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ABSTRACT

In this study, we describe the use of different silica materials to separate vanadium
compounds from Asphaltenes. We used high performance flash chromatography
separation method to separate asphaltenes at different solvent strengths on sea sand. The
separation conditions were optimized for flow rate and the strength of the solvent. The
selectivity of separation was determined based on asphaltene and metal recovery. With
separation on sea sand as the solvent strength increased, the recovery percentage of the
asphaltenes also increased. Similarly, stronger solvent blends give poor selectivity based
on peak shifts in fluorescence spectra. The separation conditions were then used to
compare the performance of a series of silica materials treated with alkaline earth metals.
These samples were treated with the same molar concentration of reactant at the same
temperature. Treatment of silica materials resulted in an increase in metals recovery and

asphaltene recovery by providing less active sites for adsorption.
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Chapter 1

Introduction

1.1 Background

Vanadium and nickel are the most troublesome metal complexes present in oil sands
bitumen, heavy oils, and in the vacuum residue fraction of conventional petroleum.
Although these metals are only present in trace quantities, they have significant
detrimental impact on crude oil processing units in refineries. During combustion, the
presence of vanadium compounds in product coke leads to the formation of vanadium
pentoxide. A significant portion of this vanadium pentoxide is volatile and carried out
with flue gases posing an environmental concern. Another important issue is the
deactivation of catalysts by these metals, particularly FCC catalysts. Therefore, it is
imperative that new technologies be developed for the selective removal of these
contaminants from heavy oils and bitumen residua. These metals occur mainly in the
“asphaltene” fraction of the oil, the fraction that precipitates in an n-alkane solvent and
which includes the highest molecular weight components of the bitumen. The only

commercial methods for their removal are precipitation and catalytic hydro processing.

The vanadium and nickel compounds are mainly associated with the asphaltene fraction
of bitumen, defined as the fraction of the bitumen that precipitates in n-alkane solvents

such as n-pentane or n-heptane, and this method is the basis for laboratory separations.



The current technology for separation of the asphaltenic components from bitumen uses
solvent precipitation, both in laboratory separations and on an industrial scale. In the
Muskeg River mine froth treatment process at the highest solvent/bitumen ratio of 10,
60% of the vanadium and nickel is rejected along with approximately 90% of Cs

asphaltenes (Long 2006).

Even with removal of over 10% of the bitumen as Cs asphaltenes, a significant portion of
the metals still remain in bitumen. Extraction with solvent like acetone was also used in a
laboratory scale to separate petroleum and different fractions with different polarities
were obtained in this method. The disadvantage in this method is that the experiments
should be performed at very low temperatures due to the high volatility of acetone. Also,
large volumes of solvent should be prepared in order to achieve reproducibility of the
experimental results (Speight 2006). Apart from the above techniques and solvent
extraction of precipitated asphaltenes with acetone, no commercial or laboratory
techniques are available for separation of organometallic compounds from crude oils.
Conventional adsorbents such as[1-alumina or silica gel, adsorb asphaltenes so strongly
that they can only be regenerated at high temperatures or by combustion. Laboratory
separations of asphaltenes are not selective for the metal components. For example, these
compounds occurred in all fractions that are separated using gel-permutation
chromatography (Ignasiak et al. 1983). A number of studies have prepared porphyrin
extracts for detailed characterization of structure by mass spectrometry, but these

methods begin with precipitation and achieve very poor recovery of the total vanadium



and nickel from residue fractions. For example, the procedure of Nali et al. (1994)

recovered only 10% of the metals for detailed characterization.

Several reaction methods are effective for metals removal. In industrial processing,
thermal cracking combined with catalytic hydrogenation can remove most of the
organometallic materials from bitumen. Unfortunately; the metals deposit in the catalyst
as vanadium and nickel sulfides, giving irreversible deactivation (Munoz et al. 1994).
This process also requires high pressure to achieve conversion. Alternative methods such
as ultra filtration (Duong and Smith 1997) have been reported, but fouling was a
persistent problem. Shiraishi et al. (2000) removed over 70% of the organometallic
compounds from vacuum residue by photochemical treatment, combining photo
irradiation with addition of 2-propanol as a hydrogen-bonding polar solvent. This
approach gave low temperature removal, but the opacity of vacuum residue is a

significant barrier to photochemical treatment.

Very little research has been conducted on selective adsorbents for removal of
organometallic compounds, or sub fractions of the asphaltenes.Sakanishi et al. (1997)
reported on the use of ion-exchange resins and activated carbon for asphaltene separation
from diluted vacuum residue, but the recovery of metals on these solids was poor.
Fractional precipitation by solvent mixtures also gave little or no selectivity for

organometallic compounds (Sutkowskia 2005). As noted above, conventional metal-



oxide adsorbents interact too strongly with asphaltenes to be effective for removing

organometallic components.

1.2 Research Approach

In this study, we investigated the use of silica materials to separate V and Ni compounds.
We used high performance flash chromatography (HPFC) separation method to separate
asphaltenes at different solvent strengths on sea sand. The separation conditions were
optimized for flow rate and the strength of the solvent. The selectivity of the separation
was evaluated based on three indicators: the recovery of the asphaltenes from the column,
the recovery of the vanadium compounds, and the fluorescence spectra of the recovered
material. The resulting separation method was then used to compare the performance of a
series of silica materials treated with alkaline earth metals. These samples had a common
silica support and were treated with the same molar concentration of reactant at the same
temperature. The goal was to achieve high recovery of asphaltenes and high retention of

the vanadium on the packings.



Chapter 2

Literature review

2.1 Chemistry of Vanadium and Nickel in Bitumen

Almost all crude oils and bitumen contain detectable amounts of vanadium and nickel
porphyrins. Lighter crude oils only contain a small amount of these compounds. Heavy
oils may contain large amounts of vanadyl and nickel porphyrins. An substantial amount
of the vanadium in this crude oil is within the porphyrin structure. In high-sulfur crude
oils which have a marine origin, there are more vanadyl porphyrins than nickel
porphyrins. Low-sulfur crude oils which have other origins, usually contain more nickel
porphyrins than vanadyl porphyrins. Of all the metals in the periodic table, only
vanadium and nickel have been proven definitely to exist in significant amounts in a large

number of crude oils and oil sand bitumen.

2.1.1 Chemistry of vanadium in bitumen

There are two types of nitrogen containing compounds in bitumen: the non-basic
nitrogen-containing compounds and the basic nitrogen containing compounds.
Porphyrins usually occur in the nonbasic portion of the nitrogen-containing concentrate.
Porphine, which is the simplest porphyrin consists of four pyrrole molecules joined with

one carbon linkage (Figure 2-1). These carbon linkages are methylene bridges and extend



the resonance system inside the porphine structure (Speight 2006). In crude oils and

bitumens, the centre of the ring is occupied by a vanadyl group (V=0) or nickel.

A large number of different porphyrin compounds exist in nature or have been
synthesized. Most of these compounds have substituents other than hydrogen on many of
the ring carbons. For example, porphyrin rings substituted with four ethyl groups are

commonly found in petroleum and bitumen.

Figure 2-1 Porphine-the basic structure of porphyrins, (Speight 2006)

If the vanadium and nickel contents of crude oil are measured and compared with
porphyrin concentrations, it is usually found that not all the metal content can be
accounted for as porphyrins based on UV-visible extinction coefficients (Dunning et
al.1960 and Fish et al. 1987) . In some crude oils, as little as 10% w/w of total metals

appears to be within the porphyrin structures. Only rarely can all measured nickel and



vanadium in crude oil be accounted for as porphyrinic based on UV-visible spectrometry
(Andreson 1988). While some investigators suggested that part of the vanadium and
nickel in crude oils is chelated with ligands that are not porphyrins (Crouch et al. 1983
and Fish et al. 1984) the current consensus is that interactions of porphyrins with other
components in the crude oil and substitutions on the porphyrin ring account for the lower

than expected UV-visible absorption.

2.1.2 Concentrations of metals in bitumen materials
Strong and Filby (1987, 1991) have studied Alberta bitumen and have reported the

vanadium, vanadium porphyrins and nickel concentrations in Alberta bitumen as well.

(Table 2-1)
Table 2-1 Metal compounds in Alberta bitumen (Strong and Filby, 1991)
Property Athabasca Peace River Cold Lake
V, ppm 196 180 191
Ni, ppm 75 62 63

2.2 Chemistry of Asphaltenes

Asphaltenes are defined as the material which is soluble in benzene (or toluene) and

insoluble when diluted with large excess of n-alkane (pentane or heptanes). Asphaltenes



have high aromatic carbon content, consistent with the H/C ratio and low hydrogen

content.
Table 2-2 Elemental composition of C7-asphaltenes constructed from data of (Siskin,
Kelemen et al. 2006)
Element Weight% Metal, ppmw

C7-asphaltene | C H S N 0] Ni \Y/
Campana 87.6 8.2 0.5 15 2.2 54 81
Heavy
Canadian 84.7 7.9 4.5 1.2 1.6 320 697
Lloydminster
Wainwright 80.0 8.0 7.9 1.3 2.7 417 1100
Maya 82.3 7.9 6.6 12 1.8 724 1468
Mid-
Continent 84.9 8.6 3.8 1.0 1.6 188 309
U.S.
sanJoaquin -\ g, 5 g3 |23 2.6 2.3 504 540
Valley

There have been considerable efforts by analytical chemists to characterize the
asphaltenes in terms of chemical structure. Physical methods include IR, NMR, ESR,
mass spectrometry, x-ray, ultracentrifugation, electron microscopy, VPO, GPC, etc.
Chemical methods involve oxidation, hydrogenation, etc. One representative structure for
resin and asphaltene molecules belong to the Athabasca crude (Suzuki et al. 1982) and
includes carbon, hydrogen, oxygen, nitrogen, sulphur as well as polar and non-polar
groups as shown by Figure 2-2. Asphaltenes differ from polycyclic aromatic

hydrocarbons due to the presence of oxygen and sulfur in varied amounts.



N
Figure 2-2 Average molecular structural models of asphaltene fraction of petroleum (Suzuki 1982)

2.3 Basis for asphaltene color

Different compounds have different colors due to electronic behavior of the materials in
solution. For example, chlorophyll is green; the 2, 4-dinitrophenylhydrazone derivatives
of aldehydes and ketones range in color from bright yellow to deep red, and water is
colorless. The light reflected from the surface of a solid or passing through a liquid is
analyzed by human eye, which acts as a spectrometer to detect different colors (Reusch
1999). As discussed in the previous section, asphaltene is a complex mixture which has a
black color. If this complex mixture is separated into different fractions, different colors
could be observed for the separated fractions, in theory, if the compounds within the

fractions had the same absorption and fluorescence properties.

2.4 Spectroscopy of Asphaltenes



2.4.1 UV-Visible Spectroscopy

When sample molecules are exposed to light having an energy that matches a possible
electronic transition within the molecule, some of the light energy will be absorbed as the
electron is promoted to a higher energy orbital (Reusch 1999). The wavelengths at which
adsorption occurs, and the degree of absorption at each wavelength are recorded with an
optical spectrometer and a graph of absorbance (A) versus wavelength is presented. If a
substance is colorless, it does not absorb the visible part of the spectrum and this region is
not displayed on the graph. (Ingle and Crouch, 1988). The absorbance scale usually
ranges from O (no absorption) to 2 (99% absorption). By UV-visible spectroscopy,

concentrations of absorbing components are measured by using the Beer-Lambert law

A=—|0g10(|/|0)=8><C><L (2.1)

Where A is the measured absorbance, lp is the intensity of the incident light at a given
wavelength, I is the transmitted intensity, L the path length through the sample, and c the
concentration of the absorbing species. The molar absorptivity or extinction coefficient
(e) is a constant for each species and wavelength if the concentration is low enough to
avoid intermolecular interactions in solution. This constant is a fundamental molecular
property of a solute in a given solvent, at a particular temperature and pressure, and has
units of 1 / M * c¢cm or often AU / M * cm. If the molecule is very complex or bound to
other species in solution, then the extinction coefficient changes. In complex petroleum
mixtures, therefore, the extinction coefficient may depend on other components.

(Evdokimov et al. 2003)

10



Fedorak et al. (1993) were able to determine the apparent petroporphyrin content of the
various fractions of Cold Lake asphaltenes from the UV-visible spectrum at a wavelength
of 410 nm, which is known as the Soret band. The absorbance at 410 nm was used for
determination of porphyrin concentration with a known value of the extinction coefficient

of the porphyrin.

2.4.2 Fluorescence spectroscopy of asphaltene solutions

Fluorescence spectroscopy is widely used to study asphaltene properties in solutions (e.g.
toluene solutions). In fluorescence spectroscopy, the species is first excited, by absorbing
a photon, from its ground electronic state to one of the various vibrational states in the
excited electronic state. (Rendell, D. 1987). The wavelength of absorption is related to the
size of the chromophores. Smaller chromophores correspond to higher energy (shorter
wavelength). Interactions with other molecules in solution cause the excited molecules to
emit a photon in the process. As molecules may drop down into any of several vibrational
levels in the ground state, the emitted photons will have different energies, and thus
frequencies. (Sharma and Schulman, 1999). Therefore, by analyzing the different
frequencies of light emitted in fluorescent spectroscopy, along with their relative
intensities, the structure of the different vibrational levels can be determined. (Lakowicz.

1999).

In a typical experiment, the different frequencies of fluorescent light emitted by a sample

are measured, holding the excitation light at a constant wavelength which gives an
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emission spectrum. These interactions cause the excited molecules to lose the energy and
again reach the ground state of energy. Strausz et al. (2009) reexamined a theory which
indicated that the fluorescence intensity of asphaltenes depends on the molecular weight
of the asphaltene. By gel- permeation- chromatography, they were able to separate
asphaltenes into different fractions with different molecular weights. They observed that
as the chromophore size increases, the excitation energy decreases. This would lead to an
increase in the rate of Sp—S1 transition resulting in the suppression of fluorescence

intensity with an increasing of molecular weight in separated asphaltene fractions.

Relatively few studies have been done on fluorescence spectroscopy of crude oils and
asphaltenes and very little information is provided in this area in literature. Fluorescence
emission spectra have been measured for ten different crude oils and different
concentrations using a broad range of excitation wavelengths by (Downare and Mullins
1995). According to their studies, energy transfer results in significant shifts of peak
intensity when shorter wavelength excitation is selected for heavier crude oils. Also, they
concluded that all crude oils have the same emission spectra when long excitation
wavelengths are selected. So the effects of energy transfer are not observed in the

emission spectra in this case.

2.5 Aggregation of asphaltene components

According to studies by Takanohashi et al. (2003) , asphaltenes which are the heaviest
and most polar compounds of oil, aggregate in solution to form complex colloidal

structures. Aggregated asphaltenes precipitate from the oil upon dilution with solvents

12



such as pentane. They are known to form aggregated structure through various non-
covalent interactions, such as aromatic-aromatic, electrostatic, and van der Waals
interactions between the molecules because of their high aromaticity, polar functional
groups, and molecular weight. Such aggregation obstructs oil-carrying pipelines by

"fouling" or "flocculation," and causes operational problems at the refinery.

2.6 Solvent Fractionation of Asphaltenes

Castillo et al. (2001) studied asphaltene solubility in toluene solutions and were able to
obtain three different fractions of asphaltenes with different solubility parameters by
precipitating them with PNP (Para Nitro phenol).The solubility of each fraction at room
temperature was determined by preparing saturated solutions. The solubility
measurements in toluene solutions afforded the following results in g L™: A1, 0.00; A2,
1.14; and A3, 57 g L *. According to these studies, asphaltenes are a complex mixture
with different solubility. Spiecker et al. (2003) studied the solubility behavior of
asphaltene sub fractions asphaltenes from four different crude oils: Arab Heavy, B6,
Canadon Seco, and Hondo were fractionated in mixtures of heptane and toluene
solutions. After obtaining the solubility profiles of each fraction, they concluded that a
particular subfraction with lower H/C ratio (higher aromaticity) has modestly higher V,

N, Ni and Fe contents than the less polar and more soluble subfraction of the asphaltene.

(Yang 2004) studied six subfractions of Athabasca bitumen Asphaltenes by

precipitatinion with increasing heptane/bitumen (H/B) ratio, from 1.25 to 40. Fourier

13



transform infrared (FTIR) spectroscopy, ultraviolet-visible(UV-vis) spectroscopy, and
vapor pressure osmometry (VPO) were used in order to investigate the properties of
Asphaltenes.They concluded that the first three asphaltene subfractions had lower H/C
ratio or higher aromaticity and higher metalloporphyrin content . The last three
subfractions had higher H/C ratios or less aromaticity and lower metalloporphyrin

content.

2.7 Adsorption of Asphaltenes to surfaces

The effect of surface chemistry, asphaltene solubility and aggregation in solutions on
asphaltene adsorption to surfaces will be discussed in the next sections. In the next
section the reversibility of asphaltene adsorption is discussed according to findings in

literature.

2.7.1 Reversibility of asphaltene adsorption

Reversibility of asphaltenes adsorption onto silica material was examined by several
authors. For example, the very low desorption of asphaltenes (Figure 2-3) obtained by
(Castillo et al. 2001) strongly suggests that adsorption is mainly an irreversible process.
According to their studies, after adsorption of a monolayer on the surface, the asphaltenes
bind to neighbor molecules on the surface, which results in building an insoluble network
in toluene. Figure 2.3 shows the Kkinetic results for the desorption experiment. After 3000

min only 0.26% of the material initially adsorbed is desorbed in this experiment. These
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slow changes are likely due to the build up of an insoluble network of asphaltenes on the

solid surface.
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Figure 2-3 Desorption kinetics of Furrial Asphaltenes from silica plate at room temperature in

toluene. (Castillo, FernAjndez et al. 2001)

2.7.2 Effect of asphaltene aggregation and solubility on adsorption

As mentioned in the previous sections, asphaltenes have a high tendency to self associate
and form aggregates in solution. Spiecker et al. (2003) indicated that the less soluble
subfractions formed aggregates that were considerably larger than the more soluble
subfractions. Off course, solubility and adsorption are related phenomena, and thus it
could be expected that the less-soluble fraction that has a high tendency to self associate

in solution, will be adsorbed first. Castillo et al. concluded that the fraction of asphaltenes
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which has a high tendency to aggregate in toluene solutions also has a high tendency to

adsorb on to the surface of silica material.

2.7.3 Effect of surface chemistry of the adsorbent

Another important factor which affects asphaltene adsorption on surfaces is the surface
chemistry of the adsorbent. Different attempts have been made to explain the effect of
surface chemistry of the adsorbent on asphaltene adsorption. These works are discussed

in this section.

Silanol
H \ group /

/ O\Si/ ° O\ / i
N A

Figure 2-4 Silanol groups on surface of silica material

Since asphaltene is a mixture of different compounds, it is difficult to explain the effect
of different surface chemistries on asphaltene adsorption. Silica materials, as mentioned
in the next section, are known for possessing O-H groups on their surface. Ikoma et al.
(2001) examined the adsorption behavior of different silica-metal oxide particles for
different types of simple components. The mobile phase was 1% methanol/n-hexane and

they used pyridine, benzene and dimethyl phthalate as test samples. Surface
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characteristics were reported for silica-zirconia, silica-alumina, silica-titania, silica-
magnesia, and silica gel. These include Si/metal ratio and acidity of solids measured by

amine titration method with 4 indicators.

According to the results for solid acidity, silica-magnesia had weaker solid acidity than

the other packings. Silica gel has the lowest acidity among all chromatography packings.

Chromatography was done on silica gel and mixed-oxide gels and the silica-magnesia gel
showed the most appropriate separation behavior. With silica-zirconia benzene,
dimethylphtalate eluted, but pyridine which is a basic compound, did not elute. With
silica-magnesia and silica-titania the elution of benzene, dimethylphtalate and pyridine
was observed from the chromatogram with silica gel, pyridine did not elute at all. Silica
gel has been known to posses the large adsorption capacity for basic compounds. Based
on the described work, silica magnesia had the best separation ability, particularly for a
basic compound depending on the reduction of the activity of silanol groups on the silica
surface. According to retention characteristics of mixed-oxide gel, the ability of mixed-
oxide gels for basic compounds is considered as follows:Silica~ Silica-Zirconia » Silica-

Alumina » Silica-titania » Silica-magnesia

DudAjAjovA; et al. (2008) studied the effect of different surface chemistry on asphaltene
adsorption. They concluded that the lowest adsorption of all the examined solid surfaces
were hydrophobic silica, which has less OH groups. Previously in literature,(Buckley and

Liu 1998) concluded that polar interactions between polar groups of the crude oil and
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hydroxyl groups on the surface happen in the absence of water and these groups are

responsible for adsorption of asphaltenes on minerals and clay.

Yin et al. (2009) studied asphaltene adsorption on Cjg-silica gel and they were able to
remove over 50% of vanadium and nickel from different asphaltenic materials and they
observed that the asphaltene adsorption on modified silica gel surfaces was minimal (less

than 10%).

2.8 Silica Adsorbents

2.8.1 Surface chemistry
Silica adsorbents are oxygen-containing compounds which are typically hydrophilic and
polar. Therefore, silica is used for drying of process air (e.g. oxygen, natural gas) and

adsorption of heavy (polar) hydrocarbons from natural gas.
2.8.1.1 Types of surface hydroxyl-groups

There are five different types of adsorption sites on the surface of the fully hydroxylated

silica: (Board 2003)

~

Si OH

/

1. Free silanol

18



2. Silanol groups with physically adsorbed water
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Figure 2-5 Different silanol groups

The maximum concentration of silanol groups on the surface of porous silica is 8 to 9
pmol/m? or around 5 -OH groups per 100x10™° meters. (Baxter et al. 1997) These
silanol groups correspond to the surface activity of silica materials. Because of the high
concentration of silanol groups on the surface of silica gel, these materials have a high

surface energy density.

2.9 Basic principles of chromatography

Chromatography is the most important separation method for all areas of science, even
very complex mixtures, because it is a simple and practical method. Two types of
chromatography are used: liquid phase chromatography and gas phase chromatography.
The separated fractions are immediately available for both qualitative and quantitative

analysis. The outcome of a chromatography experiment is a chromatogram.
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(1) Apply sample

(2) Apply eluant

wip -
T Eluate volume

Measure elute to obtain chromatogram

Figure 2-6 Schematic of column chromatography setup.

All chromatographic systems contain a stationary phase, a mobile phase and sample
molecules (the mixture for separation). The basis for chromatography separations is the
difference in retention time achieved for different compounds when the mixture is
injected into the column. Chemical interactions between different compounds and the
surface of chromatography packing and also the difference in the size of the molecules

injected in to the column cause different retention times.

High performance flash chromatography (HPLC) methods have been developed to
replace labor-intensive open-column liquid chromatography. Its applications include
hydrocarbon-type separation, quantitative and qualitative analysis of petroleum. In this
case, the solvent is driven through the column by applying positive pressure with a pump.
(Snyder 2006). This allows less solvent usage and less time for separation which is
beneficial for all type of (HPLC) applications.The modern flash chromatography systems
are sold with pre-packed columns, but in this study, we designed the preparation
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conditions for the packings used for our separations with flash chromatography

system.(McPolin 2007).
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Chapter 3

Materials and methods

3.1 Materials

Washed Sea Sand (CAS 14808), purchased from Fisher Scientific (Mississauga, ON),

was used as a chromatography packing for separations.

Different silica materials prepared from Ludox HS-40 (colloidal silica, 40wt%
suspension in water, Sigma-Aldrich, Steinheim, Germany) were used as another type of
chromatography packing. Hydrothermal preparation of different silica materials will be

discussed in chapter 5.

Cold Lake asphaltene prepared by Imperial Oil with a vanadium content of 850 parts per
million (ppm) and nickel content of 300 ppm (after ICP-MS analysis) was used for

chromatography separations.

Dichloromethane (CAS 75092), Pentane (CAS 109660), Nitric acid (CAS 7697372),
toluene (CAS 108-88-3) and hexane (CAS 110-54-3) were supplied by Fisher Scientific

(Mississauga, ON).
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3.2 Experimental Procedure

A titration test was carried out in order to find the solvent ration which the Asphaltenes
start to precipitate. Approximately 0.05 g of asphaltene was weighed and a total volume
of 100ml of solvent was used for this test. Two burettes were used to add
dichloromethane and pentane into a jar which contained asphaltene in each run. At the
beginning 100ml of dichloromethane and 0 ml of pentane was added to 0.05 g of
asphaltene. Filtered paper (55 mm hole), was used and during filtration the solution was
washed with pentane. The solids retained on the wall of the separation unit. The filter
paper, an alumina cup and the solids on the filter paper were weighted. The alumina cup
and filter paper were also weighted separately. The weight difference was the weight of
the precipitated asphaltene. Different volumes of pentane and dichloromethane were
added in each run and a plot of asphaltene precipitate vs. solvent ratio of pentane-to-
dichloromethane was plotted. The ratio at which the asphaltene started to precipitate was

determined as the flocculation point.

3.2.1 Chromatography packing preparation

Sea sand was acid and base washed for another set of chromatography separations. 10
mL of HCI was added to 1 liter of reverse osmosis (RO) water, and 300 mL of sea sand
was added to the solution. The mixture was rinsed with 80 mL of RO water four times for
a 1 hour period. Enough time is needed for sea sand to settle. Then sand was left to dry
then put in an oven at about 70C for several hours (between 4 -8 hours), until the sand
looked dry. For the case of base treatment, 4 g of NaOH was added to 1 liter of RO water

and the rest of the steps were the same.
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3.2.2 Chromatography experimental procedure
3.2.2.1 Open column chromatography
Experiments were performed with a Chem Glass CG-1162-36 large column with

approximately 230 g of sea sand. Approximately 10 g of solvent mixture with a volume

: \Y . : :
ratio of V—P =1.2 was used to dissolve circa 0.05 g of asphaltene. The solvent mixture
D

was added continuously to the column while collecting 10 g of each fraction from the
bottom. The total time for running this experiment was approximately 50 min. Each
fraction had a different color which corresponded to the fluorescent excitation by the

room light and the absorbance.

3.2.2.2 Flash chromatography using sea sand as chromatography packing

The following ratio was held constant while transferring the separations to the flash

chromatography system.

mass of asphaltene(g) _ 0.0063
mass of sea sand 27

Ratio = =23E-4 (3.1)

A small column size was used with approximately 28 g of sea sand. Circa 6 mg of
asphaltene was dissolved in approximately 20ml solvent mixture. 140 mL of solvent
mixture was pumped through the column with a flow rate of 20 mL/min to prime the
column. A solvent composition of 45% volume percent of dichloromethane, balance
pentane, and flow rate of 1 mL/min was selected. A maximum fraction volume of 3 mL
was collected from the system for each fraction. A plot of intensity vs. fraction number or

time (min) was given by the UV detector at a wavelength of 245 nm.
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3.2.2.3 Scale up calculations for sea sand

The purpose for scale up was to achieve higher mass of material eluted from the column
in order to quantify the vanadium content in fractions eluted from the column using
inductive coupled plasma spectroscopy. With a constant mass ratio while transferring
from a small column to a large column, with 250 g of sea sand used for a large column,

we obtain 0.059 g of asphaltene.

R= \% seasand,l argecolumn

M
V seasand,l argecolumn _ 250 — 9 (32)

M

sea sand, small column sea sand ,small column

Table 3-1 Elution volumes for two different column sizes

Column size \% maximum elution volume V total elution volume
(ml) (ml)
Small Column 3 60
Large Column 3x9=27 27%20= 540

Therefore, a glass column with a diameter of 25 mm and length of 470 mm (Chem Glass

. . Vv
Company) was packed with 250 g of sea sand. 140 mL solvent mixture of V—P was
D

pumped through the column with a flow rate of 20 mL/min and to prime the column. Due
to high volatility of the solvent mixture, Very low and inconsistent volumes were
collected from the column. Solvent filters A and C were then introduced into the solvent
reservoirs of pentane and dichloromethane in order to maximize the surface area and

overcome the pressure drop in the system. A fixed ratio of 45% (this condition was
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selected based on the flocculation point of the asphaltenes) and flow rate of 9 mL/min
was selected. This flow rate was selected in order to keep the separation time the same as
in the previous open column chromatography work. A maximum fraction volume of 27
mL per tube was collected. A plot of intensity vs. fraction number or time (min) was
given by the UV detector in the system at a wavelength of 245 nm. The fluorescence

spectroscopy emission spectra and UV plots were collected for each sample.
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Solvent
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uv
Detector
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]

Figure 3-1 High Performance Flash Chromatography Assembly

A 4
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3.2.2.4 Flash chromatography using modified silica materials as chromatography

packing
The density of the modified silica samples was lower than the sea sand. The maximum

mass of the silica material which would fill the large glass column was about 195.4 g.

_ mass of asphaltene(g) _ X
massof packing(g) 195.4

R

=23E-4 (3.3)

From the above equation, a value of y =0.0469g is obtained for the total mass of

asphaltene sample.

R _ V Sea Sand (CC) _ 310 _
SRV e (CC) 225

1.4 (3.4)

Table 3-2 Elution volumes for two different masses of chromatography packing

Chromatography packin
(Iargg C(I;)| u):nr;\) g \Y maximum elution volume (ml) V total elution volume (ml)
Sea sand 27 540
Modified silica 27x1.4= 38 39%x20= 780

Since the value of 38 ml was not activated in the instrument, the value of 39 ml for

maximum elution volume was selected.
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3.2.3 Experiments in hexane/toluene solution

3.2.3.1 Experiments performed at 50C

Heating tape was wrapped around the column and a thermocouple was inserted between
the heating tape and the column (on the outside). The thermocouple indicated the
temperature of the column during the whole experiment. The same amount of asphaltene
described in section 3.2.2 was dissolved in a solvent mixture with a volume ratio

0f:0.4/0.6 hexane-to-toluene

The rest of the experimental procedures were the same as pentane/dichloromethane

solvent mixtures.

3.2.3.2 Experiments performed at room temperature
The same amount of asphaltene was dissolved in the same solvent mixture described in

section 3.2.3.1. The rest of the experimental procedure was the same as section 3.2.2.

3.2.4 Solvent evaporation

Solvent was evaporated from the fractions by allowing the samples to stand in a fume
hood for several days. The total mass of material eluted from the column after separation
was obtained by adding the weight of all collected fractions. In some experiments, all
collected fractions were combined in a 500 ml volumetric flask, and most of the solvent
was evaporated using a rotary evaporator and then was transferred to a smaller flask for
final evaporation. . Since the solvent mixture is a volatile mixture, the temperature of the
rotary evaporator was set at (50 C) and vacuum was applied to evaporate the solvent in a

50 ml volumetric flask.
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3.2.5 Acid digestion

Acid digestion was performed to prepare the samples for inductive coupled plasma (ICP)
analysis. Nitric acid (5-10 mL) was added to each vial to dissolve the samples. The
samples were heated to 200°C in a silicone oil bath with a Supernova hotplate (Fisher
Scientific). The acid vapors were condensed with a condenser to avoid drying of samples.

The duration of digestion was 2-3 days.

Checking the samples was necessary in order to make sure no solid deposits were
obtained at the bottom of the flask. If solid deposits were observed, more time was given
to digest the samples until no solid deposits were observed. The solution was transferred
to a 50 ml volumetric flask and distilled water until a 50 ml solution was obtained. The
flask was shaken carefully and finally the whole solution was transferred in to a 20 mL

vial.

3.3 High Performance Flash Chromatography (HPFC)

The apparatus was a model SP1 HPFC system instructed by Biotage Company, US, with
detailed specifications provided in Table 3-3 and analysis process illustrated in Figure

3-2.
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Figure 3-2 SP1—the single-column flash purification system, image from Biotage company with

permission.
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Table 3-3 SP System Operational Performance Specifications

Total fraction volume

Maximum 2.9 L (standard)

Solvent inlets

4 inlets

Maximum Total Volume

2880 mL with no rack change
(5760 mL with EXP systems)

Solvent delivery

Constant volume (3 mL ) electric
HPFC pump

Flow Rate

1 to 100 ml/min variable, in 1
mL/min increments

Solvent Delivery

Constant volume 3 mL/stroke
electric HPFC pump

Pressure Resistance

100 psig maximum operating

UV Detector

Available in two models:

Standard model with variable
wavelength (200-320 nm)

Optional model with  fixed
wavelength (254 nm)

Collection Vessels

Test tubes (mm): 13, 16, 17, 18,
and 25,

bottles (mL): 120 and 240
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3.4 Analytical Methods

3.4.1 FT-IR spectroscopy

An IR spectrum represents a fingerprint of a sample with absorption peaks which
correspond to the frequencies of vibrations between the bonds of the atoms making up the
material. Because each different material is a unique combination of atoms, no two
compounds produce the same IR spectrum. Therefore, IR spectroscopy can result in a
positive identification (qualitative analysis) of every different kind of material. A beam of
infrared light is produced and passed through the sample. Wavelengths between 700 cm™
4000 cm™ were used and the transmittance of the IR beam for each sample was recorded.
This analysis was done with a Nicolet 6700 FTIR spectrometer, manufactured by Thermo

Fisher Scientific in USA.

3.4.2 X-ray Photoelectron Spectroscopy (XPS)

The XPS measurements were performed on AXIS 165 spectrometer (Kratos Analytical)
at the Alberta Centre for Surface Engineering and Science (ACSES), University of
Alberta to measure the atomic concentrations of Si, O and metal on the surface of silica
material. The base pressure in the analytical chamber was lower than 2x10® Pa. The
measurements are based on the photoelectric effect. In this process a photon with a well
defined energy hv, hits the sample and is absorbed. If the photon energy is high enough,

the excited electron escapes from the surface and their kinetic energy is roughly given by
KE=hv-BE-¢ (3.1)
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3.4.3 Fluorescence Spectroscopy

All experiments were performed at room temperature. Emission spectra were collected
between 450 and 900 nm with a Cary Eclipse Spectrofluorimeter (Varian Inc., Australia)
depending on the excitation wavelength. The maximum excitation intensity was obtained
at 440 nm when the emission spectra were collected between 190 nm and 900 nm. Values
of 0 and 1000 were chosen for the minimum and maximum intensity for the emission

spectra.

Excited state

Absorbance Fluorescence
Excitation Emission

Figure 3-3 Fluorescence spectroscopy instrument

Excitation source Excitation filter Sampld

Emission filter

Detector

A single excitation wavelength of 440 nm was selected for each sample and the
fluorescence spectrometer probe was introduced in each sample in order to observe
emission spectra. Dilution with Dichloromethane was applied for fractions which would

demonstrate a flat intensity peak or exceed an intensity value of 1000 A.U.

39



3.4.4 Inductive Coupled Plasma Spectroscopy

An ICP works by injecting a nebulized mist from a liquid into the centre of argon plasma.
Plasma is created from a flow of gas within a high energy field (in the case of an ICP, by
a strong alternating current of RF energy flowing in a coil just outside of the gas flow)
which ionizes the gas and causes intense heating. Temperatures inside ICP plasma reach
10000 K- as hot as the surface of sun. When the mist of the sample enters the plasma, the
intense heat causes the dissociation of most chemical compounds, and the energy that the
component atoms adsorb causes them to undergo excitation and ionization energy
transitions. These transitions produced by the plasma are broken down into individual

lines into concentrations for a specified suite of elements.

ICP spectroscopic analysis was performed on acid-digested aqueous samples using a
Perkin Elmer Elan 6000 (Department of Earth and Atmospheric Sciences, University of
Alberta). The vanadium concentration was reported in ppm units for each vial. Four
points were used for calibration curves (0, 0.005, 0.010, 0.020 ppm). The linear range
was up to 10 ppm, but we can dilute samples to analyze them, so almost any
concentration is detectable. The final results are the average of 3 replicates and reported

in ppm on a sample weight basis.
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Chapter 4

Results & Discussion of Separations on Sea Sand

4.1 Selection of solvent composition for chromatography of

asphaltenes

The hypothesis for this study was that controlled surface chemistry on silica materials
would enable selective removal of metal bearing components from asphaltenes and
bitumens. Sea sand was selected as an initial test material, representing a silica surface
with limited modification. Preliminary separations of Cold Lake asphaltenes on an open
column of sea sand showed that use of strong solvents, such as toluene or
dichloromethane, showed no evidence for selective separation based on color of eluted
material. When weaker solvent mixtures were used, to reduce the competition between
solvent and asphaltenes for adsorption sites on the packing, then colored fractions were
observed to elute, indicating the emergence of a selective separation. In order to
maximize the interaction of the asphaltenes with the packing, we decided to operate at a

solvent composition near the flocculation point of the asphaltenes.

4.2 Determination of the flocculation point of asphaltenes for

chromatographic separation

The results from determination of the flocculation point are shown in Figure 4-1. The

flocculation point refers to the volume ratio of 0.55/0.45 (on a volume basis) pentane-to-
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dichloromethane in the solvent mixture in which the asphaltenes start to precipitate.
Scaling of separations between open column chromatography and flash chromatography

was investigated using this volume ratio in the solvent mixture.
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Figure 4-1 results from determination of the flocculation point using dichloromethane
and pentane as solvents. At a volume ratio of 1.5 pentane-to-dichloromethane the
asphaltenes start to precipitate which is the flocculation point

4.3 Recovery of Cold Lake asphaltenes from sea sand

The initial experiments used an open column with manual addition of solvent. The

asphaltene recovery percentage was calculated using the following equation:

Total mass of material eluted from the column (mg)
— (4.1)
Mass of aphaltene used originally(mg)

Asphaltenerecoveryratio =
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The color trend of 10 fractions and the recovery percentage of the material eluted from

the column using open column chromatography are presented in Table 4-1.

Table 4-1 Color trend and weight of asphaltene in each fraction collected from open column

chromatography, using a column with 50 mg of sample and 230 g of packing

Fraction number Color trend Weight of asphaltene
(mg)
1 Colorless 0.2
2 Colorless 0.5
3 Colorless 0.7
4 Colorless 0.9
5 Very yellow 3.2
6 Orange 4.2
7 Orange 1.7
8 Light orange 1.1
9 Yellow 0.8
10 Yellow 0.7
Recovery gpen column = (?(?51(;11 = 28% 4.2)

From the information provided in Table 4-1, different colors are observed for fractions 1-

10 which is an indication of selectivity of separation. The mass of material eluted in each

fraction and the recovery percentage both are indications of high retention of asphaltenes

on the surface of sea sand. In order to improve the repeatability of the chromatographic
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separations, the separations were repeated using a flash chromatography system. The

recovery percentage of the material eluted from the column and the color trend of 12

fractions by flash chromatography is presented in Table 4-2.

Table 4-2 Elution volume and asphaltene recovery ratio for one single separation of Cold
Lake asphaltenes on sea sand by flash chromatography. Flow rate = 9 mL/min, 59 mg of

sample on 250g of packing

Elution volume(ml) Color trend Asphal;[rgr?ge)weight
27 Colorless 0.3
o4 Brown 10.5
81 Gold 4.5
108 Gold 14
135 Light yellow 0.2
162 Light yellow 0.2
189 Pale yellow 0.1
216 Pale yellow 0.1
243 Almost colorless 0.1
270 Colorless 0.1
297 Colorless 0.1
324 Colorless 0.1
Recovery Ratio gg;;;g =0.302

Comparison of Table 4-1 and Table 4-2 shows that the two separations gave a similar

pattern of observed colors in the eluent, and similar overall recovery. The observation of

different colors, by visual observation, indicated selective separation of some components
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by this chromatographic method. The similar recovery using open column and flash
chromatography methods shows that the scaling of the conditions between the two
methods was successful. Consequently, the flash chromatography system was used as a
replacement for the labor intensive method of open column chromatography. A plot of
UV intensity vs. cumulative elution volume, are shown in Figure 4-2. The intensities
correspond roughly to the mass of material eluted from the column. With fractions 2 and
3, the maximum intensity corresponds to the maximum mass eluted from the column

which can be observed in Table 4-2 as well.
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Figure 4-2 Relative UV absorbance vs. cumulative volume eluted from the column for 12 fractions.
Maximum absorbance is observed for fractions 2 and 3 according to the elution volumes in Table 4-2.

4.3.2 Repeatability of asphaltene separation on sea sand

The average value of asphaltene recovery percentage and the standard deviation for 5

chromatography separations on sea sand is calculated here:

Concar = 28.59+30.23+325.OO+ 31.70+33.36 _3117% 4.3)
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(31.17 - 28.59)°+ (31.17 —30.23)*+(31.17 — 32) 2 +(31.70 - 31.17) *+(33.36 — 31.17)2
4

oo =( )°5=1.82%

C=312+18% (4.4)

Consequently, the chromatographic separations were repeatable to within £2 wt%, so that

larger differences were considered significant.

4.4 Effect of solvent strength on asphaltene recovery

The effect of solvent strength on asphaltene and metal recovery was studied using three
solvents blends with different solubility parameters. The data at the flocculation point
were presented above. For comparison, we repeated the separation with pure
dichloromethane and a mixture of pentane and methylene chloride above the flocculation

point. The solubility parameter of a solvent mixture is defined by the following equation:

V.S
Omix = % = zvi5i (4.5)

Where & is solubility parameter, y, is mol fraction, V, is molar volume and y; is

volume fraction. The solubility parameter of the solvent mixture used in the

chromatographic separations (properties indicated in Table 4-3) is 5, =17.0 MPa®®
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Table 4-3 Solubility parameter, molar volumes and volume fraction of solvent used in the solvent

mixture
V, (molar volume
Solvent 5 (MPa®®) v; (volumefraction) cm?
' mol
Pentane 14.5 0.55 115.3
Dichloromethane 20 0.45 64.07

For an intermediate solvent, in between the flocculation point, we used a blend of 32%

pentane/68% dichloromethane (volume/volume).

Withv,=0.68andv,=0.32, the

mixture gave a solubility parameter of 18.2 MPa*? from equation (4.5).

Table 4-4 Asphaltene recovery percentage for three different solubility parameters and

volume ratios of pentane-to-dichloromethane in the solvent mixture.
Ve 05 Asphaltene Recovery
V 5 §mix (MPa ) (%)
0.55/0.45 17 31
0.32/0.68 18.2 37
0 20 41
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Figure 4-3 Asphaltene recovery percentage vs. volume percentage of pentane in solution

As the volume percentage of pentane in the solvent mixture decreased, or as the solubility
parameter of the solvent mixture increased (Table 4-4), the asphaltene recovery
percentage increased significantly. The asphaltene adsorption on surface of sea sand was
the highest at the flocculation point (the volume ratio of 0.55/0.45 pentane/
dichloromethane). This result is in agreement with Castillo et al. (2001) who concluded
that the less soluble asphaltene which tended to aggregate in solution, also tended to
adsorb on mineral surfaces from toluene solutions. Even with pure dichloromethane, 60%

of the asphaltene was still retained on the surface of chromatography packing (Figure

4-3).
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4.5 Fluorescence spectra of Cold Lake asphaltenes separated on

sea sand

Three different solvent mixtures with three different solubility parameters were prepared
for chromatography separations using sea sand as chromatography packing, as described
in section 4.4. Fluorescence spectroscopy analysis was done on all 12 collected fractions.
As shown in Figure 4-4, a significant shift of peak intensity in the fluorescence emission
spectrum was observed when a solvent mixture with a solubility parameter of 17.0 MPa">®
was used. These shifts in emission from 440nm to 490 nm accounted for the visual

observation of differences in color between the eluted fractions. (Table 4-5)

Table 4-5 Maximum peak intensities and wavelengths for fractions 2-5

voFILar?lg?rgl) mg recovered A max (NM) | (A.U)
54 10.5 490 290
81 45 490 300
108 1.4 440 900
135 0.2 440 750

No shifts of peak intensity in the fluorescence emission spectrum were achieved when
solvent mixtures with higher solubility parameters were used. This result was an

indication of poor selectivity based on shifts of peak intensity in the fluorescence
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emission spectra. Similarly, there was no distinct difference in the observed color of the

eluted fractions.

045/055 Dichloromethane/Pentane
—_ 27 ml
800 A — 54 ml
— 81 ml
- —— 108 ml
o) | —— 135 ml
i‘:, 600
2
2
o 400 A
£
200 A
0 T T
250 {0.68/0.32 Dichloromethane/Pentane
— 27 ml
200 4 — 54 ml
— 81 ml
=) — 108 ml
$ 150 - — 135 ml
2
2
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=
50 4
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1.00/0.00 Dichloromethane/Pentane
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= 60 4
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20 4
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Figure 4-4 Fluorescence of five different fractions eluted from the column for three different solvent
mixtures using sea sand as chromatography packing. An excitation wavelength of 440 nm was
selected for all three experiments
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All the fractions of asphaltenes are complex mixtures and a change in the solubility
parameter retains material on the column, which allows us to see color. When the

material is not retained, no color difference is observed.

4.6 Sea Sand treated with acid and base

Sea sand was washed with acid and base to investigate the role of surface chemistry on
asphaltene separation. These treatments would remove trace elements, such as iron, alkali

metals, and alkaline earth metals, from the silica surface.

As shown in Table 4-5, treating sea sand with acid and base did not affect the recovery of
asphaltene, within experimental error, but gave poor selectivity based on shifts of peak

intensity in the fluorescence emission spectra. (Figure 4-5).

Table 4-6 Recovery of asphaltenes from for sea sand washed with acid and base, using a
solvent mixture with a solubility parameter of 17.0 MPa’®

Packing Untreated sea sand | sand NaOH treated | sand HCI treated

Recovery (%) 31+2% 29 % 32 %
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Figure 4-5 Fluorescence spectra of five fractions from sea sand, sand acid treated and sand base
treated at the flocculation onset condition. An excitation wavelength of 440 nm was selected for all
three cases.

Treating sea sand with acid and base results in poor selectivity based on shifts of peak

intensity in the fluorescence emission spectra. The silanol groups are known for having
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the characteristics of both acid and base (amphoteric characteristic) and have a tendency
to react with both strong acids like HCI and strong bases like NaOH. Therefore, it is
likely that the silanol groups on the surface of silica sand are less active when sea sand is
treated with acid and base. In this case, the solvent-asphaltene interactions dominate the
surface-asphaltene interactions in the case of less active silanol groups on the surface
which results in poor selectivity based on shifts of peak intensity in the fluorescence
emission spectra. Another reason for the lack of selectivity would be due to the removal
of trace metals from the surface of sea sand after treatment with acid and base. The

guantities of these metals are shown in Table 4-7.

Table 4-7 Atomic concentrations of different components on the surface of sea sand according to

XPS.

Component Atomic concentration%
Na 0.16
Fe 1.48
O 56.77
Ti 0.12
N 0.34
K 0.36
Ca 0.19
C 17.89
Si 18.12
Al 4.58
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4.7 Separation of Vanadium

The vanadium concentration in the collected fractions was reported in parts per million
by mass (ppmw). Cold Lake asphaltenes contain 850 ppmw vanadium. This value is
multiplied by the mass of asphaltene used originally for separations (circa 59 mg) in
order to obtain the amount of vanadium in each sample in pg. The vanadium recovery

fraction was calculated according to the following equation:

> vanadium in fraction (ug)

Recovery percentage in fraction"n"= CEE %100 (4.8)
vanadium in asphaltene sample (ug)

Vanadium concentraton(g) =vanadium concentration( ppm) x 50 4.9

4.7.1 Repeatability of vanadium separations on sea sand

~52+51+86

C = 6.3% (4.10)

=2.0%

5 - (83-52) +(6.3—25.1) +(63-86)" o

C=6.3+2.0% (4.11)

Consequently, the experimental error for the metal recovery percentages was +2 wt%, so

that larger differences were considered significant
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4.7.2 Vanadium recovery in chromatographic fractions

The samples collected from chromatography separations with two different solvent
mixtures were analyzed for vanadium concentration after acid digestion using Inductive
Coupled Plasma technique. The results for the cumulative vanadium recovery

percentages are shown in Table 4-8.

Table 4-8 Asphaltene and metal recovery percentage for two different solubility parameters of
solvent mixture (pentane and DCM).

Solvent ratio, N
Y Solubility parameter | Asphaltene recovery | Metal recovery
£ MPa’° (%) (%)
VD
055 17.0 31+2 6+ 2%
0.45
032 18.2 37 16
0.68

Figure 4-6 and Figure 4-7 represent the cumulative recovery of metal and asphaltene in
fractions 1-11 for two different solubility parameters in the solvent mixture. The UV
absorbance in these figures indicates that maximum absorbance in achieved for fractions

2 and 3 which have higher mass of material compared to the rest of the fractions.
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Figure 4-7 Cumulative asphaltene and metal recovery percentage at a solubility parameter of 18.2
MPa®®

As shown in Table 4-8, both the asphaltene and vanadium recovery percentages increase
with an increase in the solubility parameter of the solvent mixture. The change in
vanadium recovery was much more significant than the change in total asphaltene
recovery, indicating that metal bearing species were interacting more strongly with the
solid phase at the lower solvent strength (lower value of ). (Spiecker et al. 2003) who
have studied asphaltene aggregation and solubility behavior in solution. They concluded
that a particular sub fraction with lower H/C ratio (higher aromaticity) has modestly

57



higher V, N, Ni and Fe contents than the other fractions of the asphaltenes. Such a non-
aggregated fraction could be responsible for the interactions with the sand during
chromatography. In strong solvent, this material would be eluted more easily, either due
to displacement from the surface by adsorption of solvent or due to enhanced solubility.
The bulk of the vanadium was associated with the retained asphaltenes at both solvent
strengths, accounting for at least 84% of the vanadium. A very similar pattern of

asphaltene and vanadium elution in Figure 4-8 and Figure 4-9was observed.

4.8 Effect of column temperature

As discussed in Chapter 2, asphaltene solutions contain aggregates of order 5 nm
diameter even in strong solvents such as toluene. This aggregation behavior would
interfere with selective chromatrography of molecular species because groups of
molecules would interact with the surface simultaneously, rather than individual
components. The degree of aggregation declines with temperature, therefore, the
chromatrographic separation was repeated &C.50'he mixture of pentane and

dichloromethane was too volatile for use at this temperature, therefore, a mixture of

toluene and hexane was used instead.

A solubility parameter of 16.9 MPa ®> was obtained when values of v,=0.4andv=0.6

and solubility parameters for toluene and hexane were substituted in equation (4.5). Since
selective separation based on the shifts of peak intensity in the fluorescence emission

spectra and difference in colors for each fraction was achieved with separations at the
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flocculation point, the solubility parameter of the solvent mixture at the flocculation point
was chosen for calculations of toluene-to-hexane volume ratios. The ratio selected for

toluene/hexane mixture was 0.6/0.4 on a volume basis.

According to Figure 4-8 and Figure 4-9, two peak intensities at 460 nm and
approximately 500 nm were observed in the fluorescence emission spectra of each
fraction for experiments performed at room temperature and at 5Q. No significant

changes were observed in the fluorescence emission spectra when temperature was
increased from room temperature to %D using the same solvent mixture. Selective

separation was not observed for toluene/hexane solution based on the fluorescence
spectra and lack of color difference in the eluted fractions. It is likely that at elevated
temperatures, the degree of aggregation decreases but also the solvent-asphaltene
interactions are more significant rather than asphaltene-surface interactions which results

in more asphaltene recovery and less selectivity.

59



Intensity (A.U)

250

200

[
)]
o

100

50

— solvent
e 27 M
54 mi
81 m
— 108 Ml
s 135 Ml
— 162 M
— 189 M
— 216 ml
243 ml
270 M
e 297 Ml
— 324 ml
—— 351 Ml

Emission wavelength (nm)

Figure 4-8 Fluorescence spectra of 12 fractions eluted from the column at room
temperature. An excitation wavelength of 440 nm was selected for toluene/hexane

mixture at room temperature.

900

60



80

— S0lvent
— D7 M|
54 ml
— 81 Ml
— 108 ml
— 135 ml
— 162 ml
— 189 ml
— 216 ml
243 mi
s 270 M
297 mi

60 -

LN
o
1

Intensity (A.U)

20 A

400 500 600 700 800 900

Emission wavelength (nm)

Figure 4-9 Fluorescence spectra of 12 fractions eluted from the column at 50°C temperature. An
excitation wavelength of 440 nm was selected analysis of solutions in hexane/toluene at room
temperature.

The data for asphaltene recovery from the column are consistent with strong attachment
of aggregates to the surface of the column at all solvent strengths. In order to reduce
aggregation of the asphaltenes, the column temperature was increased to ~ 5C and the

collected fractions from the column operating at the specific temperature were analyzed

for vanadium concentration using ICP technique. The results are shown in Table 4-9.
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Table 4-9 Metal and asphaltene recovery percentages for a solvent mixture of toluene / hexane at two
different temperatures.

Solubility Asphaltene
Temperature arameter Metal recovery recovery percentage
°C P 05 percentage (%) yp g
(MPa™) (%)
T=25C 16.81 50% 40%
T=50°C 16.81 62% 55%

As shown in Table 4-9, asphaltene adsorption decreased as the temperature of the column
increased. This result is in complete agreement with Abdallah and Taylor (2007) who
studied surface characterization of adsorbed asphaltene on a stainless steel surface. They
studied the effect of temperature on C-asphaltene adsorption on a steel surface at three
different temperatures (22, 40 and 6@). In their study, asphaltene adsorption was the

highest at 22 °C.

The recovery of vanadium compounds increased as the temperature increased from 25C
to 50°C. As the temperature increased, the inte ractions between solid phase and
asphaltenes decrease which results in less interaction between the vanadium bearing

compounds and solid phase as well. Therefore, the metal recovery percentage increases.
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4.9 Discussion

The recovery of asphaltenes from the columns increased with the strength of the solvent,
but resulted in less intense peaks from fluorescence spectroscopy, and a loss of selectivity
of separation based on shifts in peak intensity. Similarly, the stronger solvent blends gave
higher values of vanadium recovery percentage. This study suggests that the selectivity of
the separation is highest when the asphaltenes are close to the flocculation point, which
also gives more retention on the packing. A distinct difference between the fraction
colors indicated elution of different compounds and selective separation at the
flocculation point which could not be observed when pure dichloromethane is used for
separations. There was no evidence that the color indicated a high concentration of V in
any fraction. The color could be due to removal of the vanadium, or separation of other

fluorophores.

Asphaltene aggregates present in all cases likely accounted for bulk of asphaltene
retention. At the flocculation point, asphaltenes have the highest tendency to form
aggregates in solution which results in more retention of the asphaltenes .With pure
dichloromethane, the tendency for aggregation in solution decreases which results in less
retention of the asphaltenes on the chromatography packing. Also, it is likely that less
tendency to form aggregates at the flocculation point, results in less retention of metals

on the surface of chromatography packing and an increase in metal recovery.

Silica material with functional groups which form very stable and strong chemical bonds

with only metal compounds in the asphaltene mixture might be better packings for
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separation of metal compounds from asphaltenes. Detailed knowledge about the forms of
metal compounds, their chemical property and also mechanism of interactions between
metal bearing compounds and proposed ligands on the surface of silica material is

required to develop better packings for separation of metal bearing compounds.

In our study we treated silica powder with different reactants to investigate the effect of
surface chemistry on asphaltene and metal recovery. The results for different silica

materials and their hydrothermal treatment, is discussed in the next chapter.

4.10 Conclusions

According to our study, asphaltene separation was achieved on sea sand with flash
chromatography technique based on the color difference in fractions and the fluorescence
emission spectra. The scaling of separations between open column and flash
chromatography were successful which results in less time and solvent usage for each
separation .Using sea sand as chromatography packing is beneficial because it is

considered as an inexpensive and abundant silica material .
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Chapter 5

Separation on modified silica materials

5.1 Introduction

Our hypothesis for the modifications to the silica packings was that an increase in the
asphaltene recovery percentage would be achieved by providing fewer active sites on the
surface of modified silica material. Silica packing materials were prepared by treating
with different alkaline earth metals (in collaboration with with Dr.Kuznicki’s group).
Chromatographic behavior was determined under a standard set of conditions of flow and
solvent composition. The hydrothermal treatment procedure for preparation of the silica
is explained in section 5.2. FTIR spectroscopy and XPS were used for surface

characterization of the different silica materials.

5.2 Hydrothermal treatment of silica

Plastic disposable sample weigh dishes were filled each half way with colloidal silica
(Silica HS-40, colloidal silica, 40 wt% suspension in water, Sigma-Aldrich CHEMIE,
Steinheim, Germany), and left in an oven at 80°C overnight (Each tray yielded ~50g).
The resulting solid was ground to give a silica powder of 20-50 mesh. Approximately
300 g was placed in the oven at 150°C for three hours. One liter of H,O was poured into a
large glass beaker and brought to 5€. The required amount of alkaline earth metal

reactant and 100 g of silica powder were added into the glass beaker and stirred for one
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hour (Table 5-1). After reaction, the contents were vacuum filtered and placed in a

container for drying overnight at 80°C.

Dichloromethane, pentane and nitric acid with the same catalog number mentioned in

chapter 3 were used in this set of experiments using modified silica as chromatography

packing. The same Cold Lake asphaltene sample was used as in Chapter3.

Table 5-1 Hydrothermal treatment conditions for modification of silica

Sample Temeerature Reactant Amount of
(°C) Reactant*(mol)
1 150 N/A 0.25
2 150 MgCl,-6H,0 0.25
3 150 CaO 0.25
4 150 Ba (OH). 0.25
5 150 Sr (OH), 0.25

*14 g of CaO was used for 250 g of silica which corresponds to 0.25 mol of reactant.

This amount was applied for all reactants to apply a constant mol concentration.

The chromatographic separation was the same as described in Chapter 4, except that all

fractions were added together for acid digestion and ICP analysis for metals content.
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5.3 Results & Discussion

5.3.1 Recovery of Cold Lake asphaltenes from different silica materials

The recoveries of asphaltene from the modified silica packings are listed in Table 5-2.

Table 5-2 Cold Lake asphaltene recovery percentage from 5 different silica materials

Sample Reactant Recovery%
1 None 33+2
2 MgCI2-6H20 37
3 CaO 37
4 Ba(OH)2 44
5 Sr(OH)2 39

As shown in Table 5-2, there was some change in the recovery percentage of the material
eluted from the column when 4 different types of silica material are used as a
chromatography packing. Given a repeatability of +/- 2%, the recovery was significantly

higher for the barium-treated silica.

5.3.2 Metal recovery percentage from different silica materials
The cumulative metal recovery percentages were calculated after combining fractions 1-

12 and measuring the metal concentration in the combined mixture using ICP analysis.
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The results are introduced in Figure 5-2 for 5 different types of silica material used as a

chromatography packing.
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Figure 5-1 Metal recovery percentage of alkaline earth metal modified silica materials used as a
chromatography packing. A volume ration of 0.55/0.45 of pentane/dichloromethane was used as a
solvent mixture.

The ranking of metal recovery following comments on treated silica was in the series:

untreated ~ Ca <Ba ~ Mg < Sr.
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lkoma et al. (2001) examined the adsorption behavior of different silica-metal oxide
particles for different type of basic components. According to their observations, it is
likely that the treatment of silica materials with different metal ions decreases the activity
of silanol groups on the surface which results in elution of basic compounds when the
treated silica materials are used as a chromatography packing. In our study, treating silica
with different metal ions results in an increase in metal recovery percentage as shown in

Figure 5-1.

5.3.3 Surface characterization results

5.3.3.1 FTIR Spectroscopy results

Raw material and metal treated silica were ground to a fine powder and kept under
vacuum at 150 °C for 2 days. Samples were cooled to room temperature and 10 mg of
sample was placed on ZnSe crystal for IR analysis. FTIR characterization was performed
to characterize the surface of silica materials before and after hydrothermal treatment.
Our goal was to compare the surface of different silica materials used as chromatography
packing, in order to explain the differences in metal and asphaltene recoveries for these
materials. For this purpose, wavelengths between 700nm-1100nm were selected from the
full range of the spectra and the absorbance within the selected wavelengths for each
treated silica material were adjusted to obtain the absorbance of a strong silica band at

1100 cm™ (Figure 5-2).
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Figure 5-2 FTIR plots for five different silica materials used as chromatography packing.
The spectra were scaled to give the same offset between the plots.

According to Figure 5-2, a weak shoulder is observed at a wavelength of 960 cm™ in the
blue plot which corresponds to the SiOH stretching vibrations for untreated silica. This
shoulder is not observed for treated silica samples. This result implies that the
hydrothermal treatment changed the surface, but it does not discriminate between the

treated samples.

5.3.3.2 XPS results

Although the treatment of the silica powders was designed to expose the surface to the
same molar concentration of cation, this does not guarantee that the same extent of
surface reaction on the surface of treated materials. XPS was used to examine the surface

composition of the samples to assess the extent of surface modification.
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Table 5-3 Atomic concentration ratios on surface of 5 different silica materials

1 N/A 0

2 MgCI2-6H20 0.017
3 Cao 0.045
4 Ba(OH)2 0.17
5 Sr(OH)2 0.11

An increase in the metal/Si ratio when silica was treated with different metal ions
confirmed significant changes in surface composition due to the hydrothermal treatment.
Addition of the alkaline earth metals to the silica surface would destroy or block the
surface silanol groups. According to Table 5-3, the Ba treated sample would have the
fewest active sites for adsorption of the asphaltenes due to highest metal/Si ratio on the
surface. Figure 5-3 shows a plot of recovery of asphaltene and vanadium versus surface
concentration of added cation. The asphaltene recovery showed a monotonic increase
with surface substitution, consistent with a role for silanol groups in retaining the

asphaltenes on the surface of the packings.
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The vanadium recoveries increased much more dramatically, to a maximum with Sr, then
a lower value with Ba. The lack of a clear trend of vanadium recovery with surface
coverage suggests that other factors than silanol concentration influence the recovery of

the metals. For example, the recovery of vanadium increased with the size of the ions,

rather than the surface concentration.
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Figure 5-3 plot of recovery of asphaltene and vanadium versus surface concentration of added cation.
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5.3.4 Fluorescence spectra of Cold Lake asphaltenes from treated silica

materials
Fluorescence emission spectra of 5 different silica materials are presented in Figure 5-4
to Figure 5-8. A single excitation wavelength of 440 nm again was selected here for each
case. The solvent mixture which was used for chromatography separations was 0.55/0.45

pentane-to-dichloromethane.
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Figure 5-4 Fluorescence spectra of 12 fractions from silica (untreated)
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Figure 5-5 Fluorescence spectra of 12 fractions from silica treated with Mg.
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Figure 5-6 Fluorescence spectra of 12 fractions from Silica treated with Ca
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Figure 5-7 Fluorescence spectra of 12 fractions from silica treated with Ba .
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Figure 5-8 Fluorescence spectra of 12 fractions from Silica treated with Sr.

The fluorescence plots of all 5 types of silica material are the same. No shift in peak
intensity in the fluorescence emission spectra was observed when silica treated with
different types of reactants is used as a chromatography packing. As mentioned in chapter
3, shifts of peak intensity in the fluorescence emission spectra were observed for
untreated sea sand. According to fluorescence results for untreated sea sand and different
silica materials, selective separation is achieved when untreated sea sand was used as a
chromatography packing. One explanation for the selectivity achieved for sea sand, is

that the trace elements, such as iron, alkali metals, and alkaline earth metals on the silica
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surface interact with free asphaltene molecules which are not within the aggregated

molecules and selectivity is achieved when sea sand is used as a chromatography packing

In our study, we designed novel silica materials to attempt selective separation of metals
from asphaltenes, which can be used as an inexpensive replacement for conventional
chromatography. We were able to retain more than 70% of the metals on the surface
which is favorable for separation of metal compounds from asphaltenes. The treatement
with alkali earth metals did not improve the vanadium retention on the surface and the metal
recovery percentage increased when the metal/Si ratio increased on the surface after treatment.
With the silica materials discussed in this chapter, asphaltene recovery percentage increased from

30% for sea and to 44 % for the treated silica materials. Still, the treated silica materials used

in our study retained approximately 60% of asphaltene on the surface of silica materials.

Better understanding of the type and nature of interactions of silanol groups and metal
bearing compounds within the asphaltenes could lead to developing specific types of
silica materials which would retain less asphaltenes and more metals on the surface

which is favorable for metal separation.

5.4 Conclusions

Selective separation was not obtained for different silica materials discussed specifically
in this chapter according to their fluorescence spectroscopy results, and no color

difference was observed for fractions 1-12. The hydrothermal treatment decreased the
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retention of the vanadium compounds but resulted in an increase in the asphaltene

recovery percentage from 30% for sea sand to 44% for Ba treated silica.

80



5.5 References

1. Buckley, J. S. and Y. Liu (1998). "Some mechanisms of crude oil/brine/solid

interactions.” Journal of Petroleum Science and Engineering 20(3-4): 155-160.

2. lkoma, S., K. Nobuhara, et al. (2001). Surface properties of silica-titania and silica-

zirconia mixed oxide gels. Studies in Surface Science and Catalysis. 132: 765-768.

81



Chapter 6

General discussions & Conclusions

In experiments with sea sand and different silica materials treated with alkaline earth
metals we understand that aggregated asphaltenes dominate the interactions between the
surface of silica materials and asphaltenes which is a result of 60%-70% retention of the
asphaltenes on the surface of silica materials. Also, up to 25% of the vanadium
compounds may interact with the surface. These compounds are retained at low solubility
parameters of the solvent mixture and at high OH concentrations on silica materials. The
origin of the shifts of peak intensity in the fluorescence emission spectra requires further

study.
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Chapter 7 Appendix A

7.1 FTIR results for surface characterization

The blue plots in Figure 7-1 to Figure 7-4belong to Ludox and the red plot belongs to
Ludox treated with 4 different types of reactants. A portion of the spectra (700 cm™-1100
cm™ ) was necessary to compare Ludox (raw material) with hydrothermally treated
Ludox materials as discussed in the result and discussion section in chapter 5. Further
conclusion can not be extracted from the FTIR plots for wavelengths in the region of

1100 cm™-3000 cm™.
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Figure 7-1 FTIR plots for Ludox treated with Ba ions
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8.1 Hydrothermal preparation of silica materials

Chapter 8 Appendix B

Ludox was treated with different amounts of reactants at various temperatures. The

results for the asphaltene and meta recoveries are listed in Table 8-1.

Table 8-1 Hydrothermal preparations for modification of silica materials.

Sample Temperature Reactant type %GSC;ZEL(%/ ;)0

L 1 100 CaO 5

L_2 150 CaO 5

L_3 250 CaO 5

L 4 250 N/A N/A

L5 150 MgCl,-6H,0 10
NBrand 150 N/A N/A

L7 150 Ba(OH); 10

L_8 80 N/A N/A

* L refers to Ludox.

8.2 Asphaltene and metal recoveries for different silica materials
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Table 8-2 Cumulative asphaltene and metal recoveries for different silica materials

) Cumulative
Cumulative mass ]
Sample Reactant type vanadium
recovery%
recovery%
L1 Ca0o 26 4.9
L2 Ca0o 27 4.9
L 3 Ca0o 43 38
L4 N/A 23 8.8
L5 MgCl,-6H,0 21 1.2
NBrand N/A 80 63
L7 Ba(OH), 17 2
L 8 N/A 33 6.2
S1 N/A 31 5.2
S 2 N/A 36 18

*S_1 refers to separations on sea sand at the flocculation point

* S_2 refers to separations on sea sand at 0.32/0.68 pentane-to-dichloromethane volume

ratio.
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Chapter 9 Appendix C

9.1 Ni concentrations obtained from ICP analysis

Table 9-1 Ni concentrations obtained from ICP analysis. Different concentrations are
obtained using different solvents, chromatography packings and column temperatures.

Ni
Packing Solve:\;t;/oolume Column temperature(°C) concentratio
n(ppm)
Sea sand 0.55/0.45 v pp 25 15.9
Sea sand 0.4/0.6 v y/1 25 0.185
Sea sand 0.4/0.6 v w7 50 0.195
Untreated 0.55/0.45 v pp 25 0.570
Mg
treated 0.55/0.45 v pp 25 0.0819
Ca 0.55/0.45 v 25 0.0319
treated 000 Y PID '
Ba 0.55/0.45 25 0.107
treated 2/0A VPID '
Sr treated 0.55/0.45 v pp 25 0.0648
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