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ABSTRACT

Bitumen is a complex hydrocarbon with componenras tlave a broad range of
molecular weight, from low to polymeric. The extiian and separation of bitumen from tar
sands for the purpose of processing fuels is vellgtiexpensive and poses several environmental
challenges. Roughly two tons of tar sands areiredjtio produce a barrel of oil and the
separation of the bitumen from sand and clay regusignificant amounts of energy and the use
of large quantities of water. It is shown thatibien from samples of Canadian and Utah tar
sands can be recovered using ionic liquids (ILs) @morganic solvent. Essentially, a multiphase
system—consisting of a sand and clay slurry, aitibquid layer, and an organic layer
containing the bitumen—can be formed by simply mixihe components at ambien2g°C)
temperature. Effectively all of the bitumen iss@ded from the sand. Water is not used in this
stage of the separation, but relatively small ant®are used to separate entrained IL from the
sand and clays. Because both the IL and watebeaacycled through the system and used
repeatedly, this process has the potential to ana¢édi many of the environmental problems
associated with current extraction methods.

This technology can also be employed to solve nedhngr drilling and refinery issues.
Crude oil recovered from drilling wells often coim@what is referred to as sand, but more
specifically is a mixture of various minerals aiitl sThis oil-coated sand must be cleaned before
disposal. In another drilling operation, large ams of rock or drill-cuttings are produced and
are similarly contaminated with oil, particularfyail based “muds” have been used in drilling.
Another example is the treatment and disposalrgelamount of so-called oily sludge generated
in refinery operations. Finally, this same idea ba employed directly to the clean-up and
removal of crude oil which would wash up on beadkfesr disastrous oil spills like the Exxon

Valdez incident.
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Chapter 1

Introduction

While working on a previous project to disperseagatticles into flexible polymers, as
this would be beneficial for opto-electronic apgtions, the idea of using ionic liquids as a
dispersing medium was considered. The idea wasijrtorder to disperse these nanoparticles
properly, some type of novel method was needednbatd be able to control the surface charge
regulation of particles. This particular proje@swonly advancing slowly and other colleagues
were tackling problems associated with extractitignben from shale and other rock. As these
two distinct research problems converged, the fbeesime what natural resource was available
for energy that was not being exploited to itsesllextent—tar sands. As the processing
problems associated with tar sands were considifeel;ame apparent that current methods
were also seriously affecting the environment. &the full breadth of the situation regarding tar
sands was discovered, the focus turned to why mupr@cessing methods were so problematic.
Like the dispersion of nanoparticles into polyméas,sand processing had a similar problem—
surface charge regulation. It was decided thattguisinic liquids to process tar sands and other
bitumen-containing materials was both novel andtal.

It is widely accepted that the progress of civiiiaga and economic prosperity are closely
tied to energy and energy consumption, respectivalyout 100 years ago there was a shift, and
the major source of energy became oil and natast-esince then there has been a steady
increase in our need for more and more hydrocabiased fuels. According to the U.S. National
Commission on Energy Policy in 2004, the worldwggigbal demand for oil has grown 150%
since 1965 and was projected to grow by 50% moee the next 20 yeals Figurel-1shows a

chart for previous and postulated growth in the alednof oil in billions of barrels per year. The



ability of technology to meet these demands isiatulbut with the limitations of current

technology and the depletion of natural crude wipdies, the need for superior means of
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Figurel-1: Growth in demand for oil. (John H. Wood, GaryLleng, and David F.
Morehouse. "World Conventional Oil Supply ExpectedPeak in 21st Century."
Offshore[April 2003].)

extracting un-tapped reserves is unprecedentegefdity the introduction of alternative, more
eco-friendly energy sources will help supplementinareasing demand for crude oil however it
is impractical to assume that these new energilksommpletely replace our dependency. New
technology that both improves production ratesrofle oil and utilizes new sources of this all,
but also helps reduce the carbon footprint of éixisaction process, is essential.

Extraction and separation of bitumen from surfaieed tar sands for the purpose of
processing to fuels is much more expensive thaiaetittg conventional oil by drilling, and
involves the use of significant amounts of enenyy water:* Although a large proportion of the
water used in the process is now recycled frormtaponds, the production of each barrel of
crude oil still requires importing additional bdgref “fresh” water** Processed water from the
current bitumen extraction processes is a compiatune of water, dissolved salts, minerals,

residual bitumen, surfactants released from thevi®h, and other materials used in processing
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(like NaOH). This processed water is stored irt t@tng ponds and is highly toxic to aquatic
life.>> As mentioned above, large quantities of tailioggwater are now recycled through the
process, but this can lead to scaling and corrgsioblems, and can adversely affect bitumen
recovery. In addition, very fine mineral partickesd emulsified salty water are co-extracted with

the bitumen, and these can also lead to problemsidsequent processifif).

lonic Liquids

lonic liquids (ILs) are salts in the liquid statet consist entirely of ionic species.
Typically, these salts are defined as having aingetemperature below 100. The actual term
“ionic liquid” has been around since 194Buyt it was not until the last decade, or less, tineay
became very popular in the research field. Thigabably a consequence of their distinctive
properties and their potential for use in varimguistrial processes. ILs have outstanding
chemical and thermal stability; they are nonflamlagbelow the degradation point) and have
essentially zero vapor pressure (non-volatflgj. lonic liquids have a wide array of structures,
although the most common are variations of thediyitim and imidazolium rings. ILs can also
have various counterions both anionic and catiobBiepending on the particular anion and the
side chain length for cationically stabilized iofiquids, the miscibility of ILs with water and
organic solvents varies.

lonic liquids have been considered as having aitopact on the environment and thus
deemed suitable solvents for green chemistry. iBhisobably due to their low volatility, but this
is somewhat misleading. Most ILs tend to be t@xid if released into the environment could be
very detrimental, particularly to aquatic life.Some review papers have been published on this
issue™***but as ionic liquids become more and more utilizgdndustry, only time will tell how

“environmentally friendly” these new solvents wially be.



Bitumen and Other Impure Hydrocarbon Mixtures

WordNet!® a searchable word database designed by Princetiversity, defines
bitumen as any of various naturally occurring ingmmixtures of hydrocarbons. These naturally
occurring hydrocarbons are formed from the remafmicroscopic algae and other dead
organisms that become buried in the sand and muehltie lakes and oceans, some of which are
lost over time. Due to the heat and pressure agsdowith being buried deep in the earth, these
remains are transformed in bitumen, kerogen (wharhprises a portion of organic compounds
found in rock), and crude oil. Bitumen can alsddand in bituminous rocks, which are simply
sedimentary rocks like shale, sandstone and limesteith bitumen in them. Bitumen is a very
viscous, “heavy” oil, but unlike kerogen, is contplg soluble in organic solvents. The soluble
portion of kerogen is referred to as bitumen. B differs from petroleum because petroleum
is defined as naturally occurring crude oil, whitede bitumen must be refined into crude oil.
Crude oil or petroleum, is further refined to gase| diesel, jet fuel and other products such as

heating oil. Figurd-2illustrates a typical breakdown of the fuels whaeck made from crude oil.

Products Made from a Barrel of
Crude Qil (Gallons)

Other Distillates
{heating ail) - 1.

Heavy Fuel Qil
{Residual) - 1,68

LPG) = 1.

Gasoline - 18.56

Figurel-22 Products made form a barrel of crude oil.
http://tonto.eia.doe.gov/kids/energy.cfm?page=aimb-basics.



Tar Sand

Tar sands, also known as oil sands, are naturatlyrang, complex mixtures of sand,
clays, water and the highly viscous oil, crude iiém. The largest quantities of tar sands are
found in Venezuela and in Canada, the so-callediftbca Oil Sands located in northeastern
Alberta® Combined, these two oil sand reserves are estihiatbe equal to the world’s total
reserves of conventional crude dilThe Athabasca deposit is the largest reservairuafe
bitumen in the world. Combined with two other deig®in Alberta, the Peace River and Cold
Lake deposits, these three bitumen reservoirqiieu54,000 square miles of forest and peat
bogs and contain roughly 1.7 trillion barrels dliomen—that is at least 85% of the world’s
reserves of crude bitumen. The Alberta governrastitates that about 10% of this bitumen, or
173 billion barrels, is recoverable using currethinology at current prices. This is about 97%
of Canadian oil reserves and 75% of total North Acaa petroleum reservé$.From 2000-
2008, an estimated $87 billion was invested irséards projects in Alberta alone, and more than
$136 billion in tar sands projects are currentlgemvay or proposed. The production of crude
oil from the Canadian Province of Alberta averagbdut 1.8 million barrels per day of which
1.3 million barrels were from tar sandsGiven the application of new technologies andentr
projects under development, this production is etqubto rise to 3 million barrels per day by
2020.

Significant quantities of tar sands (estimatedd@B billion barrels of oil) can also be
found in eastern Utah in the U%Jthough currently crude oil is not produced fr@nsands on a
significant commercial level in the US. Accorditogthe Utah Division of Oil, Gas and Mining,
in 2008 Utah produced 22 million barrels of crudeatthough the amount of oil produced from
tar sands alone is unclear, as no specific stistie given by the Utah’s Energy Advisor’s

Office or by the US Department of Energy.



Drill Cuttings

Schlumberger’s oilfield glossafydefines drill cuttings as any material (typicadiylled
solids) removed from a borehole during the procéskilling in petroleum wells. During
drilling, a complex system of liquid muds are puhplewn the well to help facilitate drilling by
cooling and lubricating the drill bit, and by heigito clean the hole bottom and carry drill
cuttings to the surface. These muds are compafedrious components including organic
solvents, water and surfactants, and the type of msed depends on the specific requirements
needed for drilling. A complete source for infotioa about these drilling muds can be found in
this book® Cuttings are often screened out of the liquid mystem and monitored for
composition, size shape and cofdrDepending on the location, a number of different
compositions can be encountered, although genespdigking sand and shale make up the
majority of cuttings encountered in a well. Figar8 compares an example of hard drill cuttings
examined under a microscope, and a drilling mudiobtd from the Energy and Mineral

Engineering department of Penn State.

Red Shale
Brown Shal,

Gray Shal

Limestone

Sand grain

Consolidated sand

Sample of drill cuttings under a 10x microscope

Figure1-3: (Left) Drill cuttings viewed under a microscdpand (ight) a sample of drillihg mu
obtained from the Energy and Mineral Engineeringasignent of Penn State.



Purpose

The intent of thesis is to relate the various peof8 encountered when trying to obtain
hydrocarbons of various forms from sand and othieeral media, and solve these problems
using a simple extraction method. It will be shavat by pairing ionic liquids with an organic
solvent, hydrocarbons can be extracted from vanioedia, including those that possess sub-
micron sized mineral fines. Not only does thigastion method eliminate many processing
concerns across the board, it also addresses samuronmental issues. Through spectroscopic
studies, it will be shown that this method is ptigdly superior to other extraction methods,
because it releases practically all of the tragpgifocarbons in a system at ambient
temperatures, with no mineral fines found in thdrogarbon, and no contamination left in the
minerals. This will be shown through the laborgtextraction of tar sands from various regions

and of various grades, a drilling mud, and oil eoninated beach sand.



Chapter 2

Extraction of Bitumen from Tar Sand

Athabasca tar sands are complex and heterogeremmsssting of sand, fines (mainly
clays, defined as particles less than #A#in size), bitumen, and water. Medium-grade ores
usually have higher bitumen contents and lowersficentents than low-grade ores and are more
easily processed to give a high yield of bitumdtiaaigh factors such as weathering and

oxidation are also importafft>*

Current Methods and Drawbacks

The separation of bitumen from sand is accompligimredn industrial scale by a water-
based process in which the bitumen is first detdéimn the sand and then aerated to allow for
recovery as a froth. Small amounts of mineralsiapparently benefit bitumen recovétut in
general, bitumen yield decreases with fines contmdause a layer of these particles becomes
attached to bitumen droplets, forming a so-calladescoating that hinders the formation of a
froth. The presence of mineral fines can also tegaroblems in subsequent processing.

There is rich and deep literature describing thdysof the interactions between the
components of tar sands and the variables affebitngien recovery in hot or warm water
processes (temperature, pH, the presence of dagh,as montmorillonite, divalent cations, etc.),
this work is described, reviewed, and cited inmafiees 19-33. In terms of this study, the most
important observations concern the electrostatice®that play a key role in mediating

interactions between bitumen and sand and clajcfetas indicated by the work of Liu etal.



Silica particles have a negative surface chargeaaridoelectric point near a pH of 3. Clay
particles also have a negative charge on theirfatean have positive charges at their edge.
Because of the presence of carboxylic acids (asdiply sulfate groups) on their surface,
bitumen particles can also have a negative sudhasge. At neutral or slightly alkaline pH, the
dominant force is a repulsion between electrostiiitle layers of the mineral particles and
bitumen. This repulsion weakens as the pH of tedium is decreased and adhesion forces then
play a larger role. As a result acidic tar sarfasispoor processability. This is also why
caustics, in particular NaOH, are used in watec@ssing, and part of the reason why processing
water is so harmful to the environment. To compbaihof this, unlike the hydrophilic fines
found in medium-grade tar sands, the fines in loadg tar sands are to some extent
hydrophobic, resulting in an adhesive force andngter attachment to the surface of bitumen

particles.

Surface Charge Regulation

Surface charge regulation is of the utmost impaean colloidal type systems where
small spherical-like particles are interacting withe another while dispersed in a medium. This
medium can be any solvent, organic or inorganicwauer (hydrocolloid) or another polar
medium are frequently used. A colloidal systemdéfined as a mixture of two distinct phases: a
dispersed phase, or internal phase, and a consmimse (referred to as the dispersion medium).

There are many different types of interactions thay be present in a colloidal system.
The simplest type of interactions is intermolectitaces like entropic forces and van der Waals
forces. More complex interactions include ele¢atis and steric forces. As mentioned
previously, the electrostatic forces between bitugied sand and clay particles are thought to be

crucial in the separation of bitumen from these ponents. Electrostatic forces are only present
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where charged patrticles are interacting througblargmedium, like water, and in general are
stronger and longer range than all other surfaze) and therefore often domin&teThe
surface reaction that leads to surface chargégicase of silicates and/or phyllosilicates, is the
dissociation of the surface to yield an ion. Tdéas happen on an amphoteric surface, where
protons are lost only via a monoprotic surface gimgrreaction, in the case of silica, from silanol
surface group® This surface charge is then compensated by aei$dobs which are chemically
bonded to surface sites directly next to the serfacwhat is known as the Stern layer, and by
electrostatically accumulating counterions (oppbgitharged) from the outer edge of the Stern
plane to the bulk solution where the electricabptial becomes zerB. The Gouy-Chapman
layer is the counterion layer that forms at therSpane and extends into the bulk solution.
Figure2-1 shows an illustration of the Stern and Gouy-Chaptagers®’

The extension of the Gouy-Chapman layer into tHk $oiution controls the electrostatic
repulsion of particles which arises from the oveiddtwo Gouy-Chapman layers. However, the
overall charge of counterions in the Gouy-Chapnaget is controlled by the magnitude of the
Stern layer, as the magnitude of each will be #imesin order to achieve electroneutrality.
Therefore the larger the Stern potential the grahteextension of the Gouy-Chapman layer into
the bulk solution and the greater the separatistadce between particles. This electrostatic
repulsion helps to keep particles from clumpingetbgr or agglomerating, which can lead to a

dispersion of particles in a medium.
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Figure2-1: The electric double layer of a charged partitieveing the Stern layer and Gouy-
Chapman layer (in this picture defined as the d#flayer of counterions).
http://www.waterworld.com/index/display/article-glay/357438/articles/water-wastewater-
international/volume-24/issue-1/features/korea-ergd-sludge-amp-odor-control-alternatives.html

Using lonic Liquids

Medium-grade Canadian Tar Sand

Since electrostatic repulsion and charge regulatemm to play an important role in
bitumen extraction, it would seem advantageouséoan ionic liquid to extract bitumen from tar
sands. Initially, it was not completely understeduch ionic liquid would be the most
favorable, but ILs based on imidazolium cationsen&rosen. The properties of these solvents

can be “tuned” by varying the substituent groupshenimidazolium ring, and by varying the
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nature of the anion. Typically the solubility dffdrent species in imidazolium ILs depends on
polarity and the ability of hydrogen bonds to forildehydes can be completely miscible in

ionic liquids, while saturated aliphatic compouneisd to be only sparingly soluble, and olefins
somewhat more soluble, but not complet&\Because of these “tunable” properties, unusual
combinations of reagents can be brought into theegahase, or multiphase processes can be

designed. Figurg-2show shows an illustration of the ILs used in fhast of the study.

CH; CH;

/

—N .- M BFj

|"l + F380; +

QI:"‘T\) o ZIIII u)‘"'EHs
mt—l-a \\/f‘x\“ulla

Figure2-2: The structure of the ionic liquids: (left) 1-bl#8methylimidazolium

trifluoromethanesulfonate, [bmim][G80;); and (right) 1-butyl-2,3-

dimethylimidazolium tetrafluoroborate, [ommim][@F

The first attempt in extraction was to use thigusromethanesulfonate stabilized ionic
liquid. This was accomplished by taking aboutd @f Canadian tar sand, 2.0 g of ionic liquid,
3.0 g of toluene, and stirring in a 25 mL glasd sitsambient temperature. The ionic liquid was
added to the tar sands first, followed by tolueme @llowed to stir overnight. This experiment
however, ended in complete failure. Instead oassmg bitumen from the sand, spherical

agglomerates formed as tiny balls of sand encrustbdumen. Figur@-3 shows a picture of the

resulting sand layer after decanting the solvedtrarsing the product with water.
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Figure2-3: The agglomerates that were formed by mixing éauds with
[bmim][CF;SO;y), after removal of ionic liquid by rinsing with wex.

Next, the tetrafluoroborate ionic liquid was usdthe same proportions as before were
used, 1:2:3 by weight, and the same procedure oll@sved. This experiment yielded a nice
three-phase system, shown in Figré The bottom layer consisted of sand and clays
suspended in the IL, the middle layer containedltheith a small amount of dissolved or
suspended bitumen particles and some mineral famekthe top layer a mixture of toluene and
bitumen. The top layer of organics was carefudimoved from the other layers using a pipette.
It was crucial to get close enough to the intertaceeasure an accurate bitumen yield, but not
too close as to entrain IL which may later contaterspectroscopic studies, and also give an
error in the yield. The toluene was evaporatea separate glass vial in a vacuum oven and the
weight taken to determine yield. This experimeaswepeated at elevated temperaturé@hs
with stirring for only 10 min and 2 hours at rooemiperature, and at room temperature without
the inclusion of ionic liquid (toluene-only extramt). Table2-1 shows the yields achieved for

these various extractions.
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Figure2-4: The phases formed by mixing (left) medium-grade &ight) low-grade
Canadian tar sands with [bmmim][ Bfand toluene in the proportions 1:2:3 at room
temperature. The phases were sharpened by ceatita for better clarity.

lonic liquids are expensive to make, and thereifor@der to produce a viable industrial
process, the ionic liquid needs to be able to bee@ numerous times. Accordingly, a series of
experiments was conducted where the middle IL |sas reused in five subsequent extractions.
It should be considered that IL is also entraimethe bottom layer with sand, and although this
IL is easily separated from the sand by rinsindnwiater, it was not incorporated into the
subsequent extractions. Instead, a very small atrafinew IL was added to restore the initial
proportions of 1:2:3 by weight of tar sand, IL @otliene, respectively. On an industrial scale,
this entrained IL could be recycled back into thetem along with the middle layer, but this
crude experiment was enough to verify the reugghfithe ionic liquid for extraction based the
lab-scale experiments in this study. For thestquaar set of experiments an extraction
temperature of 5% was used. The extraction yields varied betwéeual?2 -15 %, and are
tabulated in Tabl@-2. It can be seen from these results that indegsing the IL in successive

extractions did not decrease the bitumen vyield.
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Table2-1: Yields of Bitumen Obtained by Various Extractiglethods

Extraction Method Extraction Yield (wt %)
RT-Overnight (1) 111
RT-Overnight (2) 17.0
55°C-Overnight (1) 12.6
55°C-Overnight (2) 14.7
RT-10 min 7.5
RT-120 min 12.7
RT-Just Toluene (1) 14.3
RT-Just Toluene (2) 14.5

Table2-2: Yields of Bitumen Obtained by Extraction of Teand
Using Recycled lonic Liquid

Extraction Number Extraction Yield (wt %)

13.5
12.7
14.5
15.1
13.4

gaa b~ WDN -

The variation in repeat experiments shown in Tablgeas well as the variation in
subsequent extractions using the recycled IL showrable2-2, is not surprising due to the
inconsistency of the bitumen content in the tadssamples themselves, as well as the fact that
only about 1.0 g of sample was used in each extraekperiment. The MSDS of the tar sands
used, which were obtained from The Alberta Rese@aimcil, indicates a bitumen content
between 6-20 wt%. This is an extremely broad rahgeit is because tar sands are usually
classified by content visually by the distributand are very heterogeneous. Also, since such
small samples of tar sands were used, it was asbktiraethere would be some variation in the
bitumen content of each sample for each experimé€atiry to make a more accurate

comparison, bitumen was extracted using toluengead room temperature. These yields are
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shown in Table-1, and were 14.3 and 14.5%. Considering that sdrtidyield is due to the

weight of clay fines that contaminate the toluesee shown below), the extractions with toluene
alone are about the average of most of the extrativith ionic liquid.

The ionic liquid used in this study is hydrophiind can be easily removed from the
bottom mineral layer by rinsing with cold (i.e.ora temperature) water. After the organic layer
was separated by pipetting, the middle IL layer vegsoved in the same manner. About 20 mL
of cold water was added to the sand layer, agitated the minerals allowed to settle. The
resulting water was decanted or drawn off with@efie. The resulting sand was then rinsed with
two additional 20 mL portions of deionized wateridg vacuum filtration, and allowed to dry in
a vacuum oven.

A Fourier transform infrared (FTIR) spectroscogliady was performed in order to
determine if all of the bitumen and ionic liquid sveemoved from the minerals, and if any
mineral fines were present in the bitumen extrafBIR diffuse-reflectance samples were
prepared according to the procedures presentegperdix A. Not only were no minerals
detected in the bitumen extracts using IL, it wias ahown that all bitumen was extracted from
the tar sands, and that no residual IL was lettvénminerals. Figurg-5compare infrared spectra

of the as-received sample, extracted bitumen, esulting mineral layer. Bands due to
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Figure2-5: Infrared spectra of the original medium-gradestind, the bitumen obtained by
extraction (using [ommim][ Bf), and the sand/clay mixture obtained after rerho¥aesidual
IL with water.

methylene and methyl groups near 1450 and 137bazmprominent in the spectrum of the
bitumen and appear with very weak intensity ingpectrum of the tar sand. They can be more
clearly seen in scale-expanded plots (not showr)tHe mineral bands (predominantly quartz
and clay) near 1100, 800, and 500 catsorb very strongly in the infrared and tend &skn
bands due to organic groups. However, these hgdsoa absorption modes are essentially
undetectable in the spectrum of the sand/clay méxtecovered from the bottom of the sample
vial, even in scale-expanded spectra. Similahlg,rhineral bands are absent from the spectrum

of the bitumen. This is most easily seen througlexamination of the right-hand end of the plots
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in Figure2-5, near 500 cih This suggests successful separation of bitumzen fhe sands
without carrying over detectable amounts of findipkes, unlike the hot or warm water
processes presently used. Conversely, the specfrtime toluene extract of the tar sands clearly

displays bands due to clays, principally kaolinite shown in Figur2-6.

Figure2-6. Infrared spectrum of the bitumen layer from atraction of medium-grade tar sand
with toluene.

The spectrum of the residual sands and clays ¢nadined in the form of a slurry showed
no evidence for the presence of residual IL afteythad been washed with water. This is more
clearly seen in Figurg-7, which compares the infrared spectra of these naisi¢o that of

[bmmim][BF,]. Both the washed minerals and this IL absorly g&rongly in the infrared, and
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although the most intense bands of each occukisdme region of the spectrum, they do not
coincide. Also shown in this figure, as an ingthe 1750-1250 cihregion of the spectrum on
an absorbance-expanded scale. Here there ara@kkapds that do not overlap, and it can be
seen that in terms of limits of infrared spectrggcthere is no detectable IL left in the washed

minerals.

Figure2-7. Infrared spectra of the ionic liquid [ommim][gFrRand residual sand and clays.
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Low-grade Canadian Tar Sand

Since the [bmmim][ Bf ionic liquid seemed to work well extracting bitamfrom the
medium-grade Canadian tar sands, a sample of ladeg€anadian tar sands was obtained from
The Alberta Research Council. This particular gratitar sands poses more problems for
current processing methods because not only dbesdét a much lower bitumen content, there
are considerably more fines overall and as mentigneviously these fines can be partly
hydrophobic. Nonetheless, the same experimentakpiure that was used for the medium-grade
tar sands was employed, and a similar result wesradal. Figure®-4 shows a comparison of the
three-phase systems obtained using the same exgmdalnprocedures. This experiment was
repeated four times in order to compare yieldsyelsas one time using only toluene as a
comparison, as done before. The resulting yielddabulated in Tabl2-3. Again, there is a
considerable amount of variability in the yieldsdaalso the toluene-only extraction is much
higher due to the weight of mineral fines. Theafaitity in yield can again be attributed to the
small sample size and the heterogeneity of theatiad. Figur@-8illustrates the heterogeneity of
the low-grade Canadian tar sands, and why the bitutontent of each 1.0 g sample could vary
so much.

Table2-3: Yields of Bitumen Obtained by the
Extraction of Low-Grade Tar Sand

Extraction Number Extraction Yield (wt %)
1 7.5
2 55
3 4.4
4 6.0

Toluene only 12.9
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Figure2-8: Pictures of low-grade Canadian tar sand, (lefth and (right) without flash,
illustrating the heterogeneity of components andktian of bitumen content.

Similar to before, an infrared study was also@ened. The same sample procedures
were replicated, and the layers separated and avdsbcribed previously. Again, no minerals
were detected in the bitumen extracts, all bitumwas extracted from the tar sands, and no
residual IL was left in the minerals. Fige® compares infrared spectra of the as-received
sample, extracted bitumen, and resulting minesedrifor the low-grade tar sand extraction.

Bands due to silica and clays, near 1000 and 800 i@spectively, dominate the
spectrum of the tar sand. These modes absorb Btriorthe infrared and dominate absorptions
due to the bitumen component. The aliphatic Cetsiing modes between 2800 and 3000 cm
can just about be seen in the full-scale plot beitnaore evident in the absorbance scale-expanded
inset shown in the same figure. However, bandgab&umen cannot be discerned in the
spectrum of the washed residual sands and findigaiting that essentially all of the bitumen was
liberated from the sand. In the spectrum of thgimal tar sand, intense bands due to kaolinite
are observed as a sharp doublet near 1010 am these modes are superimposed on
absorbances due to other cldY®. Silicate bands also appear as a characteristioleionear 800
cm®. It can also be seen that, in the spectrum ofahiglual sand, the clay bands are now
reduced in intensity relative to the silicate baridss is because some of the clay fines remained

suspended in the middle IL phase. However, itds alear that bands due to minerals cannot be
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Figure2-9: Infrared spectra of the original low-grade tand;dhe bitumen obtained by extracti
(using [bmmim][ BR]), and the sand/clay mixture obtained after rerhoaesidual IL with
water.

discerned in the spectrum of the extracted bitumémlike the spectrum of the bitumen extracted
using the IL, bands due to clay fines, predominakdblinite (near 1010 ci), dominate the
spectrum of the toluene extract, as shown in Figet8. Clearly, the use of ILs allows for a
much cleaner separation. Essentially, there amaineral fines in the IL-mediated bitumen
extract, at least in terms of the detection liroitéinfrared spectroscopy. This is presumably
because the electrostatic interactions betweeh.taed the surface groups of mineral fines are

much more favorable than those between bitumerclkaydand silica particles.
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Figure2-1Q Infrared spectrum of the bitumen layer from atraction of low-grade tar sand
with toluene.

Utah Tar Sand

Tar sand deposits found in the western UniteceStatotably Utah, are more difficult to
process then the previously discussed Canadiaatals, because of their consolidated nature
and the high viscosity of bitumen. The applicatddnvater-based separation processes has
therefore proved difficult. A process that useetfgatment with diluents such as kerosene was
developed a few years ago, but the lack of waténerwestern U.S., problems with fines that are

associated with the diluents, and emulsion buildrughe recycle water limited development to
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the pilot-plant scal&-*? More recently, it has been shown that a wateredastraction process
can be use® but this requires higher temperatures and higheahanical energy levels than
those used in processing Canadian tar sands.

Employing a similar method as with the Canadiarséads, bitumen can also be
extracted from Utah tar sand. Using an ionic ligaind a non-polar organic solvent, in this case
[bmmim][ BF,4] and toluene, respectively, a three-phase systagattempted as done
previously. At first, the method described prewslguor the Canadian tar sands was used. lonic
liquid was added to about 1.0 g of Utah tar satids) toluene added and allowed to stir
overnight. The ratio used was 1:2.5:4, tar samtgiliquid and toluene, respectively.

The infrared spectra of the original tar sand dnedrésidual sand obtained in this
preliminary extraction experiment are comparedigufe2-11 The sloping baseline is a
consequence of the difficulty encountered whendinig these samples in order to obtain spectra
using diffuse reflectance (agglomeration appealmetthe problem). Bands due to minerals,
predominantly carbonates, silicates and clays,rebdenear 1400 ¢ 1100 crif, 800 cn and
500 cni', absorb very strongly in the infrared and domirage“fingerprint” region between
2000 and 500 cth They largely mask bands due to organic groupsisnregion, but methylene
and methyl CH-stretching modes between 2800 an@ 800 can be clearly seen in the spectrum
of the parent tar sand and with much weaker intgisithe spectrum of the residual minerals.
This shows that in this initial separation, usingmap of tar sand, an incomplete separation
resulted although most of the bitumen was remo\@ekspite this, bands due to clays and other
minerals are undetectable in the spectrum of therigin, as shown in Figuge12 (also obtained
using diffuse reflectance). This is most cleadymbnstrated by a close examination of the left
and right-hand end of the plots, near 3800' @md 500 cm, respectively, where there are
prominent bands due to clays and no overlap witdesaue to organic groups. Also shown in

this figure is the spectrum of a toluene only extican of tar sand. Bands due to mineral fines,
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Figure2-11 Infrared spectra comparing the original Utahstamd and the residual minerals
obtained after separating the majority of bitumen.

principally kaolinite, can be clearly seen betw8600 and 3800 crhand near 1000 cfrand

500 cnt. This shows that in terms of the detection limoiténfrared spectroscopy, a
bitumen/solvent solution that is free of minerales has been obtained using an IL. The yield of
bitumen obtained in the IL/toluene extraction wa®a (by weight); while a toluene extraction
alone gave a yield of 10.2%. As the spectra imf€g-12 demonstrate, the toluene extract
consists of some mineral fines, while the IL/tole@xtraction was incomplete, indicating the
variance in yields. Nevertheless the resultsrreguing, indicating that a good but incomplete
separation can be achieved without the use of vimtée initial stages and at low (~25 °C)

temperatures. Due to the incomplete extractidhigiexperiment, another experiment was
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Figure2-12 Infrared spectra of the bitumen obtained froneamaction of tar sand with
[bmmim][BF,]/toluene and using just toluene.

repeated, but using a slightly different protocol.

A small chunk of Utah tar sand approximately 1Was placed in a vial and ionic liquid
added. This mixture was allowed to stir overnidpi, as shown in Figur&13ionic liquid alone
was not enough to cause the chunk of tar sand®#k lapart. It can be seen that under these
conditions the tar sand does not break apart,l@t_tremains optically clear indicating that
only a small amount of bitumen, if any, was extdct This is in contrast to the Canadian tar

sands as it was shown that certain IL’s did reattt bitumen on their owf* In this case,
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Figure2-13 (Top left) Picture of Utah tar sand mixed witmimim][BF,4] overnight, and (going
clock-wise) additions of toluene drop-wise aftanfutes, each picture showing successive
additions (DW1).

it was not until a small amount of toluene was adithait the bitumen began to be released, and
the chunks of tar sand began to break apart. drbjg-wise type experiment was accomplished
by successively adding 10-20 drops of toluene fagpipette and allowing 5 minutes for stirring
in between each successive addition. Going closk-around Figurg-13, the first three drop-
wise additions of toluene are shown. It can ba skeat after only adding a few drops of toluene,
bitumen begins to separate from the tar sand audtlaat hard chunks begin to soften and break
apart. Overall about 1.5 g of toluene was addethga ratio of 1:3:1.5 sample, ionic liquid, and
toluene, respectively. This system was allowestitcovernight and the toluene layer removed to
obtain a yield (as described before). Since tbelual sand still appeared to have some
unreleased bitumen, an additional 5 mL of tolueas added, allowed to stir overnight, and again
the toluene layer removed. This particular extoactvill now be referred to as DW1 (for drop-

wise experiment 1) and the second extraction ofen from this experiment DW1-2 (for drop-

wise 1, extraction 2). The yields obtained froms #xtraction were 10.7 and 0.8%, respectively.
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Interestingly, the structure of the more diffictdtremove bitumen, the second extraction,
appeared to be different to the material that cafhimitially. The infrared spectra of cast films
of the two bitumen samples are compared in Fig2+g4 (DW1 and DW1-2). It can be seen that
both spectra are dominated by aliphatic CH-straeghiodes near 2900 &rbut there are clear
differences in the 1700 chregion of the spectra and the second extractrels@a weak band
near 878 cm, that can be assigned to carbonates. A scaleadrpaplot of the region between
1800 cn to 1200 crit is shown in the inset of Figuge14 The bands near 1705 ¢roan be
assigned to carboxylic acid groups, while the basar 1730 cihcan be assigned to esters. The
latter is much more intense in the spectrum ofitied, more difficult to remove extract (DW1-
2). The origin of this band will be considered slyp but first the spectrum of the residual sand,
shown in Figur@-15(obtained after removal of the IL with water), wikk discussed. It can be
seen that there is some weak residual absorpt@n2890 crit due to organic groups, but this is
practically in the noise level, indicating that Wwaber 90% of the bitumen has been extracted.
Although shoulders near 1730 ¢roan be clearly seen in the spectra of both thelligne and
toluene-extracted bitumen shown in Figdr&?2 they are much less intense and other bands, such
as those near 1288 ¢rand 1273 cm (C—O single bond stretch of esters?), are nopparant.
In addition, although it would not be surprisingttsome mineral matter becomes entrained as a
result of this relatively crude laboratory sepamatiwhy would this be limited to carbonates? An
examination of the spectrum of the original tarcs@figure2-11) indicates that silicates and
clays (intense bands between 1100 — 1006, @amnd near 800 cfmand 500 cril) comprise a
larger proportion of the mineral matter in this géen In addition, in the extraction with toluene
alone, clays, predominantly kaolinite, were exedatith the bitumen (Figura-12). It will be
suggested below that esters are actually beingefdima condensation reaction mediated by
carbonates and the ionic liquid. Although morentii&% of the bitumen appears to be released

quickly from the tar sands, the extraction of raalchitumen depends on the sequential
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Figure2-14 Infrared spectra of the bitumen obtained fronirgtial extraction (first) of tar sant
with [ommim][BF,]/toluene and a second extraction using the saiversts (DW1).

addition of toluene and occurs more slowly undesghconditions. This could be a consequence
of phase behavior, the bitumen being only partistljuble in toluene, or it could be kinetic in
origin. Bitumen from Utah tar sands is more visthan bitumen from Canadian tar sands and
its release from relatively large lumps of sampleght just take more time and depend on the
diffusion of toluene into a bitumen phase.

Accordingly, another drop-wise experiment was cateld exactly as before, but this

time the tar sand was added to the vial as a fimadpr, instead of a large chunk. A spatula was
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Figure2-15 Infrared spectrum of the residual sand obtaafést extraction of bitumen with
[bmmim][BF,]/toluene (DW1).

used to scrape off about a gram of powder fromatge drilling core received. The same ratio
of 1:3:1.5 was used. Three separate 1.5 g toleetnactions were performed this time (each
drop-wise), the first left overnight and the secand third for 90 minutes each. The yields for
these extractions were 4.8, 4.2, and 1.4 %, reispéct For clarity, this experiment will be
referred to as DW2 (drop-wise 2) and the subsegemrdctions (2 and 3), as DW2-2 and DW2-
3.

An infrared spectrum of the residual sand (obtaedéer removal of the IL with water)

was almost identical to Figu15 showing that most of the bitumen was recoverenhfthis
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Figure2-16 Infrared spectra of the bitumen obtained fromcsgsive extractions of a ground
sample of tar sands with [ommim][BFoluene.

sample of tar sand. Infrared spectra of the taxéacts (in the 1840 — 600 ¢megion) are
compared in Figurg-16 (DW2, DW2-2, and DW2-3). The first extract apyetr be pure
bitumen, within the detection limits of infraredesroscopy. The second and third extracts
contain significant amounts of carbonate, howeagiindicated by the bands near 878'and

1420 cnit. In order to separate the carbonate minerals fhenbitumen the second extraction
(DW2-2) was taken and mixed with an equal volum®oic liquid, allowed to stir, separated,
and another spectrum of the bitumen taken. Thigpsawill be referred to as DW2-relL. The
spectrum showed a decrease in carbonate but appeaskso show the formation of an ester. To

confirm this, the bitumen from the DW2-relL testsstaken and mixed with an equal volume of
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distilled water. Again this mixture was allowedstir, separated, and a spectrum of the bitumen

layer taken. Figur@2-17shows a comparison of the spectra of DW2-2, DWPR-gsid

Figure2-17. Infrared spectra of the bitumen obtained from BRY re-stirring with additional
[bmmim][BF,] (DW2-2 + IL), and that result re-stirred with tliled water (RellL + HO).

re-IL + water. Some, but not all of the carbortzde been removed by remixing with IL, but now
a sharp ester peak near 1730'@nd bands near 1288 ¢rand 1273 care apparent. These
are not observed in the initial extract and so rhaste been formed during the re-IL experiment.
Surprisingly, both the ester and the carbonatebearemoved from the rest of the bitumen by
washing in cold water. Figuée17also shows the infrared spectra of the re-IL ex@éer

washing with water (at 25°C). The sharp ester st 1730 crhand carbonate band near 878
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cm* have now been removed (along with other bands as¢hose near 1280 jrleaving broad
underlying absorptions that are characteristiciefliitumen obtained in the first IL extraction.
Since the extraction of fine particles of tar saadpeared to give more problems with
mineral contamination of the extracted bitumen, @nedfirst drop-wise experiment did not seem
to go to completion, it was decided to completetlagodrop-wise experiment using chunks of
material. Similar to the DW1 experiment, about gream of tar sand chunks was taken, but this
time three successive batches of toluene were liked the DW2 experiment. The yields
obtained from this new experiment, DW3, were 4.9, &nd 3.8%, by weight, respectively. The

bitumen obtained in all of the extractions appé¢auise free of mineral matter and carbonates, but

Figure2-18 Infrared spectra of the bitumen obtained frarmcessive extractions of a chunk
(not ground) of tar sands with [ommim][@Foluene.
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some sharp bands were observed in the infraredrapeof the third extract, as shown in Figure
2-18 These bands turned out to be due to residusnel that had been incompletely removed
from the cast films during drying. The spectrunttad residual sand showed no C-H stretch at
2900 cn, indicating that this extraction had gone to altrkf¥% completion. Comparing the
DW2 and DW3 experiments it can be concluded thakgrims of a clean extraction, it is more
advantageous to use chunks of Utah tar sands oppmgeinding the sample prior to extraction.
The IL/toluene mixture is enough to break aparséhehunks without a mechanical process, and
in fact the act of mechanical grinding could iniod unwanted carbonates into the extracted
bitumen. Tabl&-4 summarizes the yields for the various extractigqpegiments performed on

the Utah tar sand.

Table2-4: Yields of Bitumen Obtained by Various Extractiglethods

Total Extraction

Extraction Extraction 1  Extraction 2 Extraction 3 Yield (wt %)
Preliminary 7.4% 7.4

DW1 (chunk) 10.7% 0.8% 11.5
DW?2 (powder) 4.8% 4.2% 1.4% 10.4
DW3 (chunk) 4.7% 1.9% 3.8% 10.4
Toluene Only 10.2% 10.2

Summary and Industrial Application Considerations

It was shown through small-scale laboratory extoastand spectroscopy, that bitumen
from both medium and low-grade tar sands can betaisly extracted from mineral
components using an ionic liquid/organic solversteyn. Not only is the bitumen free of fines
and other minerals, but the residual mineralsdeéir are also free of contamination by organic

solvent and (after rinsing with water) ionic liquitt should be noted that this extraction process
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did not seem to work as well with [bmim][BFas the ionic liquid. This particular IL only has
one methyl-group instead of two. This would in¢icenat the functionalization of the
imidazolium ring plays an important role in additito the composition of the anion itself.
Additionally, it was shown that the IL layer canteeycled at least five times through
the system with no decrease in bitumen yield. Thidd be very advantageous in an industrial-
scale process, as IL could be rinsed from the wesighinerals, distilled, and recombined in the
system. This means that there would be a veryidsw of IL, which would be the main expense
in applying such a process on an industrial scileally, a continuous process could be
implemented where a tar sand slurry could be pumped large tank, stirred, and the top layer

removed as bitumen was extracted. A simple diagrbsonch a process is shown in Figar&9

Figure2-19 Simple schematic plot of a possible separgtiacess.
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It was also shown that Utah tar sands can be ¢g&ttarsing an IL/organic solvent
system. These tar sands are much harder to prdeesswas shown that this system is able to
break apart large chunks of hard tar sand, andrtHatt it is better to not have a ground powder.
Part of the difficulty in extracting the bitumenpgared to be related to its limited solubility in
toluene. A saturation effect was observed, suahftesh quantities of toluene or a significant
excess of solvent was necessary to extract mabedfitumen. Toluene may not be the best
solvent to use in the extraction of bitumen fromalutar sands, and other polar or relatively non-
polar solvents should be investigated in futurekwor

Finally, it was indicated that the last bitumenragtion is harder to separate from the
residual minerals, and can contain esters. Theepie of carbonates accounts for the formation
of these esters. Lapis et al. showed that trags$fisation of vegetable oils occurs in an IL ireth
presence of KCO; at 70C.* It is suggested here that a condensation reabétween hydroxyl
and carboxylic acid groups present in the bitumea accurs, and is similarly mediated by the
IL/carbonate mixture. In this work a condensatppears to have occurred at much lower
temperatures~25°C) and this is an interesting observation that léllpursued in future work.
Finally, it should be noted that if mineral fines end up in the bitumen extract, the bitumen is

not ruined, but rather can be re-processed anohiterals removed with additional ionic liquid.
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Chapter 3

Extraction of Bitumen from Other Oil/Sand Mixtures

Various methods for separating oil from sand oepthineral-containing materials such as
drill cuttings or oil sludge have been describedrdhe yearé®™® These methods include
incineration, distillation, washing with detergeptsextraction using organic solvents. Some of
these methods have proven to be uneconomic beohttsair energy requirements, others do not
completely remove the oil from the sand, or thentisals used may also pose unacceptable
environmental concerns. As a result, oil fieldefinery wastes are often stored in pits or land-
filled*® and long-term storage of such materials is a n@jocern. Consequently, the treatment
and disposal of large amounts of so-called oilgg&igenerated in refinery operations is a major
problem.

Another important environmental concern is thettregat of oil-contaminated sand and soil
after oil spills, either accidental as in the Exx¢aidez incident, or as a result of a deliberate ac
of war, as in Kuwait, where large areas of the desenain contaminated with residual oil that
has now aged and become difficult to remove. Nmlriologies are vital to helping solve these

problems, as current technologies are inadequgiesa even worse environmental hazards.

Drill Cuttings/Drilling Muds and Refinery Waste

In addition to extracting bitumen from tar sands\i¢ liquids can also be used to extract usable
oil form drilling muds and other waste generate@wdealing with petroleum mining and
processing. To demonstrate this, a sample ofrdrithud was obtained from the Energy and
Mineral Engineering department of Penn State. ¥jagned earlier these muds can be a

complex mixture of various different solvents amddorfactants as well as the oil and minerals
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they contain. As before, a similar procedure vedisdved using the ionic liquid [ommim][ Bf
with a ratio of 1:2:3 with toluene. The prelimigaesults were similar to those with tar sands,
but the extraction did not show the stereotypibeté-phase system shown previously, as the
phases seemed to be more mixed and less defirftel. sAme experimentation and research, it
was decided that a different ionic liquid may wbster with this system, as well as a different
ratio of components. The ionic liquid 1-ethyl-3t#mdimidazolium acetate [emim][Ac] was
chosen because of its more basic nature, provadindy by MacFarlane et4l.Also, a ratio of
1:3:3.5 sample, ionic liquid and toluene, respe&tyivseemed to provide a better separation of
phases and extraction. Figug€ shows the structure of this ionic liquid as wallthe resulting
system obtained in this experiment. It can be sea&ina three-phase system was still the result,
but the layers were a bit different. The bottogelaconsisted of mineral matter and clays
suspended in the IL, the middle layer containedahi liquid with what appeared to be
suspended oil particles and some mineral finesttaatbp layer a mixture of organic solvents

and oil.

Figure3-1: (Left) Pictures of drilling mud reacted with (hj [emim][Ac] and toluene.
The picture in the middle shows in better detadl tomplex middle phase.
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A spectroscopic study using infrared was used tdico the identification of layers, and
to determine the success of extracting oil fromrtieerals in the drilling mud. Spectroscopy
samples were prepared the same way as those aekiriBhapter 2 and Appendix A. Figue
2 shows a comparison of the spectra of the origiriling mud, the oil extracted from the mud,
and the residual minerals that were left over. 3ectrum of the original drill mud is dominated
by silicate (sand) absorption bands between 1160800 cri. In addition, there is a strong
absorption due to carbonates near 1450, @milar to what is observed in the spectrum aflkh
The minerals absorb infrared radiation far morersgly than oil, but bands due to the latter can
be observed as weakly absorbing modes betweenc8b@nd 3000 crii. An absorption scale-
expanded inset is also shown in the figure, remgdlie bands due to the oil in the spectrum of
the drill cuttings more clearly, while the same m®dh the spectrum of the separated oil are now
“off-scale”. However, these absorptions are abfem the spectrum of the residual minerals,
showing that in terms of the detection limits dfémed spectroscopy these minerals are now free
from oil contamination. It can also be seen thatdpectrum of the oil is free of bands due to

minerals and has been recovered in a “clean” form.
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Figure3-2: Infrared spectra of a sample of drilling mud, tileobtained after extraction using IL
and toluene, and the spectrum of the residual mis@fter rinsing with water.

Oil Spill Simulation

As seen previously with tar sands and drill muldis, same technology of using ionic
liquids can also be employed to help clean up varttisasters like oil spills. Since it was
somewhat difficult to obtain a specific sample ah@ from an area effect by one of these
tragedies, it was decided to simulate one. A sammpPennsylvania crude oil was obtained from

ONTA Inc., and a sample of sand was taken fromagztben the island of Hilton Head. Enough
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beach sand was used to fill up a 25 mL glass Walahalf-way. To this, a few drops of water
was added and the vial shaken. This was donenalaie a moist sand that would come into
contact with the water, and also to help the dilead more to the sand (the beach sand was
completely dry prior). To this sand enough oibvealded to make a 14% oil mixture by weight.
Figure3-3 shows what this oil contaminated sand looked Bsawell as a comparison to the
original beach sand, and sand cleaned using thelignid extraction method. The contaminated
sand resembled what a sample of tar sand lookeddlthough it was much less compact, almost
certainly because of the difference in oil (onengeirude oil and the other crude bitumen). This
however made an excellent example of the kind ofammination that would ensue from the
capsizing of an oil tanker transporting crude aild that oil coming into contact with the
coastline.

The exact same procedure that was used to exitaotdn from tar sand was also used
here. A mixture of contaminated sand, the iomjaill [ommim][ BF], and toluene were mixed
together in the proportions of 1:2:3, respectivatyambient temperature, and a three-phase

system was the result. FiguBe8 shows the three-phase system obtained.

Figure3-3: (Left-image) Picture showing the difference betwéleft) virgin sand, (middle)
contaminated sand after extraction, and (rightflsaomtaminated with 14% oil. (Right-image)
The phases formed by mixing oil impregnated sant feimmim][ BF] and toluene in the
proportions 1:2:3 at room temperature.
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The extracted oil appears at the top, the middtesists of the IL with some dissolved mineral
fines, and the bottom layer a mixture of oil-freemd and entrained ionic liquid.

As before, an infrared study was performed to conthe complete extraction of oll
from the sand, the lack of IL present in the samd| the lack of minerals present in the oil. The
sand obtained after extraction was rinsed with eatker as described in Chapter 2 and infrared
samples were prepared according to Appendix Aur€ig-4 compares the spectra of the beach
sand before contamination, the oil-contaminated¢bsand, and the sand obtained after

extraction. Strongly absorbing modes between E2@D1000 cit and sharp bands near

Figure3-4: Infrared spectra of beach sand before contaiomgdfter contamination, and sand
impregnated with oil.
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800 cmt* and 700 cr characteristic of silicates dominate the spectfithe sand, as in the

drilling mud presented above. The oil-contaminaaad has a barely detectable band due to
aliphatic C-H groups near 1450 émHowever, hydrocarbons such as this absorb edrar
radiation far more strongly in the C-H stretchiegion between 3000 and 2800%ras shown in

an inset in this figure, but no peak is seen ferdand obtained after extraction. The oil-
contaminated sand (14% oil by weight) has cleaidgatnable bands due to C-H stretching
vibrations. These bands are absent in the specaifaine original sand and also cannot be seen in
the spectrum of the cleaned sand. Toluene alsimfrased bands in this region of the spectrum,
so these results demonstrate that within the detelitits of infrared spectroscopy the cleaned
sand has no residual contamination by oil or hyalioon solvent. In addition, this IL has a very
strong absorption band near 1000’cfas shown in Figurg-7), that cannot be detected in the
spectrum of the cleaned sand. Contamination witteral fines can be a particular problem

when using conventional extraction proceduresrtilar applications. The oil that is obtained
after separation from the solvent (toluene in &xample) is also free of mineral matter, as can be
seen from Figur8-5, which compares the spectra of the original odl Hre oil extracted from the

sand.
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Figure3-5: Infrared spectra of the original oil and theeitracted from the contaminated sand.

Summary

It was shown on a laboratory scale that the sartracton process used to extract
bitumen from tar sands can also be used to exisatile oil from drilling muds or probably
refinery waste and sand contaminated by catastsophkis oil was shown to be free of minerals
and the residual minerals free of contaminatiomopyc liquid or organic solvent. This process
has the potential to be scaled up in order to aequriecious oil lost in industrial processing and

prevent unwanted release into the environment.
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Conclusion and Proposed Work

It was shown through infrared studies that an idigiwd/toluene mixture can be used to
successfully extract crude bitumen from variousstard samples and also usable oil from
contaminated sand and mineral materials. Infrapegttroscopy showed that the extracted
hydrocarbons were free of mineral fines, whichde®imental in later processing steps, and that
the residual minerals were free of contaminatiomygrocarbons, ionic liquid and organic
solvent. This was all proven within the detectiiomts of infrared spectroscopy, which can
detect about 1% contamination of polar (highly adsw) materials in a sample. Because of
this, if it is found that ionic liquids could bexio at levels lower than this detection limit, fuet
studies including more sensitive methods of spsctpy, would be needed to confirm the
absence of contaminates in the residual minerslishough this is the case, the author is
confident about the findings and because of thke higscibility of ionic liquids in water, is also
confident that negligible amounts of ionic liquiewd remain in the residual sand layer after
excessive rinsing with water.

As stated at the end of Chapter 2, it was noteshduhis study that toluene may not be
the best solvent of choice, particularly when ectirey bitumen from Utah tar sands. Given these
results it would seem crucial to test additiondvesots in future work. Also it would seem
beneficial to test additional ionic liquids, usitihg findings of this thesis as a guide to whictidon
liquids may perform similarly or better.

Finally, future work should also consider the ukeater in the ionic liquid layer.
Although the recent mass production of ionic liguidll help drive down the price of these
solvents, using a mixture of ionic liquids with wamay prove a more cost effective means of

extraction, and may in fact have profound effectsh® separation process.
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APPENDIX

Materials and Spectroscopy

This appendix details the materials obtained fgreexentation, the specific methods
used for the spectroscopic studies presentedsdritibsis, and any specific instrumentation or

apparatuses used.

Materials

Medium grade and low grade Canadian tar sands etgained from The Alberta
Research Council. The Pennsylvania crude oil tsedntaminate sand in the “oil spill”
experiment was obtained from ONTA Inc., and origgdafrom the Appalachian Basin. Sand
used in the “oil spill” experiment was obtainedrfra beach on Hilton Head Island, South
Carolina and was used as-is. A sample of drilimgl was obtained from Mark Klima of the
Energy and Mineral Engineering department at ThenBgvania State University. The Utah tar
sand sample was provided by the Utah Geologicaleyuaind obtained from the Asphalt Ridge
Area of Uintah County Utah (AF Hole No. 1, 44-54 Box 3).

The ionic liquids: 1-butyl-3-methyl-imidazolium tiioromethanesulfonate,
[bmim][CF;SG]; 1-butyl-2,3-dimethyl-imidazolium tetrafluorobdes [bmmim][BF]; and 1-
ethyl-3-methylimidazolium acetate [emim][Ac], wgparchased from Sigma-Aldrich. All other

chemicals used were regent grade or better andalsyebtained from Sigma-Aldrich.
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Fourier-Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectra were oi#d using either a BioRad FTS-6000 or a
Thermo Scientific Nicolet 6700 spectrometer. lthbimstruments a resolution of 2 ¢rand
sensitivity of 1.0 was used, and 100 scans wereb@yeraged. Dry air, obtained from a purge
gas generator system, was used to purge the sahgotaber in all cases.

For samples conducted using diffuse reflectanaariefl Fourier transform (D.R.I.LF.T), a few
milligrams of sample was combined with KBr, andwgrd into a powder using a Wig-L-Bug in a
stainless steel cup. A background scan of purewd taken for D.R.I.F.T samples.

Samples in solution form were cast onto a KBr wingmd the solvent evaporated in a
vacuum oven, forming a thin film for analysis. Foese, a background scan of the empty

chamber was taken before sampling.



