side chains

on naphthenic, naphtheno-aromatic, and aromatic species present in

the bitumen because only small concentrations of alkanes were

detected in the Whiterocks bitumen.

Cycloalkanes

Monocyclic Compounds. The single-ringed naphthenic compounds

present in the volatile fraction of bitumen, the bitumen-derived

399



liquid and the hydrotreated products were substituted cyclohexanes

and cyctopentanes, i, 11 3-trimethyl-2-alkylcyclohexanes (CI0-C25)

were the predominant compounds in the cyclohexane homologous series

in these samples which could have been formed from carotenoids.

Single-ring naphthenic compounds were also present in relatively

lower concentrations. The hydrotreated total liquid product

produced at severe conditions (680 K, 13.5 MPa, WHSV=0.3 h"

1),contained approximately 12.5 wt% naphtha. Substituted

cyclohexane and cyclopentane (C7-CI0) were the predominant compounds

in this fraction. These compounds were probably derived from

higher molecular weight naphthenes present in the bitumen and the

bitumen-derived liquid.

Bicyclic Compounds. The bicyclic alkanes identified in these

samples were unsubstituted and substituted decalins and

hexahydrocarbons (Ci0-C24 , C26, C28-C30 ) . Hexahydroindane homologs

were present in relatively low concentrations. The bicyclic

alkanes concetration increased significantly in the hydrotreated

total liquid products. This suggested that these bicyclic alkanes

were derived from tricyclic alkanes, steranes and hopanes via

thermal and/or catalytic cracking. The base peaks for these

bicyclic alkanes were 81, 95, and 123 whereas the alkyl substituted

hexahydroindanes have base peaks at ii0 and 12432z. In addition,

the fragmentation ion peaks of these bicyclic alkanes were similar

to those of polymethylated decalins and drimanes 328,329. The

concentration of decalin derivatives increased at higher reaction

temperatures, and lower liquid hourly space velocityies, while the
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concentration of hexahydroindanes was practically unchanged. This

suggested that most of these bicyclic alkanes are decalin

derivatives. Therefore, the mechanisms proposed for the formation

of hexahydroindanes 2m0327, the opening B-ring in steroids and C-ring

in hopanoids, were not applicable to the thermal degradation in the

pyrolysis reactor or to catalytic degradation in the hydrotreater.

Tricyclic compounds. Several alkyl substituted

perhydrophenanthrenes (C16-C26 , C28-C30 ) were identified in these

samples. Methyl side chains were the predominant alkyl group

attached to rings. Higher homologs (>C20) have fragmentation ion

patterns similar to those of tricyclic terpanes which were presumed

to contain a regular isoprenoid side chain at C-14. The lower

abundance of the C27 homolog in these samples was expected due to

branching at C-27. The formation of the C2z homolog was attributed

to the cleavage of two carbon-carbon bonds and is, therefore,

unfavored 2_,2_,307,309. Although it has been suggested that these

types of tricyclic terpanes were derived from biodegradation of

hexaprenol or cheilanthatriol 2_,2_ the formation of tricyclic

terpanes from steranes by opening the D-ring or from hopanes by

opening the D- and E-rings should not be ruled out. The C27-C30

homologs were identified in the hydrotreated total liquids which

suggested that ring opening of steranes and hopanes before cleavage

of the long alkyl side chains was a feasible reaction pathway for

the degradation of steranes and hopanes in the presence of

hydrotreating catalysts.

401



Tetracyclic Compounds. Tetracyclic terpanes, such as steranes

(C21, C23, C27-C29), the 4-methylsteranes (C_, C30), 24-methyl-

lanostane (C31) , and 17,21-secohopanes (C23, C24, C27, C30-C3s), were

identified in these samples. Steranes were the most abundant

components of this type. The 4-methylsteranes and 24-methyl-

lanostane were present in relatively low concentrations. Higher

homologs of 17,21-secohopanes (C30-C3s) were present only in the

hydrotreated total liquid product. This suggested that these

compounds are intermediates in the thermal and catalytic

hydrocracking of hopanes via opening the E-ring Steranes were

present in significant amounts in the bitumen from the Whiterocks,

Asphalt Ridge and Sunnyside oil sand deposits 280-28_ and in the

bitumen from Green River oil shale 2z9. The presence of 4-

methylsterane and the lack of steranes in the bitumen from the P.R.

Spring deposit reported by Reed 282 is puzzling. Analysis of the

bitumens from the P.R. Spring and Hill Creeks deposits (Uinta

Basin, Utah) will be performed in the future in an attempt to

confirm the observation of Reed 282.

The fragmentation patterns of the steranes (C27 -C29 ) GC-MS

spectra were in reasonable agreement with those reported by Anders

and Robinson 279. The ion peak 149 exhibited stronger intensity than

the ion peak 151 in all of the steranes suggesting that 5_-steranes

were the predominant isomers.

Pentacyclic Compounds and Tetraterpanes . The triterpenoid,

alkanes, such as hopanes (C27-C35), methylhopanes (C30, C31),

gammacerane, were identified in these samples. Gammacerane was

402



I
i

detected in small quantity. Considerable amounts of extended

hopanes (C31-C35) were present in the Whiterocks bitumen. The C33

and C34 homologs were the predominant species. Approximately 15 wt%

steranes and hopanes were detected in the Whiterocks bitumen. Utah

coal resins contained significant amounts of tetracyclic and

pentacyclic terpenoids 333. These resins have been proposed for use

as specialty chemicals feedstocks. Thus rather than convert these

steranes and hopanes to transportation fuels, perhaps it would be

better to use them as feedstocks for the production of resins for

printing inks and adhesives. Compared to steranes, hopanes are

more easily converted to lighter compounds in thermal and catalytic

processes. During pyrolysis most of the steranes were not

converted and were present in the bitumen-derived liquid, whereas

significant amounts of the hopanes were thermally cracked to lower

molecular weight compounds. At severe hydroprocessing conditions

(T >673 K), the concentrations of both steranes and hopanes were

reduced significantly.

Carotenoid Alkanes. Several carotenoid-derived alkanes were

identified in the volatile fraction of the bitumen and bitumen-

derived liquid. Their structures were presumed to be similar to _-

carotane.

Unsaturated Compounds. The volatile fraction of the bitumen

contained substituted benzenes, tetralins, indans, naphthalenes,

phenyl (cyclohexyl) ethanes, octahydrophenanthrenes,

tetrahydrophenanthrenes, indan (cyclohexyl) ethanes, phenanthrenes

and diaromatic steranes. In addition to these aromatic compounds,
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the bitumen-derived liquid contained indene homologs,

dimethylstyrene (ethanol dimethylbenzene), dihydrophenanthrene and

a C40 alkene with a structure similar to that of @-carotane except

for a carbon-carbon double bond in one of the cyclohexyl rings.

The concentration of substituted benzenes, unsubstituted and

substituted naphthalenes and phenanthrenes in the bitumen-derived

liquid was higher than in the volatile fraction of the bitumen.

This suggested that dealkylation and saturated ring opening

followed by dealkylation readily occurred in the pyrolysis reactor.

On the other hand, partial hydrogenation was the major reaction in

the hydrotreater, since monoaromatics were the predominant aromatic

species in the hydrotreated liquid products.

Heteratom species. Several oxygen-, nitrogen- and sulfur-

containing species were identified in these samples. These species

included benzofuran, indole, quinoline, carbazole and benzoquino-

line homologs, and benzothiophene homologs.

pyrolysis-Hydrotreatinq Reaction Pathways

Thermal cracking, dealkylation, dehydrogenation, polymer-

ization and condensation, and decarboxylation occur readily at

pyrolysis reactor conditions. 331,334 The hydrocarbon liquid obtained

from oil sand pyrolysis was derived via the above reactions coupled

with hydrogen transfer. It should be noted that the product

distributions and compositions of the bitumen-derived liquids

produced during oil sand pyrolysis were reported to be a function

of operating conditions: reaction temperature and solids residence

time 2zI. At reaction temperatures above 823 K dehydrogenation,
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polymerization and condensation, and secondary cracking reactions

play an important role as indicated by the increased yields of

coke, light gas, naphtha and distillate fractions and aromatic

species in the liquid product. Similar trends were reported for

the pyrolysis reactor as the solids retention time increased 271. It

is interesting to note that when the bitumen pyrolysis temperature

was near the operating temperature for delayed coking the coke

yield from bitumen pyrolysis was similar to that obtained from a

delayed coker using petroleum feedstocks.

Approximately 20 wt% of the bitumen-derived liquids were

normal and branched (mostly isoprenoid) alkanes and u-alkenes. The

bitumen contained virtually no alkanes and/or alkenes. Therefore,

it was presumed that these compounds produced during pyrolysis were

present in the high boiling fraction of the bitumen as alkyl groups

attached to aromatic rings and/or from alkyl bridges between two

aromatic clusters, two naphthenic clusters, and/or one aromatic

cluster and one naphthenic cluster. Carotane is a typical

compound which has a long alkyl bridge. Under thermal treatment

(773-813 K), 1,1,3-trimethyl-2-alkylcyclohexanes are formed via

free radical reactions involving various tertiary CH and CH 2

groups.

(R-CnH2_ I, n=1-22)
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The detailed structures of compounds which contain long alkyl

chains have not been completely determined due to the limitation of

spectroscopic and analytical techniques. Based on information in

the literature 335"338and the data gathered in our studies 331,334,there

were indications that two types of compounds could be present in

the bitumen: long alkyl chains attached to two to five ring

terpenoids through C-C bonds (alkyl groups linked to naphthenic,

naptheno-aromatic and aromatic moieties); ester linkages which

formed during reactions between steroid and hopanoid acids and

alkanoid alcohols and/or between fatty acids and condensed alcohols

and phenols.

The bitumen contained numerous biologically derived hopane and

sterane classes of compounds. Fused naphthenic rings and short

branched alkyl substituents were also identified. At pyrolysis

conditions, free radical reactions involving the branched side-

chains and the cyclopentane ring produced low molecular weight

naphthenic compounds with cyclohexyl rings and alkanes and alkenes.

The reaction schemes proposed in this work correspond to those

sugested by other investigators 32L338. The concentration of alkyl

hexahydroindans which are presumed to be produced from steranes and

hopanes by cleavage of cyclohexyl rings, the B-ring in steranes and

the C-ring in hopanes, did not increase in the bitumen-derived

liquid. This suggested that the proposed geochemical degradation

mechanism, the rupture of C-C bonds at the B-ring of steranes and

at the C-ring of hopanes, did not obtain during pyrolysis.

The presence of alkylindenes, dihydronaphthalenes,
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dihydrophenanthrenes, and the increase in alkyl napthalenes and

phenanthrenes indicated that stepwise dehydrogenation of

hydroromatics occured readily during pyrolysis.

Carbonaceous residues or chars are a primary product of

thermal processes. The carbonaceous residue yield depended upon

the reaction temperature and the solids residence time in 011 sand

pyrolysis 271. At high temperatures and long residence times, high

yields of coke were obtained. It is believed that polymerization

and condensation reactions involving olefins and polynuclear

aromatics are favorable at these conditions. In addition, the

clays in the solid substrate may have been activated at pyrolysis

conditions and may have catalyzed polymerization and condensation

reactions and dehydrogenation of naphthenes and hydroaromatics

during pyrolysis 339.

Carbon dioxide and hydrogen were detected in the produced

gases during pyrolysis of the Whiterocks oil sand. It was presumed

the CO 2 was produced by thermal decomposition of carboxylic acid

funchional groups present in the bitumen or of carbonate minerals

present in the reservoir rock. The decarboxylation reaction was

inferred by the absence of the 1700 cm "I band in the bitumen-derived

liquid and its presence in the bitumen. The decomposition of R-

COOH bonds readily occurs at 623 K339. The CO 2 could have been

produced from the decomposition of siderite and calcite, in

temperatures above 723 K339. Furthermore, dolomite reacts to form

periclase and CO 2 in the temperature range 773-823 K340. The

formation of hydrogen was believed to have been related to the
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I
production of naphthas and middle distillates from higher molecular

weight fractions and to the formation of the carbonaceous residue

on the sand gralns 341.

Hydrogenation of olefinic bonds was a major reaction in

hydrotreating the bitumen-derived liquid as indicated by the

absence of olefins in the hydrotreated products and the heat

released in the inlet region of the catalyst bed where indenes and

alkenes were converted to indans and alkanes (Tables 39 and 40).

The amount of hydroaromatic species; indans, tetralins,

octahydrophenanthrenes and monoaromatic steranes, increased in the

hydrotreated liquid product relative to the bitumen-derived liquid

feedstock in all cases. These hydroaromatics result from partial

hydrogenation of polynuclear aromatics.

The concentration of hopanes and steranes decreased at lower

liquid hourly space velocities and higher reaction temperatures.

The presence of bicyclic and tricyclic terpanes in the hydrotreated

products was due to the cracking of steranes and hopanes under

hydroprocessing conditions.

The high concentration of methane in the product gas from the

hydrotreater is probably derived from the hydrodealkylation of

terpanes present in in the feedstock.

The amounts of alkylbenzenes increased in the hydrotreated

products. Some of these alkylbenzenes could have been produced by

cracking of condensed aromatics in the bitumen-derived liquid.

Heteroatom conversion/removal occurred in the hydrotreater,

however, the lack of reactivity of pyrole-type nitrogen was
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observed from GC-MS and FTIR analysis.

SUMMARY AND CONCLUSIONS

The volatile fraction (<I000"F) of the Whiterocks

bitumen; the bitumen-derlved liquid produced from the pyrolysis of

Whiterocks oil sand in a fluidized bed; and tha total liquid

products obtained from subsequent catalytic hydrotreating have been

analyzed by high resolution gas chromatography-mass spectrometry.

Major compound types found in the 1000°F minus fraction of the

bitumen were substituted and unsubstituted cyclohexanes, benzenes,

decalins, tetralins, naphthalenes, perhydrophenanthrene (tricyclic

terpanes), octahydrophenanthrenes, tetrahydrophenanthrenes,

phenanthrenes, phenyl(cyclohexyl) alkanes, indan (cyclohexyl)

alkanes, perhydrochrysenes (17,21-secohopanes), steranes (C27-C29),

hopanes (C27-C35) and traces of paraffins. Several additional

compound types were also identified in the bitumen-derived liquid:

normal alkanes (C7-C30) and _-alkenes, branched alkanes (Cz-C28) and

alkenes, cyclopentanes, styrenes, indenes, dihydronaphthalenes,

dihydropenanthrenes, and the olefin related to perhydro-_-carotane.

The hydrotreated bitumen-derived liquid consisted primarily of

saturated compounds, such as alkanes (normal and branched) and

cycloalkanes (1-5 rings). It also contained low concentrations of

aromatic compounds which were predominantly monoaromatics. Several

thermal reaction pathways have been proposed based on the

structural analyses of these three samples. These reactions

include cleavage of long side chains or bridges, dehydrogenation,

polymerization and condensation, and decarboxylation.
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Hydrogenation, hydrogenolysis and heteroatom removal were the

principal reactions which occurred in the hydrotreater.

This work demonstrates that most of compound types in the

volatile fraction of the bitumen, bitumen-derived liquid and

hydrotreated products of the bitumen-derived liquid can be
J

determined by GC-MS analyses. Two types of compounds present in

the nonvolatile fraction of the Whiterocks bitumen have been

proposed: long alkyl chain attached to two- to five-ring

terpenoids through C-C bonds (alkyl groups linked to naphthenic,

naphtheno-aromatic and aromatic moieties) and ester linkages formed

during reactions between steroid and hopanoid acids and alkanoid

alcohols and/or between fatty acids and condensed alcohols and

phenols.

Several reaction pathways in the bitumen pyrolysis-

hydrotreating sequence can be rationalized through the structural

identification of various samples. In the thermal process, these

reactions include cleavage of long side chains (or bridges),

dehydrogenation, cracking, polymerization and condensation and

decarboxylation. On the other hand, hydrogenation, hydrogenolysis,

hydrodealkylation and heteroatom removal were the principal

reactions which occurred in the hydrotreater. The processing

sequence oil sand pyrolysis-hydrotreating over an HDN catalystic

appeared to be a technically reasonable concept for the upgrading

of the bitumen from mined oil sands to a hydrogen refining

feedstock.
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FUTURE ACTIVITIES

The processing sequence extraction-hydrotreating will be

examined as an alternative to pyrolysis-hydrotreating.
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SUPERCRITICAL EXTRACTION OF WHITEROCKS BITUMEN
ASPHALTENE REJECTION

Principal Investigator F.V. Hanson
Co-Principal investigator M.D. Deo
Graduate Student M. Subramanian

INTRODUCTION I

Asphaltenes are precipitates that separate from petroleum,

petroleum residua or bituminous materials upon treatment with

low-boiling hydrocarbon solvents _2. The solvents for effecting

this separation are n-pentane and n-heptane, although other light

hydrocarbon solvents have also been used _3. The amount and

composition of asphaltene fractions are important from both

production a_d processing considerations. In petroleum refining,

asphaltene fractions can precipitate in heat exchangers and/or can

deposit on catalysts causing excessive coke formation. A number of

physical properties of the crude oils such as density and viscosity

are also determined by the asphaltenes. In petroleum production

operations, asphaltenes can precipitate and cause extensive

formation damage. Asphaltene precipitation in oil reservoirs has

proved to be a difficult problem to define and study 344'345. In

recent years, several papers on modeling the onset of asphaltene

precipitation from reservoir fluids caused by temperature-pressure

variations or by the introduction of dense gas solvents have been

published3450348.

Speight 342 provided a detailed discussion on the influence of

solvent type on asphaltene precipitation for a western Canadian

bitumen. Yields of precipitate using various solvents indicated

that when the solvent carbon number increased, the yields (wt%
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bitumen) decreased. This was particularly true for the n-alkane

homologous series and was also applicable to a lesser degree for

naphthenic and aromatic compounds.

Yields of asphaltenes using solvent mixtures also varied

depending on the ratio of the solvents used _3. These data suggest

that the amount of asphaltene precipitate will be influenced by the

lighter cosolubilizing components in the petroleum or bitumen. The

work reported in this paper on continuous supercritical fluid

extraction (SFE) of an oil sands bitumen with propane provides

direct evidence of the influence the lighter components exert on

asphaltene precipitation.

Kawanaka et al. _9 hypothesize that essentially two factors are

responsible for maintaining the mutual solubility of compounds in

petroleum crudes. (i) Ratio of polar to nonpolar molecules. (2)

Ratio of high to low molecular weight molecules.

The SFE alters both the ratios in the extracted oils and the

residual fractions relative to the original mixture. The effect of

this alteration on the asphaltene content of the residual fractions

is presented in this paper.

EXPERIMENTAL

The SFE system was custom-built for the University of Utah by

Autoclave Engineers, Inc. A schematic of th e apparatus is presented

in Figure 105. Central to the system was a temperature controlled

extractor with a capacity of 300 cm$^35 and rated to a pressure of

37 MPa at 615 K. The extractor was equipped with a magnetic-drive

packer-less stirring device. Propane was charged into the extractor
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Figure 105. Schematic of the supercritical fluid extraction
system
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and the system was brought to the desired pressure using a

high-pressure liquid pump. Pressure control was achieved by

incorporating a back pressure regulator in parallel with the pump.

The pump-head was cooled by a circulating cooling bath to ensure

that the propane was maintained in a liquid state at the pump-head.

In all the experiments, a known amount of bitumen, 50 g, was

charged into the extractor and the continuous extraction process

was started. Selected properties of the bitumen are presented in

Table 41. This bitumen is an ultra heavy naphthenic crude oil and

the terms bitumen and oil have been used interchangeably in this

paper for the original material. Asphaltene content of this feed

material as determined by the pentane-insolubles test was 5.9 wt%.

Once the initial equilibrium state was attained, propane was

continuously pumped into the extractor. Commercial grade propane

containing about 96% propane and 4% of other Cl - C4 hydrocarbon

gases was used in this work. A heated metering valve was used to

transfer the extracted phase from the extractor to the separator.

The separator was held at ambient pressure. The solvent separated

from the extract phase in the separator was vented through a flow

totalizer which measured the cumulative volume of solvent withdrawn

from the separator. The oil in the separator was collected and

weighed. After about 25 liters of solvent (at room temperature)

had passed through the totalizer, the amount of oil accumulated was

collected and weighed. When the amounts of oil extracted became

small relative to the amount extracted in the first 25 liters (< 5%

of the amount extracted in the first extraction window), the
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Table 41

Selected Properties of the Whiterocks Bitumen

Specific Gravity (288 K) 0.98

Conradson Carbon Residue (Wt%) 9.5

Four Point, K 327

Viscosity (323 K), Pa-s 27

Asphaltenes, Wt% 5.9
(Pentane Insolubles)

Simulated Distillation

Volatility, Wt% 32.5

IBP, K l 520

IBP-477 K, Wt% 0.0

478-616 K, Wt% 5.6

617-811 K, Wt% 26.9

>811 K, Wt% 67.5
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extraction was stopped. The extractor was depressurized and the

residue was weighed and analyzed for maltenes and asphaltenes. In

each extraction sequence, seven to eight extract samples were

collected. Each sample corresponded to an extraction window of 25

liters of propane vented through the totalizer or about 20 minutes

of extraction time.

Asphaltene contents of the residual fractions produced during

the propane extraction of the native bitumen were measured by the

analytical method developed by AOSTRA 35°. Two grams of the residual

fraction were dissolved in an equal volume of toluene. Forty

volumes of n-pentane were added for each volume of toluene. The

AOSTRA method recommends benzene as the diluent; however, toluene

was used in place of benzene for safety reasons. The precipitate

was filtered from the solution, dried and weighed.

RESULTS AND DISCUSSION

Experiments were performed at three different pressures (5.5

MPa, 10.3 MPa and 17.2 MPa) at a constant temperature of 380 K and

at three different temperatures (339 K, 380 K and 422 K) at a

constant pressure of 10.3 MPa. The critical temperature of propane

is 369.8 K and its critical pressure is 4.25 MPa. The effect of

pressure on the extraction yields at 380 K is presented in Figure

106 and the effect of temperature on the extraction yields at 10.3

MPa is presented in Figure 107. Attempts have been made to link the

extraction performance of dense gases to densit_ 51,352.The reduced

densities of pure propane at the experimental conditions, as

calculated by the Peng-Robinson equation of state 353, are presented
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in Table 42. It is recognized that pure solvent density in the

Table 42

Reduced Density of Propane at Experimental Conditions

Temperature 311 K 339 K 380 K 408 K 422 K

T. 0.84 0.92 1.03 1. i0 1.14

Pressure

5.5 MPa 2.81 - 1.43 - -

10.3 MPa 2.92 2.64 2.11 1.69 1.48

17.2 MPa 3.04 - 2.44 - -

Notes :

Reduced density was calculated based on a density of 0.18 g/cm 3 at

the critical point of propane (Pc = 4.25 MPa; Tc = 370 K).

All the densities were calculated using the Peng-Robinson equation
of state.

vicinity of its critical temperature strongly affects extraction 354.

This is evidenced in Figure 106 where the extraction yields

increased with increased pressure (increased pure solvent density)

at constant temperature. However, the data presented in Figure 107

demonstrates that pure solvent density is not the only governing

parameter. Direct evidence for this observation is presented in

Figure 108, where the extractions at two different pure solvent

reduced densities are compared. Enhanced extraction behavior is

observed at a lower solvent reduced density. This behavior is

possibly related to the phase behavior of the propane-bitumen

system just above the critical temperature of propane. It should
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also be observed that the highest extraction yield was obtained at

380 K and 17.2 MPa.

Compositional variation in the extracted material as a

function of time can be determined by examining the carbon number

distributions of the first, middle and the last extracts for the

experiments at 10.3 MPa and 380 K (Figure 109). The middle and the

last extracts contained compounds heavier than the first fraction.

Compositional variation in the extract phases as a function of

pressure can be ascertained by examining the middle extracts at

5.5, 10.3 and 17.2 MPa. The carbon number distributions (Figure

II0) indicated that heavier compounds are extracted at higher

pressure. Thus, as the extraction efficiency increased (at higher

pressures and thus higher reduced densities), heavier compounds

were found in the extracts. Compositional changes in the middle

extracts as a function of temperature are presented in Figure iii.

It is is seen that the heaviest compounds were extracted at 380 K,

where the extraction efficiency was also the highest. Thus the

composition information on the extracted fractions was consistent

with the extraction yield data.

Residual fractions from all the extraction experiments were

dark black solids. The asphaltene contents of the residual

fractions are listed in Tables 43 and 44 along with the elemental

analyses of the residual fractions. It should be noted that the

asphaltene content of the feed material was 5.9%. The asphaltene

contents of all the residual fractions were significantly higher
i

than the original heavy oil. The asphaltene content of the residual
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Table 43

Selected Properties of the Residual Fractions After
Propane Extractions of Bitumen: Pressure m 1,0.3 MPA

Extraction Bitumen

Temperature (K) 339 380 422

Product Yield (%)

Extract Phase 40 39 24

Residual Phase 59 58 73

Asphaltene/Maltene

Asphaltenes, Wt% 12.5 15.0 9.8 5.9

Maltenes, Wt% 87.5 85.0 90.2 94.1

Asphaltenes
Wt% Original Oil 7.4 8.7 7.2 5.9

Elemental Analysis

C, Wt% 86.7 86.7 86.7 87.0

H. Wt% 10.8 10.8 11.1 11.3

N, Wt% 2.0 2.0 1.8 1.4

S, Wt% 0.5 0.5 0.5 0.4

H/C Atomic Ratio 1.50 1.49 1.53 1.56
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Table 44

Selected Properties of the Residual Oils After

Propane Extractions of Bitumen: Temperature = 380 K

Extraction Bi_ma_

Pressure (MPa) 5.5 10.3 17.2

Product Yield (%)

Extract Phase 20 39 48

Residual Phase 79 58 50

Asphaltene/Maltene

Asphaltenes, Wt% 14.0 15.0 20.2 5.9

Maltenes, Wt% 86.0 85.0 79.8 94.1

Asphaltenes

Wt% Original 0il 11.0 8.7 10.1 5.9

Elemental Analysis

C, Wt% 86.8 86.7 86.8 87.0

H. Wt% 11.0 10.8 10.6 11.3

N, Wt% 1.8 2.0 2.1 1.4

S, Wt% 0.5 0.5 0.5 0.4

H/C Atomic Ratio 1.52 1.49 1.46 1.56
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fractions increased with pressure. This was consistent with the

observation that increased extraction of heavier compounds occurred

as the extraction pressure was increased. The highest asphaltene

content was found in the residual fraction from the extraction at

380 K and 17.2 MPa where the extraction yield was also the highest.

The asphaltene contents of the extracts were not measured in this

study. The percentage of asphaltenes as a fraction of the original

oil feed are also listed in Tables 43 and 44. These values were

also considerably higher than the asphaltene content of the

original oil. Obviously, compounds that did not precipitate from

the original oil as pentane insolubles were precipitating from the

residual fractions.

Selected high-temperature simulated distillation analyses were

performed on some residual fractions. A short 15 m capillary column

was used for these experiments. The end boiling point for these

analyses was 993 K (1328 F) corresponding roughly to a carbon

number of i00. A comparison of the boiling point distributions of

two of the residual fractions with the high-temperature boiling

point distribution of the bitumen is presented in Figure 112. The

figure graphically demonstrates the depletion of compounds over a

wide carbon number range from the original bitumen. It is this

depletion that leads to the significant increase in the asphaltene

content of the residual fractions. It is also observed that the

residual fraction at 10.3 MPa and 380 K is heavier than the

residual fraction at 10.3 MPa, 339 K. This is consistent with the

observations that heavier compounds were extracted at 380 K and
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that the asphaltene content of the residual fraction at 380 K was

higher.

These experiments established the fact that aspha]tenes, as

defined in this study (pentane-insolubles), are not a definite

compound class but are a collection of compounds specific to a

given mixture. Lighter compounds in these mixtures helped keep the

asphaltene fraction in solution when a pentane solubility test was

performed on the mixture. During the extraction process, these

lighter compounds were stripped from the original mixture, thus

decreasing the tendency of the heavier molecules to be in solution.

As a result of this, the pentane-insolubles fraction increased in

the residual fractions. It is apparent from this reasoning that the

asphaltene content of the residual fractions would be higher for

the residuals produced at conditions that led to more efficient

extraction of the lighter components. The data demonstrated this

with the exception of the extraction at 5.5 MPa and 380 K. In the

experiment at 5.5 MPa and 380 K, despite an extraction of only

about 20% of the relatively lighter compounds (Figures 106 and

109), an asphaltene fraction of 14% was observed in the residual

oil. Extractions in the vicinity of the critical temperature of

propane (Tr at 380 K is 1.03) and the quality of the compounds

extracted may explain this data point. However, detailed

compositional information on the extracts (possibly by gas

chromatography - mass spectrometry), their asphaltene contents,

etc. would be required to evaluate this.

The elemental analysis of the residual fractions reported in
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Tables 43 and 44 indicated that the H/C ratio of the residual

fractions decreased relative to the H/C ratio of the original

bitumen. This suggested that saturated compounds are preferentially

extracted by propane and that the heavier portion of the bitumen is

relatively more unsaturated than the bitumen as a whole. It was

also seen from the data that the nitrogen and sulfur contents of

residual fractions were higher than the original bitumen. This

indicated that the heteroatomic species are concentrated in the

unextractable heavier portion of the bitumen.

The effect of solubilizing co-solvents 343 led us to presume

that as lighter components are extracted, more of the heavier

components ought to precipitate. The data reported in this paper

are thus a direct confirmation of the hypothesis of Kawanaka et

al. 349. There is absolutely no doubt that lighter components are

being extracted in SFE. The H/C ratio comparisons suggest that the

residual fractions are more polar than the original oil. Thus the

the polar to nonpolar compounds ratio is higher in the residual

fractions than in the original oil. There is some evidence to

believe that extraction of lighter components alone will not cause

an increase in the asphaltene content of the residual fractions 355.

Bukka 355 found no significant chanje in the asphaltene content of

several bitumens when he distilled and separated the lighter 10%

and 20% of the original material. This suggests that alteration of

the polar-to-nonpolar compounds ratio in the residual fractions

maybe more important than the depletion of lighter components. More

studies on the chemical nature of the residual fractions and the
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extracted oils are necessary before a conclusive statement is made

regarding the cause for the increased asphaltene content of the

residual fractions.

The data presented in this paper do point out that it would be

misleading to perform material balances on the asphaltene portions

of the fractionated bitumens and/or oils (as reported by Burke et

al. 344) since the type and amounts of asphaltenes in different

fractions would depend on the solubility character of the specific

fractions. Since residual fractions recovered in the extractions

were dark black solids, it may be wrong to presume that only the

pentane-insolubles asphaltene fraction of the original oil is

susceptible to precipitation in any given recovery or refining

process.

SUMMARY AND CONCLUSIONS

Asphaltene precipitation and subsequent formation damage

during oil production remains a seriou_ problem in oil production.

Asphaltenes are also of concern in petroleum processing. In this

work, asphaltene precipitation in dense gas processes has been

examined using continuous supercritical fluid extraction

experiments. Experiments were performed on a bitumen (ultra heavy

oil) using propane as the solvent at several temperatures and

pressures and the asphaltene contents of the original material and

residual fractions were determined.

The experimental data indicated that as the cosolubilizing

lighter components of the oil are extracted, more of the heavier

compounds precipitate in the pentane-insolubles test, thus showing
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an increase in the asphaltene content of the residual fractions.

The polar to nonpolar compounds ratio also increased for the

residual fractions relative to the original bitumen. This

indicates that asphaltenes, defined as pentane-insolubles, are not

a definite compound class but are specific to a given mixture. The

study also indicated that it may be inappropriate to perform

asphaltene balances on different fractions of crude oils and

bitumens since the solubility and precipitation characteristics of

the mixtures change with composition. The asphaltene content of the

original oil may not be an appropriate index in order to define the

precipitation characteristics since this is not the only fraction

susceptible to precipitate in a dense gas flooding process.

i. When an oil sand bitumen was subjected to supercritical

extraction with propane, the residual fractions left in the

extractor exhibited significantly higher values of asphaltene

fractions than the orginal oil (bitumen). The loss of

cosolubilizing lighter components from the original oil during the

extraction process caused more of the heavier components to

precipitate thus increasing the apparent asphaltene content. This

established that pentane-insoluble asphaltenes were not a definite

compound class and that their nature and quantity in a given

mixture was determined by the overall composition of the mixture.

2. As the extraction pressure increased at a constant temperature

of 380 K, the asphaltene content of the residual fraction also

increased. This was consistent with the observation that the

extraction yields increased with pressure and that heavier
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compounds were extracted at higher pressures.

3. The H/C ratio in the residual fractions was lower than the

original oil establishing that saturated compounds were

preferentially extracted leaving the residual fractions richer in

unsaturated compounds (and thus more polar) than the original oil.

The nitrogen and sulfur contents of the residual fractions were

also higher which indicated that heteroatomic compounds

concentrated in the heavier (unextracted) portion of the original

oil.

4. This study indicated that care should be exercised when

performing material balances on asphaltenes from fractionated oils

and/or bitumens and that it may be inappropriate to presume that

only the pentane-insoluble asphaltene fractions of the original

materials are susceptible to precipitate in a given recovery

(enhanced oil recovery) or refining process.

Future Activities

Asphaltene rejection via supercritical fluid extraction with

propane will be investigated using the PR Spring bitumen. The data

generated will permit the comparison of supercritical fluid

extraction applied to a low asphaltene content bitumen, Whiterocks,

and to a high asphaltene content bitumen, PR Spring.
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BITUMEN RECOVERY DURING TAILINGS DEWATERING

Principal Investigator D.A. Dahlstrom

INTRODUCTION

In the aqueous processing of tar sands, one of the major

critical processing areas is separation and recovery of bitumen

from the sand and fine solids. Bitumen in Utah tar sands has a

specific gravity very close to 1.0 making a separation on the basis

of specific gravity difference with water more difficult than

Canadian tar sands. Also, much of the solids in Utah tar sands do

not have a layer of water between the bitumen and the sand particle

surfaces. This, together with the viscosity of the bitumen (also

higher than Canadian bitumen), makes it difficult to free the

bitumen from the solids. In many cases, a "penetrating agent" will

have to be employed to reduce viscosity and also ease the

separation. This may also increase the specific gravity difference

between water and bitumen which will aid bitumen recovery.

However, the kerosene that has been used is more valuable than the

bitumen so its recovery will be important. It would appear from

the work done to date by others that the kerosene tends to dissolve

in the bitumen (or vice versa). If so, recovery of kerosene will

depend on bitumen recovery and it further emphasizes the importance

of this factor.

Water reuse and recovery is another extremely important
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economic factor. Utah is a desert area and also usually possesses

a high permeability due to the amount of sand and pebbles. Water

is scarce as the average annual precipitation is only 11 inches.

As tar sands must be mined at a high tonnage rate for economic

reasons, it is therefore felt that tailings ponds cannot be

employed. Because of the low humidity and number of warm to hot

days per year, loss of water by evaporation per unit area of

surface can be high. Secondly, due to the permeability of the

strata, plastic membranes at the base of the taillngs ponds would

be a requirement to prevent percolation of water into the ground

water or even an aquifer. There are several other federal and

state design requirements for tailings ponds that make them very

expensive in both capital and operating costs. Thus it is very

desirable to eliminate the tailings pond if at all possible.

From previous work, it is apparent that if the tailings pond

is to be eliminated, the application of a "superthickener" or also

called a "high-density thickener" should be applied if at all

possible. This is a very recent development wherein very high

underflow concentrations in terms of weight percent solids have

been achieved. In the processing of bauxite, a very fine solids

termed "red mud" are obtained which may have an average particle

size of , ...._ microns. The tar sands solids contain iron, silicates,

and other solids and normally has a deep red color. This new

thickener was first applied in Australia near Perth which formerly

produced only around 35 weight% solids in conventional "settlers"

("industrial-duty"-type thickeners but much lower torque than the
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heavy density thickener). With the high-density thickener, solids

concentrations increased to 52 weight%, which is a 50.3%

elimination of liquor. Furthermore, the thickened solids exhibit

a "slump" when poured and do not seek a common level. It is hlghly

viscous but can and is pumped by hlgh-pressure pumps (100-150

atmospheres) 4 km to a final disposal area. The slurry dries to

75+% solids by weight and is 2/3 of its original volume from the

thickener underflow. This performance permitted the company to

shut down the large number of filters that were used to reduce the

moisture and resulted in a very sloppy material which had to be

transported in trucks, allowed to dry; and eventually the solids

had to be moved at a significant cost. With the high-density

thickener, the final solids in the underflow, were left in the

final disposal area and did not have to be moved. This system

resulted in a good economic solution.

Classifiers would be used initially to make the primary

separation of finer solids from coarser solids. In addition, the

classifiers must obtain a 90+% recovery of bitumen in the streams

that go to final processing of the bitumen for product. Three

different classifiers are being considered. The underflow from

these classifiers would contain too many extreme fines after the

initial separation so these fines would have to be largely removed

in order to obtain a very low moisture content of the coarse

solids. Thus the slurry would be sent to a second classifier after

dissolution with process water where it is again classified

resulting in a large rejection of fines to the overflow. In

437



addition, the coarse solids are transported out of the bottom of

this classifier pool and above the liquid surface by a spiral

screw. With the further removal of fines permitting better

drainage, the solids would exit from the discharge probably at

around 18 wt% moisture or less. This material could be transported

either by conveyor or combined with fines from the superthickener

and pumped to the disposal area (probably to the abandon mines

workings).

It is apparent that the coarse and fine partlcles are

separated from each other in order to maximize water recovery.

They cannot be dewatered to'the high concentrations anticipated due

to the highly different sedimentation rate (the coarse settled much

faster than the fines even though the latter had been flocculated).

Accordingly, the presentations will be made under the

following categories within each major subject area:

i. Primary Classifier

a. Three product classifier

b. Two product separator (conventional

l hydrocyclone)

c. Convent i on a i three product

classifier-thickener used at present in Canada

on Athabaska Tar Sands.

2. Secondary Classifier

Spiral classifier where the products are first an _'
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overflow from a weir on the sedimentation pool

(fine solids) and the spiral screw lifts the coarse

solids above the pool to further dewater the solids

with major eliminatlon of fines. The overflow

reports to the high density thickener.

3. This is the hlgh-density or superthlckener and will be

used to greatly concentrate the fine solids, probably

primarily less than 200 microns.

EXPERIMENTAL

The three product hydrocyclone has been completely water

tested as to velocities, flow patterns and pressure drops as a

function of throughput. The unit is constructed of transparent

plastic, is 11-1/2" inches in diameter with a large included angle

in the bottom conical section. The cylinder section is 11-1/2"

I.D. all the way in the vertical cylinder and is around 8 feet

high. There is a central overflow which points downward and covers

the bottom of the tangential inlet feed nozzle. This stream is

called a middlings stream. There is an overflow well above the

middlings pipe and it points upward. Thus, the unit acts as an

overflow when the flow rate is high enough or if the middlings

stream is throttled to let the level rise to the overflow.

To our surprise, the unit does not act with a free vortex
i

(tangential velocity increase as the radial distance decreases).

Thus, the maximum centrifugal force exists at the radius of the
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overflow (in this case the middlings pipe radius if a free vortex

existed). Instead a forced vortex occurs (tangential veloclty

decreases as the radial distance decreases). Accordingly, the

centrifugal force does not increase and in fact, probably decreases

as the radius decreases.

This will exhibit an appreciably lower centrifugal force and

should probably classify at around 150-250 microns. This could be

important to tar sands processing as this could be a desirable

coarse size for the fine railings. It would make it possible to

get a higher underflow solids concentration in the fine railings

thickener.

This would also mean the unit will not make as sharp

classification as compared to the conventional two product

hydrocyclone. It is believed however that this will not be a

problem. The main thing is to get a 90+% recovery of solids

coarser than probably 200-250 microns and larger in the underflow.

The other important factor is to recover better than 90+% of the

bitumen in the overflow plus the middling stream.

The conventional two product hydrocyclone has not been tested.

There is very great deal of literature available which allows the

prediction of particle size recovery in the underflow as a function

of major variables. It obviously is possible to obtain a 90+%

recovery in the underflow of particles coarser than 75-125 microns

with reasonable size cyclones (at least 3 inches diameter and

larger). However, the big factor is, - can 90+% recovery of

bitumen in the overflow be achieved? We cannot determine this
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until we can operate our equipment in the pilot plant we hope to

construct in Salt Lake City south of the petroleum refinery

complex. However, we could obtain digested Utah tar sands for

performance testing prior to building the total pilot plant. We

plan on using a 4 inch diameter cyclone for this purpose and we can

determine both bitumen recovery in the overflow and the coarse

solids size range recovered in the underflow.

The three product classifier thickener also does not need to

be tested. There is enough data existing from the full scale work

and practice now being employed in the Athabaska region in Canada.

However, when the feed is over 8% bitumen, the flotation plant is

not required as they get 90+% recovery of bitumen in their

"overflow." With bitumen content below 8%, they must send the

middlings stream through flotation for obtaining 90+ recovery of

bitumen. They also have a cut-off in their mining at 6% bitumen

ore. We believe we can design this eet, if necessary,

without testing it.

The secondary classifier (proposed spiral classifier) does not

need to be tested at this time. There is enough literature on this

unit to allow reasonable performance prediction.

We have finally been able to test a material we found at the

bottom of an old tailings pond used in the previous pilot plant

which we are sure was from very fine solids that were obviously

associated with bitumen.

There was a very thin layer of brown and tan solids that

contained very fine particle sizes, it felt like a powder when
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rubbed between the fingers, and it is believed these were the last

solids to settle or be filtered out by the lower coarser solids

layer. Undoubtedly, bitumen had also adsorbed to some extent on

these solids. The solids tested at 50% minus 12 microns and there

were about 1% solids that were finer than 1 micron. When the

solids were placed in water, the color turned to a dark brown,

indicating the presence of aged bitumen.

The material was taken to the EIMCO Process Equipment Company

Laboratories in Salt Lake City where it could be tested for

application to the high-density thickener. They have a test

apparatus that can be employed to see if a very high solids

concentration (about 50% more water removal by sedimentation as

compared to a conventional thickener).

The test work was highly successful. A very thick slurry was

achieved that exhibited a "slump," was the consistency of bread

dough and would not exhibit a common level. It is pumpable but

with high pressure pumps that would have to be employed (as are

used with the installation of the high-density red mud thickener).

RESULTS AND DISCUSSION

As indicated earlier, the three product cyclone employing a

forced vortex should obtain better than 90+% of particle coarser

than 150 to 250 microns in the underflow. Because of the forced

vortex, the classification results will not be as sharp as with the

conventional two product cyclone.

We believe the coarser size split to the underflow, and

therefore the presence of solids below the 150-250 microns in the
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middlings stream in higher percentages than with the conventional

cyclone can be beneficial to obtaining higher solids concentrations

in the final underflow from the high-density thickener. This could

mean further improvement in total water recovery and reuse.

However, emphasis will still remain as to whether we can

achieve 90+% recovery of bitumen in the overflow and middlings

streams. We cannot test this important facet until we can run

pilot plant tests on an actual tar sands feed after digestion.

We have not finished the calculations for determining the

conventional two product hydrocyclone application from a solids

classifications standpoint. We can calculate this from the

literature. However, it is essential that 90+% recovery of the

bitumen must be possible for its application in the cyclone

overflow. This we cannot test until we can do it in a pilot plant

setup with a digested tar sands feed as indicated earlier.

The three product classifier-thickener can be employed if the

other classifiers can not produce the necessary 90+ recovery in the

proper streams. The classifier-thickeners are in operation now in

Canada on tar sands. At the same time, if we can make the

hydrocyclones work efficiently, it will reduce significantly the

capital costs.

The secondary classifier (spiral classifier) taking the

underflow from the primary classifier should work effectively. Its

purpose is to reduce the fines below about 150 microns from the

flrst stage classifier underflow. These fine solids can be more

effectively concentrated in the high-density thickener and
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therefore reduce the coarse solids concentration. We can predict

these results once we have completed the three product cyclone

tests and the calculations on the first stage classlfiers that

could be applied. We do believe we can get at least 18% moisture

and probably less in the dewatered coarse railings product that

could be transferred for disposal by a belt conveyor.

As indicated earlier, we were able to dewater the very fine

solids found at the old pilot plant railings pond to almost 43 wt%

solids. The material was very viscous, exhibited a slump and had

the consistency of bread dough. This might seem low in weight

percent solids when aluminum red mud was dewatered to 52 wt percent

solids. However, the red mud solids have a specific gravity of 3.1

while the solids we tested had only a 2.08 specific gravity. When

the two different solids were converted to volume percent solids,

the value was exactly the same. Therefore, it obviously was at a

maximum solids concentration.

This can be interpreted to mean we can apply the high-density

thickener to dewater these fine solids from tar sands and at the

same time, eliminate the tailings pond. The solids would be pumped

to the abandoned mine workings where they would dry to 2/3 or less

of its volume after dewatering. Most of the bitumen would have

been removed so it should be a logical disposal place. This would

also be the disposal area for the coarser solids. There should be

no free water generated at the disposal area so water recovery is

maximized. Elimination of the tailings pond would mean an

extremely significant reduction in capital and operating costs.
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There are many factors that evidently influence the high

solids concentration in the thickener underflow. These can be

stated as follows:

1. Particle size distribution of the fine solids,

-particularly the colloidal range.

2. Chemical nature of the solids, particularly the

surface chemistry.

3. Flocculant type and dosage.

4. Flocculant concentration in the polymer solution

employed for flocculation.

5. Mixing method of flocculant and feed solids.

6. Wt. % suspended solids in the feed slurry at the time

of flocculation.

7. Detention time of the flocculated solids in the

thickener.

8. Height of the sludge blanket in the thickener.

9. Design of the rake mechanism.

10. Velocity of the rake mechanism.

There may be some other factors but these appear to be the

most prominent. There is sufficient knowledge to at least

determine how to obtain the high solids concentration well above

that from a conventional type thickener. Also, we will be able to

use the testing equipment at EIMCO Process Equipment Company to

determine necessary conditions for the ten items listed above to

obtain maximum dewatering. However, this means that we will have

445



to install en, _gh equipment in the pilot plant to produce digested

tar sands at the processing temperature.

SUMMARY AND CONCLUSIONS

The three product cyclone exhibited a forced vortex and

therefore a lower centrifugal force. It should recover 90+% of

solids coarser than a particle size between 150 to 250 microns.

The unit was tested with polyelthylene pellets of 0.97 specific

gravity and less than 1% was found in the underflow. As the

pellets were around 1/4 inch in size, these results cannot be

considered as representing bitumen recovery. Furthermore, most of

Utah bitumen has been indicated to lie between 0.99 and 1.0

specific gravity which will add to its separation difficulty. We

hope to reduce its specific gravity by exposing it to very small

bubbles of air.

The unit must be tested on digested tar sands in the pilot

plant for final determination of applicability. It is felt that

90+% of bitumen must be recovered in the combined overflow and

middling streams. We are still encouraged that this can be

achieved.

The two product hydrocyclones must be tested on digested Utah

tar sands to see if it will recover 90+% of bitumen in the

overflow. If it cannot, we would be unable to use it. This

testing has to await the development of the pilot plant. We can

size the pilot plant equipment from the literature.

The three product classifier-thickener can be designed for the

pilot plant through Canadian operating data available to us as it

446



obtains 90+% recovery of bitumen in the overflow stream. It would

seem logical that it can be achieved on Utah tar sands, although

the higher specific gravity of Utah bitumen should also increase

the difficulty. It is also known that in Canada, bitumen grade of

6-8% is much more difficult to achieve recovery in the overflow and

flotation must also be employed on the middling stream.

The secondary classifier (spiral classifier) should be able to

remove at least 80% cf the remaining fine solids from the primary

classifier underf_Low which should permit reduced coarse solids

moisture content to 18 wt% or less. This should be transportable

by a belt conveyor.

Further work needs to be done on the high-density thickener.

However, this must wait until digested Utah tar sands can be

produced in the pilot plant for testing. Because of our tests on

a sample described earlier, we feel very encouraged that the

high-density thickener for fine solids can be employed to final

dewater this difficult fraction.

FUTURE ACTIVITIES

The following should be accomplished in the future:

1. Testing of the three product hydrocyclone should be completed

with respect to solids particle size separation to the

underflow. This is presently being run. In addition, we will

run some tests with lubricating oil and water to see if we can

obtain any conclusions as to the recovery of bitumen in the
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cyclone overflow and middling stream. We will also fabricate

a test set up for use in the pilot plant for digested tar

sands. This is necessary in order to determine actual bitumen

recovery in the overflow and bitumen screen. Bitumen recovery

of 90+% if achieved should be excellent.

2. We intend to test the conventional two product hydrocyclone

(free vortex type) for bitumen recovery with proper recovery

of coarse solids in the underflow. If over 90+% recovery of

bitumen can be achieved, this would be a very good unit to

employ in the flowsheet. This must be done on digested Utah

tar sands in the pilot plant.

3. We will make the necessary calculations on the data available

to us to predict the design of the three product

classifier-thickner for the pilot plant. If items 1 and 2 do

not work, we can employ this unit and feel it will be

successful because of proven operation in Canada.

4. We will make the necessary calculations to predict performance

and size of the secondary classifier (spiral classifier) for

the pilot plant. This should give us a coarse tailings

performance that will permit conveyer transport to the final

disposable area.

5. From running the digestion system for testing of primary

classifier performance, we can produce digested tar sands for

further testing of the high-density thickener of fine solids

tailings for final disposal. This would permit us to

determine requirements for the ten factors listed earlier
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under "Results & Discussion." This is very essential in order

to achieve real performance predictions.
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