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Abstract

This research provides new insights into the chemical composition of the Gilsonite in order to ascertain its
properties which can assist in the refining and processing paths of the natural resource. Gilsonite, naturally occurring
asphaltite bitumen, consists of a complex mixture of organic compounds. It was collected in the Uinta Basin near
the town of Bonanza, Utah. The aim of this work is to obtain a more complete picture of molecular structure of
Gilsonite, very important in fuel processing industry, matching and interpreting the results from different techniques.
The Gilsonite was characterized by elemental analysis (EA) to determine the concentrations of C, H, N, S, and O,
by Fourier transform infrared spectroscopy (FTIR) for comparative analysis of the chemical structures, by Nuclear
magnetic resonance spectroscopy of hydrogen ("H NMR) to ascertain the aliphatic and aromatic hydrogen fractions,
and by Thin layer chromatography-flame ionization detection (latroscan TLC-FID) to quantify saturated and aromatic
hydrocarbons, and resin/asphaltene fractions. The results were evaluated in combination with the available
geological data and with some bitumens to evaluate, chemically, possible mechanisms of Gilsonite formation. Low
hydrogen to carbon atomic ratio (1.44), low sulfur (0.27 wt.%) and high nitrogen (3.25 wt.%) contents were the main
characteristics of the Gilsonite from Uinta Basin. FTIR revealed the presence of alkane, aromatic rings, phenyl rings,
alcohols, carbonyl groups, organic sulfoxides, and sulfate salts, confirming the fact that Gilsonite is composed of
high molecular weight polycyclic constituents comprising of nitrogen, sulfur and oxygen heteroatoms. Likewise,
FTIR proved that Gilsonite includes fingerprint of clay minerals. latroscan data showed interestingly that Gilsonite
contains considerable amount of asphaltenes (79.7 wt.%) and nil amount of aromatics (0 wt.%). While, the yields of
saturates and resins account only for 1.6 wt.% and 18.7 wt.%, respectively. Furthermore, SARA method estimated
that Gilsonite is extremely instable (Colloidal instability index, Cll = 4.34). Proton NMR measurements indicated that
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the aliphatic hydrogen portion is approximately 95.38% and the aromatic hydrogen fraction is about 4.62%.

Keywords: Gilsonite; Uintaite; Asphaltite; Natural bitumen;
Elemental analysis; FTIR spectroscopy; Iatroscan TLC-FID; Colloidal
instability index; '"H NMR spectroscopy

Introduction

Many regions and individual countries have to solve a problem of
future growth of power demand while their own sources of feedstock
are limited. One of possible alternatives can be found in West America
where one of the world’s remarkable vein deposits of several types of
solid hydrocarbons are located in the Uinta basin of northeastern and
north-central Utah. By far the most important of these is Gilsonite.
Gilsonite, originally known as “Uintaite” is a natural, high purity,
solid hydrocarbon rich in asphaltenes and nitrogen compounds. It is
glossy black and brittle and contains little sulfur or ash [1,2]. Although
it appears similar to hard coal or asphalt, its chemical properties are
significant different. It is classified as an asphaltite. Gilsonite is soluble
in aromatic and aliphatic solvents, as well as petroleum asphalt. Due
to its unique compatibility, Gilsonite is frequently used to harden
softer petroleum products. The Gilsonite occurs in parallel, near-
vertical fractures in the Uinta Formation of the Uinta Basin of Utah
and Colorado. The Green River Formation also contains rich oil shales
that may have been the source of the hydrocarbons that formed the
Gilsonite. The Gilsonite-bearing factures often outcrop and may
be as much as 2,000 feet deep. They vary in width from a few inches
to 22 feet and may be as long as 25 miles. Average vein thickness is
6 feet, but veins as thin as 18 inches have been mined. It is believed
that these factures were once filled with a heavy, viscous crude oil that
lost of its volatile constituents and then solidified [1,3,4]. Gilsonite,
named after Samuel H. Gilson, was discovered in the 1860s. Gilson
was not one of the original discovers of Gilsonite, but his enthusiastic

development and promotional efforts linked the material to him, and
people in the region began refereeing to this material as Gilsonite rather
than using its scientific name, “Uintaite” [5,6]. The name Gilsonite
further solidified in common usage when an early mining company
adopted and trademarked the name. Much Gilsonite is used directly
in its crude form, as insulation for pipelines, particularly hot pipes, as
waterproofing and undercoating for wood and metal, and as paving,
roofing and other uses identical with crude asphalt. Gilsonite is also
blended with refinery produced asphalt and petroleum products to
obtain certain desired characteristics. It is used in saturating felts and
building construction papers [7]. As underlined previously, the world
energy demand is expected to increase due the expanding urbanization,
better living standards and increasing population. At a time when
society is becoming increasingly aware of the declining reserves of fossil
fuels beside the environmental concerns, it has become apparent that
Gilsonite is destined to make a substantial contribution to the future
energy demands of the domestic and industrial economies. In this way,
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more details about the chemical composition of Gilsonite are required
in order to achieve a better exploitation of this natural bitumen deposit.
Therefore, the principal goal of this paper was to characterize the
Gilsonite using classical analytical methods such as Elemental analysis
(EA), Fourier transform infrared spectroscopy (FTIR), Thin layer
chromatography-flame ionization detection (Iatroscan TLC-FID), and
Hydrogen nuclear magnetic resonance spectroscopy ("H NMR).

Gilsonite is special product of ATDM for the mineral known as
asphaltum, uintaite, Natural bitumen, mineral tar, natural asphalt,

Figure 1: Gilsonite.

Figure 2: Trinidad Lake Asphalt (TLA).

Parameters Conditions
Temperature 25°C
Pulse flip angle 45.0°
Acquisition time 255s
Relaxation delay time 5.00s
Number of scans 256
Sweep width 6410.3 Hz
FT size 32768 points complex
Carrier frequency 399.8372832 MHz
Total scan time 32 min
Solvent CDCl,
Reference TMS

Table 1: Conditions for '"H NMR measurements.

mineral bitumen, bitumen powder, drilling mud, or uintahite, which
is found in commercial quantities only in the Utah of USA and
Kermanshah of Iran. This unique mineral is used in more than 160
products, primarily in dark-colored printing inks and paints, oil well
drilling muds and cements, asphalt modifiers, foundry sands additives
and a wide variety of chemical products.

Experimental
Geological setting

In this research, Gilsonite from Uintah Basin mines in northeastern
Utah, USA, was selected. It consisted of two materials, including the
asphalt and mineral aggregate. Gilsonite was a shiny, black substance
similar in appearance to the mineral obsidian. It was brittle and can
be easily crushed into a dark brown powder (Figure 1). In order to
enable a more comprehensive discussion of the results, reference was
made to other natural bitumen from the Pitch Lake in Trinidad Island:
Trinidad Lake Asphalt (TLA) (Figure 2). TLA was dark-brown colored
cementitious substance. It was brittle and broke into small cellular
glossy fragments. All samples were analyzed by the same techniques to
provide directly comparable geochemical information.

Analytical procedure

Fourier-transferred infrared spectroscopy: FTIR spectra were
collected with A Perkin Elmer Spectrum RX IFT-IR system equipped
with MIRacle™ attenuated total reflectance (ATR) cell from Pike
Technologies. The instrument’s resolution was 2 cm™. The spectra were
recorded in the range 4000-650 cm™ and represent the averaging of 32
scans collected at intervals of 1 cm™.

Elemental analysis: Determination of carbon, hydrogen, nitrogen,
oxygen and sulfur contents of bitumen were carried out using a Thermo
Scientific Flash 2000 HT, Elemental Analyzer (UK).

'"H NMR spectroscopy: The '"H NMR spectra of bitumens were
performed on VNMRS-400 spectrometer (Agilent Technologies Korea
Ltd., Seoul, Korea) operating at 9.4 T, using a 5 mm Broadband 'H/X/D
NMR probe. The '"H NMR experiments were performed, using 20 mg
of bitumen diluted in 0.6 mL of a solution of 50 mM of Cr(acac), in
deuterated chloroform. Tetramethylsilane was used to reference the
chemical shift. The experimental conditions are given in Table 1.

SARA TLC-FID

An Tatroscan MK-6 & 6s instrument (Iatron Labs. MCMC
Corporation, Tokyo), equipped with a flame ionization detector (FID)
and interfaced with a computerized acquisition system (DIONEX
Al 450 Optimize) was employed. This instrument was calibrated for
quantitative SARA analysis. Pure hydrogen (160 mL min" supplied
by a hydrogen generator) and pure air (2.0 L min™) supplied by an air
cylinder) were used for the detector. Two sets of 10 silica rods, type
Chromarod-SIII (pore diameter 60 A, particle size 5 um) were used:
One for the saturate and aromatic quantification and the other one
for asphaltene quantification. Samples were prepared by dissolution
in dichloromethane to obtain a final concentration of 10-15 mg mL".
Before sample application, Chromarods were passed twice through
the FID to remove contaminants, and to obtain constant activity of
the silica layer. Each rod was spotted by 0.1 pL of the sample solution,
applied dropwise by using a 1.0 pL syringe. For saturate and aromatic
determinations, Chromarods were developed in n-hexane for 30
min; air dried (3 min) and developed again in toluene for 18 min.
For asphaltene determinations, the second set of Chromarods was
developed in dichloromethane /methanol 95:5 vol.% for 4 min. Each
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Bitumens
Property P ] .
Gilsonite Petroleum pitch Qil shale kerogen
Carbon, wt.% 84.36 50.38 84.44 80.5
Hydrogen, wt.% 10.05 9.19 10.3
Nitrogen, wt.% 3.25 0.43 24
Sulfur, wt.% 0.27 5.69 1.0
Oxygen, wt.% 1.36 3.24 5.8
H/C, atomic ratio 1.44 1.31 1.53
O/C, atomic ratio 0.01 0.02 0.05
C/N, atomic ratio 39.05 104.75 305.65 50.37
S/C, atomic ratio 0.01 0.02 0.04
Heating value (Btu/Lb) 17,812 10,627 17,421 17,080
Organic matter, wt.% 99.32 66.01 100 100
Inorganic matter, wt.% 0.68 33.99 0 0
References This work [65] [66]

Table 2: Properties of bitumens.

set of rods was dried for 3 min and then, pyrolized at a scan speed of
0.32cms™.

Prediction of Gilsonite stability: The possibility of asphaltene
deposition was determined by the SARA method proposed by Gaestel
[8]. The SARA method uses Eq. (1) for calculating the colloidal instable
index (CII):

+
CII — Wsaturates

Wresins +

Wasphaltenes ( 1 )
Wammazics

Where w stands for the mass fraction of saturates, asphaltenes,
resins, and aromatics in bitumen, respectively. When the CII value of
bitumen is greater than or equal to 0.9, asphaltene deposition is likely
to occur.

Results and Discussion

Bitumen is a very complex mixture of organic molecules that vary
widely in composition, ranging from non-polar saturated hydrocarbons
to highly polar and highly condensed aromatic systems. In order to
determine this complex chemical composition of bitumen, elemental
analysis, FTIR, TLC-FID, and "H NMR were employed.

Elemental analysis

The configuration of the internal structure of bitumen is largely
determined by the chemical constitution of the molecular species
present. Bitumen is a complex chemical mixture of molecules of
a predominantly hydrocarbon nature with a minor amount of
structurally analogous heterocyclic species and functional groups
containing sulfur, nitrogen and oxygen atoms. Bitumen also contains
trace quantities of metals such as vanadium, nickel, iron, magnesium
and calcium which occur in the form of inorganic slats and oxides or
porphyrine statures. In Table 2, three additional bitumens were selected
to provide a comparison of bitumen from the major vein deposits in
Uinta Basin (Gilsonite) with Trinidad Lake Asphalt (TLA), petroleum
pitch and oil shale kerogen. The detailed analysis will demonstrate later
the differences in bitumens and will provide a better understating of
the relationship of composition to the gross properties of the bitumen.
Foremost, as can be seen from Table 2, Gilsonite yields are ithin the
range of literature reported values [7,9-11].

Elemental analysis (EA) gives access to the contents of carbon,
hydrogen, sulfur, oxygen, and nitrogen of the considered types of
bitumen. According to Table 2, the molecules are predominantly
composed of carbon and hydrogen. Whereas, the heteroatoms

(nitrogen, sulfur, oxygen) are present in minor amounts. The different
bitumens from Uintah Basin and Trinidad Island vary considerably in
their chemical properties which provide a means for characterizing
and identifying them. Although, there are major differences between
the reservoir characteristics of the Gilsonite deposit and Lake Pitch,
there is one notable similarity in hydrogen-to-carbon atomic ratio
between these two deposits. Gilsonite is characteristically higher in
carbon (84.36 wt.%) and contains about quince as much nitrogen
(3.25 wt.%) but only about one fifteenth as much sulfur (0.27 wt.%).
Oxygen content is variable, and no trends are obvious when comparing
one bitumen with another. Comparing the elemental composition of
Gilsonite with petroleum pitch and oil shale kerogen, it can be found
that an increase in carbon and hydrogen associated with decrease
in oxygen and sulfur are the most pronounced change induced by
hydrogenation. Furthermore, it can be noticed that Gilsonite is bitumen
that approximates the composition of petroleum pitch, possessing same
amount of organic material. In addition, as expected, the elemental
analyses of Gilsonite are quite similar to those of oil shale kerogen. This
is due to the fact that the precursor of Gilsonite is believed to be oil shale
kerogen from the Green River formation deep below the Uintah Basin
in eastern Utah. Mild thermal reductive degradation of this kerogen
and subsequent fractionation as it was geologically squeezed to the
surface are believed to be responsible for the formation of the unique
deposits we mine today [12]. Of course, the increased C and H levels
and reduced O content leads to the Gilsonite bitumen having a much
higher energy density than the TLA. Nevertheless, this natural bitumen
still contains nitrogen which is much higher (3.25 wt.%) than that of
TLA (0.72 wt.%), and thus further chemical or physical upgrading is
needed if the material is to be used as a transportation fuel or feedstock
for the existing refinery equipment.

Carbon: Table 2 illustrates the distribution of carbon fraction in
bitumens samples. It is noticeable that Gilsonite is composed chiefly
of carbon (84.36 wt.%). Similar value is reported for petroleum pitch
(84.44 wt.%). Looking closely at the history of Gilsonite and petroleum
pitch, it might lead one to think that Gilsonite, during his formation,
was subjected to thermogeological and physical treatments (higher
pressure) similar to those adapted in the production of petroleum
residues, but in different ways. Thereby, this is could explain the close
resemblance between Gilsonite and pitch, and more specifically in their
hydrocarbon contents. Some geologists suggest that the most likely
source for the Gilsonite hydrocarbon was the organic-rich Green River
Formation [13].

Hydrogen: Table 2 shows that Gilsonite (10.05 wt.%) has a relatively
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high concentration of hydrogen in comparison with TLA (6.06 wt.%).
The result is similar to petroleum pitch (9.19 wt.%) and oil shale kerogen
(10.30 wt.%). These differences in hydrogen content are principally
related to the amount of organic and inorganic fractions in bitumen.
Generally, the cracking of any organic molecule requires hydrogen. The
more hydrogen a crude oil contains, the more hydrocarbons it can yield
during cracking. Because many of the light product molecules are rich
in hydrogen, the residual crude oil gradually becomes more aromatic
and hydrogen poor as cracking reaction proceeds. Hunt [14] reported
that the change from liquid to solid forms of Gilsonite is chiefly a
polymerization with loss of hydrogen (probably as water).

Heteroatoms: Transport fuels have strict limitations on sulfur
content. In many countries the maximum allowable sulfur content
in gasoline and diesel fuel is 10-15 pg g'. This requires extensive
desulfurization, since the bitumen contains around 5 wt.% sulfur,
which is an order of magnitude more than benchmark crudes.
Although nitrogen and oxygen does not have to be removed to the
same level as sulfur, the nitrogen- and oxygen- containing compounds
make bitumen more difficult to refine. These heteroatoms contribute
to the aggregation behavior of bitumen. It is therefore required to
remove most of the heteroatoms from the bitumen [15]. Moreover, the
heteroatoms strongly influence functionality and polarity of molecules
and, thus, the mechanical behavior of bitumen [16].

Nitrogen: Information about the nitrogen compounds in
Gilsonite is needed in order to provide more efficient processes for
converting Gilsonite to useful energy with minimum environmental
contamination. The results of elemental analysis indicate that Gilsonite
has greater nitrogen content (3.25 wt.%) than oil shale kerogen (2.4
wt.%). A very unique feature of Gilsonite is its high nitrogen content,
which is present mainly as pyrrole, pyridine, and amide functional
groups. Phenolic and carbonyl groups are also present. The low oxygen
content relative to nitrogen suggests that much of the nitrogen has basic
functionality. This probably accounts for Gilsonite’s special surface
wetting properties and resistance to free radical oxidation [17]. The
greater nitrogen content may arise from incorporation of nitrogen gas
from the air or from temperature effect. The high nitrogen content
indicates that proteinaceous material played an important part in the
origin of Gilsonite [18]. In his research paper of 1956, McGee [19]
proved that Gilsonite is essentially or totally of plant origin. Going
further, it has been postulated that Gilsonite has the highest nitrogen
content of the Uinta Basin bitumens [14]. As cited previously, nitrogen
is derived mainly from proteinaceous material, which is destroyed
rapidly during diagenesis. Most high-nitrogen kerogens were therefore
deposited under anoxic conditions where diagenesis was severely
limited. Because lignins and carbohydrates contain little nitrogen, most
terrestrially influenced kerogens are low in nitrogen. Therefore, this fact
could explain the low amount of nitrogen found in oil shale kerogen.

Sulfur: Referring to Table 2, it can be said that Gilsonite is
characterized by a lower amount of sulfur (0.27 wt.%) compared to
TLA (4.14 wt.%). As outlined in the literature review, sweet crude oil is
considered “sweet” if it contains less than 0.5% sulfur. Sour crude oil is
that when it contains total sulfur contents greater than 0.5% [20]. Sulfur
is highly poisonous, cause foul smelling corrosion and plant rusting.
Sulfur is one of the major concerns of refineries. Certain crudes evolve
hydrogen sulfide, low boiling sulfur compound and decomposition
products of heavy sulfur compounds during processing. However, most
of the sulfur compounds concentrate in the distillation residue. Alkali
washing and hydro treating remove the sulfur in the distillate. Most of
the indigenous crudes are free from dissolved (H,S) sulfur. This implies

that Gilsonite seems of good quality than TLA [20]. On this basis,
Gilsonite may be considered as a lucrative deal for many manufacturers
who want to invest in the field of natural bitumen. Regarding the sulfur
concentration in oil shale kerogen (1 wt.%), it is four times higher than
Gilsonite. In fact, kerogen sulfur is derived mainly from sulfate that was
reduced by anaerobic bacteria. High-sulfur kerogens (and coals) are
almost always associated with marine deposition, because fresh waters
are usually low in sulfate. Sulfur is only incorporated into kerogens in
large quantities where sulfate reduction is extensive and where Fe?* ions
are absent (organic-rich, marine, nonclastic sediments). Many high-
sulfur kerogens are also high in nitrogen [21]. These findings further
support the idea that Gilsonite is derived from lacustrine origin and not
from marine origin. A plausible explanation for the difference in sulfur
content between Gilsonite and oil shale kerogen might be that Gilsonite
is neither oil nor tar, but a solid, degraded from shale oil kerogen that
does not flow at normal temperatures and pressures, thus making it
difficult to extract. Degradation of sulfur may occur when conventional
liquid Gilsonite migrates toward the surface and encounters, at low
temperatures, descending rainwater containing oxygen and bacteria.
This leads to the formation of a Pitch-like substance poor in sulfur.

Oxygen: Preliminary examination of Table 2 reveals that oil shale
kerogen exhibits the highest oxygen content (5.8 wt.%), followed by
TLA (4.71 wt.%), petroleum pitch (3.24 wt.%), and then Gilsonite
(1.36 wt.%). These results throw some highlights on the degree of
oxidation of each sample. It is very clear that the kerogen is the more
highly oxidized bitumen among the others. As matter of fact, kerogen
formation competes with the destruction of organic matter by oxidative
processes. Most organic oxidation in sedimentary environments is
microbially mediated. The mechanism of the oxidation of asphaltic
materials can proceed along two paths: (1) the addition of oxygen
to form unstable compounds from which water, carbon dioxide, or
other unstable oxygen-containing substances are eliminated leaving
unsaturated compounds which then polymerize, and (2) the addition
of oxygen to form stable oxygenated compounds. Some deductions as
to the possible oxidation mechanism for a bitumen such as Gilsonite
can be made from elemental analyses of the material in various stage
of weathering [18]. Previous studies have shown that the oxygen of
Gilsonite may run from 0 to 2% [22]. Much of the oxygen appears
as phenols with minor amounts of carboxylic acids. In his Bulletin
no. 54, published in 1963, Dr. Crawford [18] detailed the chemical
and physical properties of Gilsonite in parallel with other bitumen
deposits. He showed that the oxygen content of Gilsonite is significantly
influenced by its physical status. For instance, he indicated that in going
from tar with 23% asphaltenes to some of the fresh samples of solid
Gilsonite with 30 to 40% asphaltenes there is no appreciable increase
in oxygen content. However, in going from the fresh solid to the more
weathered solid forms of Gilsonite having from 40-70% asphaltenes,
there is a definite increase in the oxygen content. He further added that
the alteration of the more weathered forms of Gilsonite is a result of
the formation of stable oxygenated compounds rather than of increased
polymerization. Returning back to the Lake Pitch; the elevated oxygen
content, however, was significant for TLA, indicating oxidation of the
uppermost layer at the outcrop. The whole deposit is characterized by
a high oxygen content as compared with Gilsonite. This may indicate
exposure at or near the surface during early stages of development
of the deposit. Note the high oxygen contents of TLA samples where
oxidation has occurred, buried near the surface.

Atomic ratio

The atomic ratio of bitumen may indicate different stages of
maturation (C, H), oxidation (H, O) or biodegradation (H, N, S).
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Hydrogen-to carbon atomic ratio: The viscosity of bitumen
is related to its hydrogen-to-carbon atomic ratio and hence the
required supplementary heat energy for thermal extraction processes.
It also affects the bitumens distillation curve or thermodynamic
characteristics, its gravity, and its pour point. Atomic hydrogen-to-
carbon ratios as low as 1.3 have been observed for tar sand bitumen,
although an atomic hydrogen-to-carbon ratio of 1.5 is more typical. The
higher the hydrogen-carbon ratio of bitumen, the higher is its value
as refinery feedstock because of the lower hydrogen requirements.
Elements related to the hydrogen-carbon ratio are distillation curve,
bitumen gravity, pour point, and bitumen viscosity [23]. Comparison of
the data compiled in Table 2 shows that there is no significant difference
between the H/C values of Gilsonite (1.44) and TLA (1.44). The H/C
ratio for Gilsonite of the present study agrees very well with that for
Gilsonite found by Hunt (1963) [14], of 1.42. This low atomic H/C ratio
establishes its aromatic character. In one side, oil shale kerogen has the
highest atomic H/C ratio by 1.53. Kerogens with such high atomic H/C
ratio generally possess excellent hydrocarbon resource potential [24].
Usually, the bitumens with high H/C ratios are generally more soluble
and fusible than those with low H/C ratios. Solubility and fusibility are
influenced by other factors, such as the sulfur, nitrogen, and oxygen
content of the bitumens [25]. It has been demonstrated that the ratio
of hydrogen to carbons atoms varies in different molecular structures.
Naphthene and paraffin hydrocarbons have high H/C ratios whereas
condensed aromatics have low H/C ratios. Consequently, bituminous
substances rich in the former materials have high H/C ratios, whereas
carbonaceous substances rich in the latter materials have low H/C
ratios [25]. In the other side, the petroleum pitch has the lowest atomic
H/C ratio compared to other bitumen materials. This can be taken as
an additional indication of the higher maturity of the petroleum pitch
samples as the H/C ratio of the bitumens decreases with increasing
maturity.

Oxygen-to carbon atomic ratio: The oxygen-to-carbon ratio
contains valuable information concerning the location of oil-and/or
gas-bearing rock [26]. In Table 2 the O/C ratios of different bitumen
samples are listed. These ratios were in the range from 0.01 to 0.07 for
Gilsonite and TLA, respectively. Generally speaking, this difference
may be ascribed to the environment factors in which the bitumen
was formed. Otherwise, prevalence of oxic or anoxic conditions at
the bitumen interface during deposition appears to have effect on
O/C ratio. Taking into account that Gilsonite is derived from oil shale
kerogen. Analysis of O/C should be done on oil shale kerogen itself.
Geochemists recognize Type I, I, III, and IV kerogens and classify
these four types by optical and elemental criteria: Type I. Sapropelic (H/
C>1.25; O/C<0.15), Type II. Planktonic (H/C<1.25; 0.03<0/C<0.18),
Type III. Humic (H/C<1; 0.03<0/C<0.3), and Type IV Residue (H/
C<0.5). These types of kerogen originate because of the different kinds
of debris deposited in the sediment and also because of the conditions
that prevail in that sediment over geological time [27]. Based on these
criteria, it is apparent that the Gilsonite is originated from the Kerogen
type L. It was reported that this type of kerogen is rich in lipid-derived
aliphatic chains and has a relatively low content of polynuclear aromatic
systems and of heteroatomic systems. This type of kerogen is generally
of lacustrine origin. Organic sources for the type I kerogen include
the lipid-rich products of algal blooms and the finely divided and
extensively reworked lipid-rich biomass deposited in stable stratified
lakes.

Carbon-to nitrogen atomic ratio: A useful application for C/N
ratios is as a proxy for paleoclimate research, having different uses
whether the sediment cores are terrestrial-based or marine-based.

Carbon-to-nitrogen ratios are an indicator for nitrogen limitation of
plants and other organisms and can identify whether molecules found
in the sediment under study come from land-based or algal plants
[28]. Further, they can distinguish between different land-based plants,
depending on the type of photosynthesis they undergo. Therefore the
C/N ratio serves as a tool for understanding the sources of sedimentary
organic matter, which can lead to information about the ecology,
climate, and ocean circulation at different time in Earth’s history [28].
Some work has been reported that if C/N ratios in the range 4-10:1
are usually from marine sources, whereas higher ratios are likely to
come from a terrestrial source [29,30]. The lack of cellulose, which
has a chemical formula (CH, O,) , and greater amount of proteins in
algae versus vascular plants causes this significant difference in the C/N
[28,31,32]. The C/N ratio of Gilsonite compared to various bitumens
is shown in Table 2. All the bituminous samples exhibit higher C/N
atomic ratios; this signifies that they are of terrestrial origin. However,
Gilsonite has the lowest C/N ratio (39.05) compared to other bitumen
specimens. As was stated in the literature [33], when composting
microbial activity utilizes a C/N ratio of 30-35:1 and higher ratio will
result in slower composting rates. Thus, this implies that Gilsonite
would be much easier to be decomposed by the microorganisms, being
known as a more labile material. Moreover, it is worth mentioning that
TLA from younger formations (Miocene era) [34] has higher ratio
(140.75) than Gilsonite (39.05) from the older formations (Eocene
and Oligocene eras) [35]. This suggests that the ratio is significant in
assessing the age of a bitumen.

Sulfur-to carbon atomic ratio: Atomic S/C ratios are recorded
in Table 2. The bitumen samples show S/C ratios varying between
0.01 and 0.04. This parameter declines to a lower value for Gilsonite
bitumen (0.01). Studies by Hao et al. (2007) [36] have shown that solid
bitumens from the marine carbonate reservoirs displayed atomic S/C
ratios between 0.066 and 0.075. However, solid bitumens from the
nonmarine sandstones were relatively poor in sulfur with S/C ratios
between 0.005 and 0.01. Likewise, Berner and Raiswell [37] suggested
that nonmarine sediments were characterized by a low S/C ratio and
marine sediments by a high S/C value. Based on this data, Gilsonite
from Uinta Basin may be also derived from nonmarine source. The
differences in S/C ratios are more likely related to the increasing of
bitumen alteration. Here, it should pointed out that the influences of
many factors encountered in the bitumen, such as subsurface supply
of sulfate from evaporitic minerals, H,S mobility, and maturation of
organic matter can significantly influence S/C ratio.

Heating value

In routine terminology, the heating value of any fuel defined as the
energy released per unit mass or per unit volume of the fuel when the
fuel is completely burned [38]. The term calorific value is synonymous
to the heating value. Typical units for expressing calorific or heating
value are MJ/kg in SI units or Btu/Lb (British thermal units per pound)
in English units. The heating (calorific) value of natural bitumens is of
great importance in the conversion of bitumen to other useful forms of
fuel, as well as in its direct use. A formula for the gross heating value
(HV) of natural bitumens was developed by Boie [39]. The empirical
equation was expressed as follows: HV, Btu/Lb = 1.8 [8400 (C) + 27
765 (H) + 1500 (N) + 2500 (S) - 2650 (O)]. Table 2 shows measured
gross heating values of Gilsonite and some selected bitumens. The
results reveal remarkably big difference in the heating value of Gilsonite
(17,812 Btu/Lb) and TLA (10,627 Btu/Lb). Based on organic matter of
the bitumen, the heating values may vary. When the organic matter
percentage is higher in a bitumen, the percentages of carbon and
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Figure 4: FTIR Spectrum of TLA.

hydrogen available for combustion are increased. This leads to the
higher heating values.

Conclusions that can be drawn:

1- Differences in hydrogen, oxygen, nitrogen and sulfur contents
between bitumen samples suggest that the sources of the organic matter
are different.

2- Gilsonite in the Green River is probably derived partly from land
types of organic material that form the Gilsonite and partly from plant
and animal organisms that grew within the Green River itself.

FTIR analysis

Fourier transform (FTIR) spectroscopy is a powerful tool for
characterization of bitumen and its products as it furnishes fast
comprehensive view about the structure/ composition of the materials
[40-45]. It is also a potential alternative method for acquiring qualitative
mineralogy [46-48]. Infrared spectroscopy has not been utilized
significantly in qualitative analysis of bitumen field minerals. The main
uses have rather been in identification of minerals and in structural
studies. Typical spectra of minerals display characteristic features
which can be related qualitatively to variations in the constituent

minerals. FTIR spectroscopy has recently been receiving attention for
its potential use in mineral analysis. Figures 3 and Figure 4 compared
with the standard patterns [48-52].

Band shapes for two samples show remarkable differences. The
broad absorption bands observed between 3200 and 3600 cm™ in the
bitumens are due to N-H and O-H groups. The reported Gilsonite has
greater pyrrolyic N-H and hydrogen bonded O-H or N-H absorption
than the TLA as revealed in the IR spectra. The main features of FTIR
are the strong aliphatic absorptions; 2920 cm™ and 2850 cm™ due to
asymmetric and symmetric C-H stretching. The intensity of peak at
2920 cm! is greater than the peak at 2850 cm™ for bitumens samples
and indicates the presence of long aliphatic chains in Gilsonite. The
pronounced aliphatic character is connected with their suitability for
liquefaction. Medium intensity aromatic bands are observed in 900-
690 cm™ regions for TLA. The peaks near 1700 cm™ appears in TLA
indicating the presence of carbonyl C=O contents. Band signals for
the carbonyl stretching region of the TLA are more remarkable than
those of Gilsonite. Suggesting that oxygen containing functional
groups in TLA specifically; phenols, alcohols, ethers, carboxylic acid
and carbonyls may exist in higher concentrations in TLA compared
to Gilsonite. The two bands at 1455 and 1375 cm™ are due to bending
frequencies of (1) asymmetric C-CH, bond and/or methylene, and (2)
symmetric C-CH, bond, respectively. These two peaks are more intense
in Gilsonite than TLA. The region of 1000-1300 cm™ observed in the
spectra is for C-O bonds in bitumen structures. The absorbance in this
region is found to be decreased in case of Gilsonite bitumen. The weak
band at 690 cm™ observed in the bitumen may be due to C-S bond.
As mentioned before, FTIR spectra may be used for the identification
of minerals associated in the bitumen structures. There are observable
distinguishing features in the spectra of the different natural bitumens.
Prominent absorptions are apparent near 1000 and 1130 cm™ for TLA.
These intensive bands are attributed to Si-O-Si stretching vibrations
for the tetrahedral sheets of kaolinite [53,54]. The absorption band due
to bending vibration of inner O-H groups was observed at 911 cm™,
while the inner-surface OH groups of kaolinite absorb at 936 cm™.
The broad OH-stretching band near 3620 cm™ coupled with 829 cm™,
749 cm™ doublet indicates illite [49,55]. These bands originate from
Al-Mg-OH deformation. Most of the weak peaks in FTIR spectra of
natural bitumens near 1427, 875, 863 and 721 cm can be assigned to
carbonates (calcite, CaCO,; and dolomite, CaMg(CO,),) [55,56]. The
distinct doublet at 796 cm™ and 777 cm™ and the bands near 1163
and 692 cm™ can be attributed to quartz in TLA samples [55]. These
results show that the samples taken from Trinidad Island include illite,
kaolinite, and quartz. However, Gilsonite seems very poor in mineral
clays. The bitumens studied are found to be different in mineralogical
compositions from FTIR analyses.

TLC-FID analysis

TLC-FID is becoming increasingly popular in the crude oil
industry. This technique is recognized as an efficient, fast and cost-
effective way to obtain quantitative information about crude oil
composition [57,58]. For separation and quantification, correct use
of Tatroscan TLC-FID offers good precision and accuracy, in addition
to rapid analysis and low solvent consumption. The TLC-FID testing
procedure was chosen similar to the one outlined in [59]. Thin layer
chromatography with Iatroscan instrument separates natural bitumen
into saturate, aromatic, resin and polar fractions. Figure 5 illustrates
typical TLC-FID chromatograms of Gilsonite and TLA.

It can be seen very clearly from Figures 5 and 6 that the chemical
composition of natural bitumen samples from Uinta basin and Trinidad
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Figure 6: Diagram of SARA separation for Gilsonite and TLA .

Island differ considerably. The TLA samples are highest in saturates
contents (4.1 wt.%) indicating their paraffinic characteristics, while the
Gilsonite sample is lowest in saturates content (1.6 wt.%) suggesting its
naphthenic characteristics. Aromatics hydrocarbon yields are highest
in the TLA (22.9 wt.%) and negligible for Gilsonite (0 wt.%). The resin
fractions in TLA (37.4 wt.%) are found to be more significant than
those in Gilsonite (18.7 wt.%). The asphaltenes yields in Gilsonite are
almost two times higher (79.7 wt.%) than the TLA (35.6 wt.%).

The compositional profile of bitumen components varies
substantially depending on the sample and its origin. The solvent system
affects the separation efficiency of bitumen components on chromarod.
Selection of the solvent is generally guided by the polarity of the analytes.
Representative chromatograms of the two natural bitumen samples
are shown in Figure 5. It is obvious that there are some differences
between the two chromatograms. The magnitude of the differences
depends on the nature of the bitumen. Figure 5(B) demonstrates the
capability of TLC-FID for the resolution of saturates, aromatics, and
of the ring-based separation of aromatic compounds, as well as the
resins compounds. The four different peaks displayed in Figure 5(B)
are identified as: saturates, aromatics, resins and asphaltenes (SARA).
A cursory examination of chromatograms of Gilsonite in Figure 5(A)
and TLA in Figure 5(B) suggests a marked compositional difference
between these two samples. Note that TLA was derived from Trinidad
Island. TLA contains less polar and large ring aromatic compounds

than Gilsonite. However, Gilsonite seems devoid of any aromatic at all;
the considered material exhibits no pronounced aromatics peak in the
chromatogram (Figure 5(A)).

On one hand, the most interesting finding is the marked highest
asphaltenes amount and the nil aromatics content detected in Gilsonite,
which is most unusual for a natural bitumen. It appears that during the
genesis of Gilsonite, it was severely affected by the process of oxidation
coming from several factors such as higher temperatures, higher
pressures, leaching by superficial and underground water, atmospheric
oxygen, UV radiation, biodegradation...etc. Taken together, these
factors may lead to convert much more amount of aromatics and resins
to asphaltenes. Thus, this fact would justify the observed increasing
in asphaltenes compounds. On the other hand, it must be realized
that the primary cause of saturates reduction is simply a loss of light
hydrocarbons gases from the Gilsonite before its solidification. This
loss of hydrocarbons is usually a result of changes in temperature and
pressure in depth of earth. The saturates that have the lowest melting
point and molecular weight are usually the first to separate from
liquid Gilsonite. Here, it can be concluded that the distinct differences
in the natural bitumens are due to the differences in the structural
units forming the constituent groups, the location, the depth, and the
history of each deposit formation. Last but not least, it must be pointed
out that the Gilsonite is indeed largely nonaromatic then its use for
road pavement is likely to have important health and environmental
advantages over the use of petroleum pitches which characteristically
have a high content of polynuclear aromatic hydrocarbons.

Chemical nature of Gilsonite

Gilsonite is a complex system of different constituents, made of
hydrocarbons and heteroatoms. After fractionation of the Gilsonite by
specific solvents, four main chemical families are obtained: saturates,
aromatics, resins, and asphaltenes. The association of asphaltene sheets
(highly polycondensed pseudomonomers of a carbon black-bone,
chemical functions and heteroatoms surrounded by aliphatic chains)
leads to formation of macrostructures or “micelles”. They can also form
aggregates. The different constituents in the bitumen follow a colloidal
law, expressed by the following relationship (2):

flocculated constituens _ saturates + asphaltenes

CIl = ()

dispersed constituens resins + aromatics

Empirical evidence has shown that values of 0.9 and more
indicate bitumen with unstable asphaltene, while values below 0.7
indicate stable asphaltenes. Between 0.7 and 0.9, the stability of the
asphaltenes is uncertain [8]. The CII values of the two bitumen samples
were calculated by the SARA method. As shown in Table 3, the CII value
of Gilsonite was greater than 0.9, indicating that in this bitumen sample
asphaltene deposition tends to occur due to its higher asphaltenes
content and lower aromatics and resins contents. Conversely, the CII
value of TLA was relatively smaller than 0.7, which is typical of paving-
grade bitumen, and supports the observation that TLA has a more
dispersed structure than Gilsonite. Here, it is important to note that the
instability of Gilsonite, originating mostly from cracking/ visbreaking
processes, tend to form free radicals, leading to polymerization chain
reactions that result ultimately in formation of degradation products
[60].

'H NMR analysis

Recently, hydrogen nuclear magnetic resonance (‘H NMR)
spectroscopy has emerged as a very powerful and versatile tool for
bitumen characterization [40,61,62]. '"H NMR allows the investigations
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Natural bitumen

Components . 5
Gilsonite TLA
Saturates, wt. % 1.6 4.1
Aromatics, wt. % 0 229
Resins, wt. % 18.7 374
Asphaltenes, wt. % 79.7 35.6
Colloidal instability index, ClII 4.34 0.65
Stability Very unstable Stable
Table 3: Stability of natural bitumens.
. Hydrogen distribution
Natural bitumen
H, H, H, H,
Gilsonite 13.45 52.45 29.49 4.62
TLA 16.34 51.95 25.43 6.29

Table 4: Fractional proton distribution of natural bitumens.
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Figure 7: '"H NMR spectrum of Gilsonite.
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Figure 8: 'H NMR spectrum of TLA.

in solids as well as in solution. As an alternative to the conventional
analysis, '"H NMR spectrometry methods does not require sample
pretreatment and thus reduces considerably manipulation time. Itis also
considered environmentally friendly as it enables the use of minimum
amount of solvents with practically no waste generation compared, for
instance, to chromatographic methods. 'H NMR method is also capable

of simultaneously detecting and quantifying a number of constituents
in a single spectrum. The direct '"H NMR spectrometry quantitative
method presents advantages over some routine methods: simplicity;
rapidity; selective recognition; and quantitative determination of
aliphatic hydrogens and aromatic hydrogens in bitumen. The 'H NMR
spectra of Gilsonite and TLA are shown in Figures 7 and 8, respectively.

If contributions from protons associated with heteroatoms can be
discounted, proton types in the NMR spectra can be divided into four
groups: aromatic protons (H,_; 6.0 to 9.0 ppm), alpha alkyl protons
(H_; 2.0 to 4.0 ppm), methyl protons in the gamma position or farther
from the aromatic ring (H,; 0.5 to 1.0 ppm) and other alkyl protons
representing primarily the methylene protons which are beta or farther
from the aromatic ring (Hg 1.0 to 2.0 ppm) [63]. Fractional proton
distributions were calculated directly from the integration curves. The
separation point was chosen semi-empirically for the H and H, bands at
1.9 ppm and for the Hyand H bands at 1.0 ppm from the determination
of the band shapes and areas. Fractional proton distributions of the two
bitumen samples are presented in Table 4.

According to Figures 7 and 8, it can be said that approximately
similar chemical compounds exist in all natural bitumen samples. Both
samples contained two very strong absorption peaks at 0.84 and 1.23
ppm, which correspond to protons on methyl and methylene groups,
respectively. The '"H NMR spectrum confirms that Gilsonite has a
negligible concentration of aromatic compounds. Helms and co-workers
(2012) [64-67] have reported similar findings on a typical Gilsonite
sample, collected in the Uinta Basin near the town of Bonanza, Utah. The
bumps observed in the 6.8-8.0 ppm region for TLA are attributed to the
presence of aromatics. This implies that the aromatic hydrogen in these
bitumens belongs to mono- di- polyaromatic structures. The TLC-FID
chromatogram of TLA matches very well with this observation. The
sharp peak at 7.2 ppm is due to exchanged protons on the deuterated
chloroform solvent. The absence of resonance bands in the 4.5-6.3 ppm
region indicates that the natural bitumens contain a negligible quantity
of double bonds representing olefinic hydrocarbons.

As depicted in Table 4, the Gilsonite and TLA have an overall
similar distribution of hydrogen types. This means that the nature of the
compounds forming all these samples is pretty similar. They show a high
proportion of aliphatic hydrogens (93.71 vs. 95.38%) corresponding
most of them to H, (51.95 vs. 52.45%) and lower concentration of
aromatic hydrogens (4.62 vs. 6.29%). In spite of the similarity among
the samples some differences can be stored out. It is observed that the
composition of Gilsonite is slightly rich in methylene hydrogens (H,)
but have less aromatic and a hydrogens to aromatic rings. Then it could
be expected longer chain length in Gilsonite referred to TLA and less
alkyl substitutions attached to aromatic rings.

Conclusion

The Gilsonite in this study can be related geochemically to the oil
shale kerogen from the Green River formation. The elemental analysis
indicated noticeably that carbon (84.36 wt.%), and some amounts of
hydrogen (10.05 wt.%) predominantly compose the Gilsonite. The
content of oxygen (1.36 wt.%) and sulfur (0.27 wt.%) was quite small.
However, the nitrogen content was significantly high (3.25 wt.%).
The low H/C atomic ratio (1.44) established the aromatic character of
Gilsonite. Solvent extraction technique showed that Gilsonite was made
up of 99.32% of organic matter and 0.68% of inorganic matter. Iatroscan
TLC-FID was used as an accurate way to obtain a preliminary description
of Gilsonite information. In one side, this technique confirmed that
Uintaite consists primarily of resins (18.7 wt.%) and asphaltenes (79.7
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wt.%). In other side, it predicted that Uintaite is rheologically instable
(CII = 4.34). Infrared spectrum demonstrated not only, more intense
bands assigned to aliphatic than to aromatic structures; indicating a
more aliphatic character. But also, showed some weak bands attributed
to mineral clays. The quantitative analysis of '"H NMR data appeared
to be a valuable tool to predict some possible structural arrangements
in natural bitumen. It has highlighted that Gilsonite comprises 13.45%
H; 52.45% H; 29.49% H.; and 4.62% H, . In short, it can be said that
after modification, Gilsonite may be considered a valuable component
for use as material for road construction, waterproofing and roofing.
Moreover, it may be directly used as fuels for industrial furnaces,
power plant and boilers. This work has given impetus for further
characterization of the Gilsonite present in the Uinta Basin based on
its physical and rheological properties; further facies characterization
may include: softening point, penetration, viscosity, ductility, and flash
point tests.
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