UNIVERSITY OF SOUTHAMPTON

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES

Chemistry

Volume 1 of 1

Hyphenated Mass Spectrometry Methods for the Direct Characterisation

and Quantification of Polar Molecules in Crude Oil or Modified Crude Oils

Ammar Nasif

Thesis for the degree of Doctor of Philosophy

December 2016






Abstract

UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES

Chemistry

Thesis for the degree of Doctor of Philosophy

Hyphenated Mass Spectrometry Methods for the Direct Characterisation and

Quantification of Polar Molecules in Crude Oil or Modified Crude Oils
Ammar Nasif

Crude oil is arguably one of the most complex organic mixture in nature.
Therefore, crude oil characterisation requires the use of high resolution and high
mass accuracy mass spectrometer such as FT-ICR MS; needed to resolve
thousands of ions and assign their elemental formulae. Different heteroatom
containing compounds classes are present in crude oil such as N,, S,and O,
containing compounds. These compounds cause variety of different problems
such as N containing compounds cause catalyst deactivation for processes such
as hydrodesulfurisation. The choice of the ionisation technique and its polarity is
critical to the type of compounds that are observed in a crude oil mass spectrum.
Two main studies for crude oil samples are covered in this thesis. The first is
crude oil-1, 2 and 3 characterisation using ESI and APPI. The second is structural

elucidation of nitrogen containing compounds in crude oil-2.

Positive ion ESI FT-ICR MS ionises basic molecules in crude oils. In the literature
crude oil samples are dissolved using different ratios of toluene:methanol. The
effect of using different solvent composition is often not regarded as important
factor to consider. One of the reasons is the addition of ionisation enhancing
additive such as formic acid, thought to normalise the ionisation response across
different sample solvent composition. However, the solvent composition study
data show that different toluene:methanol ratios play a critical role on the
ionisation response of nitrogen containing compounds in different crude oils
even with the addition of formic acid. Three different ratios were used which are
toluene:methanol solvent ratios of 1:9, 3:7 and 6:4 with and without the addition
of 0.1% formic acid for the analysis of crude oil-1, 2 and 3. The highest ionisation
for N, containing compounds are achieved through using toluene:methanol ratio

of 1:9 with 0.1% formic acid. Further to this the increase of toluene content in the
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sample solvent decreased the ionisation of N, containing compounds in the
analysed crude oils even with the addition of formic acid. However, the rate of
decrease in the ionisation of N, containing compounds is more significant for
crude oil-1 and 2 compared to crude oil-3. Thus, comparing nitrogen containing
compounds among different crude oils should be undertaken using the solvent
composition, toluene:methanol ratio of 1:9 with 0.1% formic acid. Another aspect
for the solvent composition study is that multimer formation is not only
concentration driven but as well sample solvent composition dependent. The data
showed that multimer formation in N, DBE versus carbon number plots are

reduced with acid addition and methanol content increase in the sample solvent.

The use of positive ion ESI allowed the ionisation of basic compounds in crude oil-
1, 2 and 3. To ionise non-polar classes such as aromatics and thiophene
containing compounds in crude oil-1, 2 and 3 positive ion APPI is used. Aromatics
and thiophene were the most abundant ions in crude oil-1, 2 and 3 mass spectra.
No significant difference in ion intensities for these ions were observed for crude
oil-1, 2 and 3 mass spectra. However, the use of negative ion APPI showed major
differences in the ions intensities of crude oil-1, 2 and 3 regarding HC, HC-R, N,,
S, and S;-R classes. Further, comparable data for the O, class were obtained using
negative ion ESI and APPI Orbitrap MS for crude oil-1, 2 and 3. Thus, negative ion
APPI Orbitrap MS can be used to compare the O, class relative abundance among

different crude oils.

Further to the characterisation study, structural elucidation of nitrogen containing
compounds in crude oil-2 using positive ion ESI FT-ICR MS/MS was undertaken.
Understanding the chemical structure might have applications in designing more
effective catalysts for HDN process. At first a method development approach was
undertaken to reduce the analysis time to 4.5 min and increase detection of low
m/z low intensity fragment ions. This aim was achieved through increasing the
ion accumulation time from 0.05 s to 5 s with averaging 40 spectra. Different N,
precursor ions were isolated at different DBE values and degree of alkylation. A
collision energy of 60 V was required to observe characteristic fragment ions such
as N expulsion for N, precursor ion with DBE value of 13.5. While for N, precursor
ion at DBE value of 6.5 a CE 40 V was enough to observe characteristic fragment
ions. However, different approach was used for N, precursor ion with low DBE
values, isolating the precursor ion with the lowest degree of alkylation. This
approach was essential to observe N expulsion fragment ions for N, precursor ion

with DBE value of 6.5. The core aromatic structure for N, precursor ions from DBE
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values of 3.5 to 10.5 were suggested. This suggestion was based on N expulsion
fragment ion and the dealkylated fragment ion. Furthermore, N expulsion from
the aromatic ring supports the postulation that the nitrogen in the various
precursor ions discussed is pyridinic. This was further confirmed for N, precursor

ion with DBE value of 6.5 using a model compound, 2-butlyquinoline.
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Chapter 1 - Introduction

Chapter 1: Introduction

1.1 Crude oil

Crude oil is also referred to as petroleum. The etymology of the word
petroleum is from Latin petra means rock and oleum means oil.' The inferred
meaning is rock-oil which means that the oil is accumulated in subterranean
reservoir, sedimentary rock. There are three types of petroleum; crude oil is a
liquid that contains varying amounts of hydrocarbons, bitumens and impurities;
natural gas which consists of light hydrocarbon predominantly methane; and

semi-solid to solid forms which contains a high concentration of asphaltenes.?

Despite the attempt of countries around the world to diversify their energy
sources, fuels that are derived from crude oil remains the most used energy
source for cars, buses, tractors and airplanes. It is expected that global demand
for crude oil will rise to 99 MMBPD by 2030, a 9% increase from current demand.?
Conventional crude oil reserves are being depleted for Organisation of Petroleum
Exporting Countries (OPEC) at rate of 1.25% per annum and for non-OPEC at 5.6%
per annum based on 2005 production and recovery techniques.* Thus, to meet
energy demands the oil and gas industry is resorting to unconventional sources
of crude oils. It is expected that unconventional crude oil supply will

approximately account for 15% of global crude oil production by 2035.°

Unconventional crude oils include shale oil®, oil sands” and heavy crude oils®.
These sources of crude oils have production related problems such as
flowability®, metal corrosion'® and catalyst deactivation' 2. For example
naphthenate'® deposits have been frequently reported for heavy crude oils
(immature) in different regions of the world, such as offshore production sites in
Norway, Great Britain and the Gulf of Mexico.' This has resulted in more frequent
obstruction of production pipelines that may result in shutdown until cleaning is
undertaken. Other problems for oil sands include environmental concerns, such
as the oil sands process-affected water (OSPW) resulted from extracting

bitumen."
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1.1.1 Crude oil formation

Petroleum is derived from the thermal decomposition of kerogen, an organic
macromolecule in sedimentary rock. (See Figure 1 for crude oil formation)'®.

Kerogen is insoluble in most organic solvents and its fragment, asphaltene, is

present in crude oil."”

Lignin, Carbohydrates and proteins Lipids

Unaltered

Organisms
-
3 Minor alteration
:
[ '
g
a Geochemical fossils
Fulvic and humic acids
Humin
Kerogen Release of

molecules

Thermal degradation

Oil formation

Small to medium
hydrocarbons

Cracking !( Bitumen
Cracking

Crude oil

Catagenesis

Gas formation
Methane and light hydrocarbons
Natural gas

Residues

Figure 1 Crude oil formation and occurrence. Modified and reproduced from

Tissot and Welte, 1984, summary of the oil process.'®

Kerogens are derived from three main sources; Type | kerogen, hydrogen-rich,
derived from algal and bacterial organic matter; Type Il from sapropelic marine
organics; and Type lll from higher plant debris. Organic sulfur concentration in
crude oil depends on the type of kerogen and its stage of evolution; immature
Type Il kerogen contains the highest amount of sulfur compared to Type | and lIl.
This originates from the reaction of organic matter, the building blocks of

kerogen, with hydrogen sulfide and elemental sulfur. .
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It should also be noted that iron in clastic sedimentary rock such as sandstone or
siltstone competes with the organic matter for sulfur. Therefore, non-clastic
derived kerogen such as carbonates, siliceous oozes and evaporites are rich in

sulfur.

Mature crude oil is the result of a high thermal exposure (deeply buried for long
times). This is reflected on the low content of sulfur because high temperature
breaks the weak bond between C and S producing hydrogen sulfide gas (H.S).
Having a low S content crude is favourable because sulfur-containing compounds
are catalysts poisons.' Further, nitrogen containing compounds and metals in
crude oil cause catalyst deactivation. Trace elements in crude oils are also present

such as nickel, vanadium and iron.?

1.1.2 Crude oil composition

Crude oil is one of the most complex natural mixtures. It is mainly composed
of a certain set of elements (C.H.N,O,S.). The mix of different hydrocarbons of
different carbon chain length accounts approximately for 90% of the mixture, and
is composed of alkanes (paraffins), cycloalkanes (naphthenes), aromatic
hydrocarbons and asphaltenes.' Each different petroleum reserve contains
different proportions of these types of hydrocarbons and this is reflected in the
physical property of crude oil, such as viscosity and colour. High quality crude
oils are of low viscosity and golden or amber in colour. An indication of the
reserve maturation that translates into its rich content of desirable low molecular
weights alkanes. While the remaining 10% (varies according to the type of crude
oil) of compounds are the heteroatomic contaminants, containing nitrogen,
oxygen and sulfur (N,O,S,). The sulfur containing compounds are the most varied
across different geographical origin and they give an indication of the quality of
the crude.”

Saturates, also called paraffins, are aliphatic compounds that have the general
formula of C H,,.., where n is the number of carbon atoms. Paraffins from C, to
C,, usually appear in crude oil where more than 20 carbons are present are called
paraffin waxes. Different paraffins are produced from crude oil via distillation.
Isoparaffins, branched paraffins, are also present and they have a lowerboiling
point than paraffins. Since they are saturated, paraffins are molecules that are

stable over long periods of geological times.??
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Cycloparaffins, also called naphthenes, are cyclic saturated hydrocarbons with the
general formula of C,H,,. The most abundant are the most stable naphthenic
rings which are those that contain 5 (cyclopentane) or 6 (cyclohexane) carbon
atoms. Aromatic fractions contain mono-aromatics and polycyclic aromatics
compounds. Common aromatics, found in crude oil are benzene and its
analogues alkylbenzenes. Resins contain -NSO compounds such as acids, bases,

phenolics and naturally occurring compounds such as humic acids.

The asphaltene fraction contains complex high-molecular weight hydrocarbons
mixture and it is the heaviest and most polar fraction of crude oil, hence it can
cause fouling problems. Asphaltenes are soluble in petroleum fluids and toluene,
however it precipitates by the addition of an excess of n-heptane, is
predominantly aromatic and decomposes on heating.*?* Asphaltenes can adsorb
small aromatic hydrocarbons leading to the formation of micelles and hence the

formation of colloidal system. (See Figure 2)

Aromatic and naphthenic
Aliphatic

7

ANQ:V .ﬂ/:

Resin

Z O
Qﬂ ﬂ
N2y o

Figure 2 Asphaltene micelles. *
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1.1.3 Crude oil classification

Crude oil is classified according to the American Petroleum Institute gravity,
which measures its heaviness with respect to water and it is calculated from this
equation: American Petroleum Institute gravity = 141.5/specific gravity (SG) -
131.5.%° (See Table 1)

Bulk properties of crude oil are dependent on its American Petroleum Institute
gravity value. Light crudes are rich with low-boiling compounds where as heavy

crudes are the opposite.

Table 1 Crude oil classification according to American Petroleum Institute gravity.

American Petroleum Institute gravity Crude Oil Classification
> 31.1 Light Crude Qil
22.3-31.3 Medium Crude Qil
10-22.3 Heavy Crude Oil
<10 Extra Heavy Crude Oil

Crude oil is characterised as well depending on the sulfur content into sweet
crude (< 1 percentage by weight wt%) and sour crude (> 0.5wt%) and can also be
described depending on the predominant hydrocarbon either paraffinic or

naphthenic crude oils.?”

One of the most important classifications is based on crude oil compounds
solubility in different solvents. Depending on this four fractions are obtained

which are Saturates, Aromatics, Resins and Asphaltenes (SARA).* (See Table 2)

Table 2 SARA fractionation properties.

Fraction Polarity Characteristics Colour
Saturate Non-polar Viscous oil White
Aromatic Non-polar Viscous liquid Dark brown
Resin Highly-polar Semi-solid Dark brown
Asphaltene Highly-polar Solid Brown

Figure 3 shows that when n-heptane is added to crude oil a precipitate is formed,
asphaltene. The liquid fraction, referred to as maltene, contains the saturates,
aromatics and resins. The separation of this fraction is undertaken using high
performance liquid chromatography (HPLC). Alumina or silica packed column is
used to achieve this separation.? Saturates are non-polar and therefore are not

retained by the chromatographic column. While aromatics and resins, composed
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of C.H\N,O,S, containing compounds, are eluted from the chromatographic

column by increasing the percentage of the polar mobile phase.

Crude oil

n-heptane

precipitate

Asphaltene Maltene

Alumina column

Saturate Aromatic Resin

Figure 3 SARA fractionation.

1.1.4 Crude oil refining

Crude oil continues to be one of the most important energy source, however
crude oil in its raw form is not usually used for an industrial application. It
contains thousands of different molecules where methane (CH,) is the simplest
with a molar mass of 16 g/mol. These molecules have different boiling points,
thus refining process is undertaken via distillation. The refining is a process in
which different fractions are obtained from petroleum. These fractions undergo
conversion processes such as cracking and reforming where the size and
chemical structure of the molecule is changed. The refinery process can be
divided into three main categories: first, distillation, is the separation of
petroleum into different fractions in a distillation column. Second, conversion, is
the chemical alteration of petroleum fractions. The third, treatment and
purification, is removing impurities from the hydrocarbon fraction.>*3? (See Table
3)
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Table 3 Refining processes.

Process Action Reason Result

Butane and
Vacuum and
Different chains of  propane, petrol,

Distillation atmospheric )
hydrocarbons kerosene, diesel
columns
and etc.
Breaking large
Decomposition Cracking molecules to
smaller ones
_ o Alkylation and Building larger
Conversion Unification o
polymerisation molecules
Changing

_ Isomerisation and _
Reforming _ _ geometric
catalytic reforming

structure

Desalting Remove salt

Hydrodesulfurisation = Remove sulfur

Y- Improve pour
Treatment Purification Dewaxing .
point

. Reduce sulfur
Sweetening
and odour

1.1.5 Polar molecules in crude oil

Heteroatoms containing compounds (N, O and S) are polar molecules and are
classed as contaminants in crude oils.*®* (See Table 4). These compounds are
present at high amount in immature crude oils. Although these compounds
account for approximately 10% they cause a variety of different problems. For
example -NSO containing compounds have many associated problems regarding
the refinery process, thus influencing the cost of the process. Sulfur containing
compounds are one of the most undesirable contaminants as they are transferred
to diesel during the refining process. The Environmental Protection Agency (EPA)
states that these compounds must be removed as they are one of the

contributing factor of acidic rain. Acidic rain is caused when sulfur compounds in

7
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diesel are converted to sulfur oxides during the combustion process. However,
different countries have different limits for S and N containing compounds in
fuels. Sulfur is removed by a hydrotreatment processes, e.g. hydrodesulfurisation
(HDS).**** However, the presence of small amount of nitrogen containing
compounds in the feedstock (< 50 ppm) causes catalysts deactivation for HDS and
other processes such as hydrocracking and reforming.?*® The deactivation
mechanism involves the preferential adsorption of nitrogen containing
compounds on catalysts that therefore hinders adsorption of other reactants.
Therefore, the solution is hydrodenitrogenation (HDN), removes nitrogen
containing compounds. However, conventional catalysts are not adequately
effective for heavy crude oils."" Thus, designing more specific catalysts require
detailed understanding of the chemical composition of crude oils. Furthermore,
removal of N-containing compounds are a requisite from the EPA to limit the
emission of nitrogen oxides, further N-containing compounds affects fuel stability
during storage. These compounds are divided in crude oils into basic and non-
basic materials. However, during hydroprocessing non-basic N-containing

compounds are hydrogenated to basic compounds.3®

Table 4 Possible heteroatoms (-NSO) containing compounds in crude oils.

Amount (wt %) in
Heteroatom ] Compounds
crude oils
Basic: amines, aniline, pyridines,
quinolines, isoquinolines,
Nitrogen 0.1%-0.9% benzoquinoline, acridines
Non-basic including neutrals:

pyrroles, indoles, carbazoles

carboxylic acids, phenols, cresols

o/1
Oxygen <2% naphthenic acids
hydrogen sulfide, organic sulfides and
Sulfur 0.05%-14% disulfides, benzothiophene,

dibenzothiophene, thiols
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Figure 4 shows an example of different structures that might be found in crude
oils. Compounds containing more than one heteroatom can also be found. The R,
attached to the aromatic or naphthenic ring or the alicyclic structure, is an alkyl
chain that can be at different chain length and can be attached at different

positions.

Asphaltene has a high content of heteroatoms (N, O and S) and metals (Ni and V).
Asphaltene has many associated problems such as precipitation during
hydroconversion. Asphaltene increases the viscosity of crude oil. This increases
the difficulty of transporting crude oil with high content of asphaltene. Further,

asphaltene can cause catalysts deactivation 383
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Figure 4 Example of heteroatom containing compounds present in crude oils
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The presence of naphthenic acids (NAs) in crude oils, classified as part of the
polar molecules content of crude oil, have many associated problems. NAs can
cause corrosion in refineries, called naphthenic acid corrosion, and is one of the
major problem for crude oil processing.* Steel corrosion is the result of the
reversible binding of the carboxylate ion with the metal ion. This process is
favourable at temperature between 220 and 400 °C. However, for temperature

higher than 400 °C NAs decompose and a layer of coke is formed on the steel.

The acidity of crude oil is measured using the total acid number (TAN). TAN is
determined by the amount of potassium hydroxide in milligrams that is required
to neutralise the acids in one gram of crude oil. Measurement of TAN cannot be
reliably used as an indicator of NAs induced corrosion. This is because crude oils
with high TAN have shown similar corrosiveness compared to crude oils with low
TAN number.* However generally crude oil with a TAN of more than 0.5 has a
high level of corrosion. NAs corrosion is dependant as well on the chemical
structure of the molecule. For example, the adsorption of carboxylic acids on the
metal surface is influenced by the number of methylene units (-CH,), in the
carbon chain. Adsorption is increased at n = 3 to 4 but above these values steric
hindrance decreases the adsorption to the metal surfaces.> Corrosion can be
induced as well by the content of sulfur species and chloride. Corrosion induced
by sulfur contents is proportional with the increase in temperature.*’ The NAs and
sulfur corrosion are two competing processes that can be explained according to

the following Equation 1:
Fe + 2RCOOH — Fe(RCO0), + H,
Fe + H,S —» FeS+ H,
Fe(RCOO), + H,S — FeS + 2RCOOH

The difference between iron naphthenate and iron sulfide is that the first is
soluble in crude oil whereas the latter forms a protective layer on the metal
surface. NAs can be regenerated by the reaction of iron naphthenate with
hydrogen sulfide. Thus, a crude oil with high content of naphthenic acids and low
amount of sulfur is more corrosive compared to crude oil with the same amount
of NAs but with higher amount of sulfur.® Characterisation of polar molecules in

different crude oils compounds will be the focus of this thesis.

11
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Chapter 2: Instrumentation

2.1 Mass spectrometry (MS)

Mass spectrometry is an analytical tool where molecules are ionised using an
ionisation source. Then, ions are separated in the mass analyser depending on
their mass and charge. Thus, MS is an instrument that measures m/z. m/z
definition according to the IUPAC represents the dimensionless quantity formed
by dividing the ratio of the mass of an ion to the unified atomic mass unit, by its
charge number (regardless of sign).”* The data is presented by plotting m/z on

the abscissa and the relative abundance of the ions on the ordinate.

According to the IUPAC mass-to-charge ratio is sometimes used instead of m/z.
However, the term mass-to-charge ratio is deprecated. This is because the
guantity measured is not the mass of the ion divided by it electric charge.
Further, m/z should not be used in mathematical equation but instead the

variables mass (m) in kg and charge (q) in C should be used.

The mass spectrometer is composed of three main components; the ionisation
source generates gas phase ions through use of different ionisation techniques,
such as electron ionisation (El) and electrospray ionisation (ESI); the mass
analyser, such as quadrupole and FT-ICR, separates the ions according to their
m/z values; the detector, e.g. an electron multiplier registers the ion current. The
mass spectrometer operates under vacuum. (See Figure 5). MS is capable of
generating rich information content about gas phase ions such as accurate mass

and structural information in the case of tandem MS.

The rationale for tandem MS is the introduction of soft ionisation technique
where little or no fragmentation is observed for the protonated/deprotonated

molecule.

13
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Instrument control
and data acquisition
Inlet, e.g. lon source | [Mass analyser Detector
LC or FIA e.g. ESI e.g. Orbitrap e.g. electron
multiplier
Vacuum

Pump
e,g, rotary

Figure 5 The main components of a mass spectrometer.

2.1.1 lonisation techniques
2.1.1.1 Electrospray ionisation

Electrospray ionisation, (ESI), is an ionisation method that is widely used for
ionising polar high and small molecular weight compounds producing the ionised
form of the neutral molecule. Factors govern the ionisation mechanism of an ESI
source; charged droplets are produced; desolvation of these charged droplets,
are aided through stream of nitrogen and temperature, results in Coulombic
fission yielding the gas phase ions.** Figure 6 shows how the analyte is
introduced into the desolvation chamber by either flow injection analysis (FIA)
through a syringe pump or as an eluent from a chromatographic column. The
dissolved analyte in solution then passes through the ESI needle. The high
potential difference, 2 to 4 kV, is applied between the ESI needle and the counter
electrode. The dispersion of the liquid is caused by the electric field forming

highly charged droplets, the process is described in details in Figure 8.

14
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Figure 6 Schematic of an ESI source is shown.

The polarity of the ESI source can be switched depending on the analyte
chemistry. In positive ion ESI basic compounds with a protonation site can be
ionised producing [M + HJ*. lons are repelled from the capillary (positive
electrode) and elecrophoretically move toward the tip of the needle whereas the
negative electrode is the sampling cone. For negative ion ESI the reverse is true
where acidic compounds can be detected as they deprotonate, producing
negative ions, [M - HJ.

Taylor cone formation“ is described by the process of which the charge density
of the meniscus, has formed at the capillary tip, is raised due to an increase in
Coulombic repulsions of ions. The meniscus shape is changed to a cone like
shape because Coulombic repulsions is greater than Rayleigh instability limit
(surface charge repulsion equals surface tension of the solvent). Taylor cone acts
as producer of a stream of smaller droplets containing either an excess amount
of anions or cations.*® See Figure 8, illustrates the Taylor cone and the produced
droplets. This process is aided by a stream of nitrogen which acts as the drying
gas causing droplets to shrink in size. Thus, the charge density in droplets is
further increased leading to Coulombic fission. At this point the electrostatic
repulsion forces, has overcome surface tension, lead to smaller droplets.*” From
these droplets gas phase ions are introduced to the orifice of the mass analyser.
Two main theories have been proposed to describe the process; the first by
Iribarne and Thomson*; and the second by Dole et al.* The first is the ion
evaporation (IE) model which proposes that small droplets (less than 10 nm in

diameter) can evaporate leading to gas phase ion. However, this model can only
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describe small ion gas formation whereas for larger biomolecule the second
model is used, the charge residue model (CRM). CRM is defined as a single ion
contained in a small droplet, a by-product of Coulombic fission and solvent

evaporation. (See Figure 7)

Solvent evaporation
Draplet fission

- +
"iﬁ‘ -"';++K'. "'H
il = it
T L Ny, 4

Solvent evaporation
Droplet fission I.f'+'.|'.j

-
Solvent evaporation CRM ;ifl-_f,“_\.‘

Figure 7 lon evaporation model and charge residue model are shown.

Caone
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Figure 8 The desolvation mechanism is illustrated starting from the formation of
the Taylor cone to the final stage of gas phase ion production.

Positive ion ESI.

ESI is ionisation technique of choice for ionising polar molecule and large

biomolecule with no or little fragmentation. Thus, ESl is classified as a soft
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ionisation technique where ionisation takes place at atmospheric pressure.
Protonated species can be detected in positive ion ESI such as basic compounds
[M + nH]" whereas deprotonated species are detected using negative ion ESI such
as acidic compounds [M - nH]™. n>1 is usually associated with biomolecule which
has multiple protonation site producing multiple charged species complicating
the mass spectrum which requires additional processing software to process the
data. However, for small molecules such as small polar molecules in crude oil
singly charge species are produced (n = 1). Adduct formation such as [M + NaJ’,
[M + K]* and [M + NH,]* can be produced depending on the ions present in the
solvent.*® ESI is prone to ion suppression and enhancement depending on the
nature of the matrix that coelute with the analyte.*' ESl is prone as well to
contaminants such as alkali metals and solvent clusters. As was mentioned
previously ESI is used for ionising polar molecules, however for ionising non-polar

compounds atmospheric pressure photo ionisation is used.

2.1.1.1.1  Analysis of polar molecules in crude oil via electrospray

ionisation

ESI has enabled the analysis of polar compounds in crude oil.**>? Crude oil is
composed of 90% hydrocarbon (C.H,) which are not ionised under ESI conditions.
This can be considered as an advantage as it adds specificity to the technique
where the C.H,N,O,S, containing compounds are the most problematic with regard

to pollution, deposit formation and refinery corrosion.

The ionisation step in ESl is achieved in the liquid phase by the addition of a
weak acid such as formic acid in the case of positive ion ESI or weak base such
ammonium hydroxide in the case of negative ion ESI. Thus, ionisation in ESI
requires a relatively strong acidic or basic site such as carboxylic acid or pyridinic
nitrogen respectively. Extending the range of ionisation to include aromatic
hydrocarbon, thiophenes and furans will be advantageous.** Accessibility of these
species using ESI can be through chemical derivatisation to methylated species.
Further, thiophenes and furans in crude oil can be ionised using alternative

ionisation techniques such as APPI.5*%
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Table 5 Compounds that are ionised by positive and negative ion ESI
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More than 17,000 different organic acids and bases have been resolved and
identified using ESI FT-ICR MS.*® The complexity of the mixture of crude oil
translates into a complex mass spectrum. Hence the need is to arrange these
compounds into different classes.>* Petroleum is composed of homologous series
that are defined by heteroatom class, double bond equivalents (DBE) and carbon
number. Hsu et al. have shown®” the advantage of using FT-ICR MS in analysing
North American crude oil and Chinese crude oil. Chinese crude oil contained
mostly the corrosive O, class species (naphthenic acid). While the North American
crude oil contained mostly the N, class, pyrrole. However, pyrrole-containing
compounds are of less interest in the deactivation of catalysts than basic nitrogen

compounds.

2.1.1.2 Atmospheric pressure photoionisation

Atmospheric pressure photo ionisation (APPI) is a recently introduced
ionisation technique, capable of ionising non-polar sulfur and hydrocarbons.*®
APPIl is developed to broaden the range of ionisable compounds to include non-
polar and polar and it’s regarded as a complementary technique to ESI and APCI.
For example, non-polar compounds such as PAHs or sulfur containing
compounds in crude oil are usually unobservable by electrospray. A krypton UV
discharge lamp is used to emit photons at 10.6 eV. Droplets are photoirradiated
and molecular ions are produced if the irradiating photon energy (hv) exceeds the
ionisation potential (IP) of the molecule. See Figure 9 for an APPI source
schematic where its main components are illustrated. However, LC solvents such
as methanol and acetonitrile can deplete the photon flux resulting in poor analyte
ionisation. That is why the use of a photoionisable dopant, such as toluene or

acetone, is sometimes necessary.*?*
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Figure 9 Schematic of an APPI source.

Usually a dopant is added when LC is coupled to an APPI source. The dopant is
introduced directly into the solvent flow post-column or infused into a stream of

hot gas through the auxiliary gas port of the APPI source heated nebuliser.

Toluene has a first IE of 8.3 eV, lower than that of the photons from the UV lamp
(10.6 eV) and is typically infused at a flow rate that results in a relative molar

concentration much higher than that of the analyte.

The combination of low first ionisation energy and high molar concentration
increases the statistical probability that an analyte ion will form because the

abundant dopant radical molecular ions interact reactively with the analyte.®¢?

With toluene as a dopant two ionisation products can be observed. If the
proton affinity of the analyte is higher than the proton affinity of the toluene, a
protonated molecule is formed. Radical molecular ion can form as well if the
electron affinity of the toluene radical cation is higher than the electron affinity of
the analyte. It’s possible to form these two species, radical cation and protonated

molecule in the same analysis complicating the mass spectrum.

Robb et al have proved that the addition of a dopant increases sensitivity by
promoting charge exchange reactions.*® The experiment was conducted on 4
compounds with and without dopant. A 100-fold increase in signal intensity is

observed for some of the compounds when the dopant is added.
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In direct APPI the solvent and the analyte molecules are exposed to the UV light.
A fraction of the analyte (M) is ionised directly by photons (hv). As a result, the
analyte molecule is excited and an electron (e) is lost producing a radical cation
(M+).

Another pathway for the ionisation in direct APPI is possible. The analyte
molecules can be ionised through proton transfer from the solvent molecules.
The photons (hv) can excite the solvent molecules. Since the ionisation takes
place at atmospheric pressure billions of molecular collisions per second is
possible between the abundant solvent and the analyte molecules. The result is
solvent-assisted chemical ionisation in which a proton is donated from the solvent

molecule to the analyte.

The end result is the formation of two types of ions from the neutral compound,

M+ and [M + H]*. These are shown below:

Equation 2

Direct APPI>°:
M+hv - Mt 4 e
M+S+hv - [M+H]"+ [S—H]”

The dopant assisted APPI is similar to direct APPI where two types of ions are
produced. The dopant molecules (D) are ionised first by the photons because they
outnumber the analyte molecules (M). Then two ionisation pathways are possible
for the analyte molecules. The dopant can either donate a proton to the analyte
molecule or receive an electron from the analyte molecule. The two ionisation

pathways for the analyte molecules are shown below;

Equation 3

Dopant assisted APPI**:
D**+M - [M+H]* [D-H]
D**+M ->M*™ +D
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2.1.1.2.1 Analysis of non-polar and low-polarity compounds in crude oil via
APPI

Crude oil analysis by APPI can be challenging because of the complexity of the
sample producing protonated molecule and radical cation from the same
compound. Calculation of the double bond equivalent (DBE) for a protonated
molecule results in a non-integer value. Hence, by simply calculating the DBE
value from the molecular formula, determined by ultrahigh-resolution and mass
accuracy MS of detected ion, the type of ion formed in the APPI source can be
determined. Purcell et al.®® have analysed crude oil mixture using atmospheric
pressure photoionisation (APPI) coupled to a 9.4 T FT-ICR MS. APPI produces
protonated, deprotonated, and cation radical molecular ion in a single run. This
makes the crude oil mass spectra of APPI even more complex compared to ESI
mass spectra of crude oil. The APPI source is capable of ionising non-polar
classes in the crude such as S,, S,, HC and S; classes of compounds that are not
ionisable by ESI. Some of these compounds are benzothiophenes, furans,

cycloalkanes and polycyclic aromatic hydrocarbons (PAHs).%

The addition of a dopant such as toluene is essential when using APPI as it
increases ionisation efficiency by promoting charge exchange reactions. The need
for high resolution MS is important because of the two different ionisation events
that can occur producing the "C molecular radical cation and the "*C protonated
molecular molecule with m/z difference of 4.5 mm/z units. The required
resolution is 130000 at m/z 600 and higher at high molecular weight to separate
these isobars. The isobar at 3.4 mm/z units (*C, vs 3?SH,) is observed by ESI and
APPI source however the 1.1 mm/z units isobar (C, vs. SH;'3C) is only observed by
APPI emphasising even more the need of high resolution mass measurement
when an APPI source is employed. This is because when APPI is used a broader

range of compounds are ionised in crude oil compared to ESI.
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2.1.2 Mass analysers

2.1.2.1 Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR MS)

FT-ICR MS was developed by Comisarov and Marshall.®> The instrument is
capable of performing high mass accuracy and high mass resolution experiments.
A detailed description of the operating principles of FT-ICR MS is discussed in two

detailed reviews by Marshall and co-workers.%¢¢’

In FT-ICR MS, a spatially uniform superconducting magnet is used to trap ions in
the ICR cell. The Penning trap, the ICR cell, can have different configurations such
as cubic or cylindrical cell shape. Usually the ICR cell is composed of three pair of
plates but there are other configurations such as dynamically harmonized cell.
(See Figure 10) The plates at the front and the end of the ICR cell is the trapping
plates, used to trap ions in the horizontal axis. The two excitation plates are
connected with a radio frequency generator that is used to excite ions. The
detection plates are used for the image current detection of current induced by

ions.

A brief description of ions separation, excitation and detections can be described
as; ions separation occur in the ICR cell according to their frequencies, associated
to their m/z values® where the fixed magnetic field causes ions oscillation
depending on their unique m/z values; a perpendicular oscillating electric field is
applied to cause further oscillation of ions; a current is induced at the detection
plates; Fourier transform is then applied to convert from cyclotron frequency to

m/z value.

The high resolving power of FT-ICR MS is because the measured m/z value of ions
is a function of frequency, and frequency is a parameter that can be measured
with high accuracy by modern instruments. Peak resolution is proportional to the

cyclotron frequency.
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Figure 10 Schematic of a cylindrical ICR cell. Fourier transform and mass

conversion are abbreviated as FT and MC respectively.
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2.1.2.1.1 lon motion

The FT-ICR cell is positioned at the centre of the magnet. lons are introduced to
the FT-ICR cell where they rotate around the magnetic field with a cyclotron
frequency proportional to z/m where z is the number of charges per ion and m is
the mass of the ion. The trapping mechanism of ions is affected by two forces;
radial trapping of ions by the magnetic field; and axial trapping by quadrupolar
electrostatic field. Because of the electrostatic fieldand the Coulombic
contribution of ions in the FT-ICR cell the cyclotron frequency is shifted by a

constant amount for all trapped ions.*®

These effects are combined in a quadratic equation where the cyclotron frequency
is computed as m/z. The calibration step is important when using FT-ICR MS
instrument which can correct for the shift in the cyclotron frequency. Three or
more ions of known m/z values are used to calibrate the instrument.®® The
intensity of the ions used for calibration should have the same intensity for the
measured ions to correct for space charge effect and achieve sub 1 ppm mass

accuracy.

lon cyclotron motion of ions is derived from the interaction of ions with a
spatially uniform magnetic field. The Lorentz force (F,), perpendicular to the ion

motion and the magnetic field, is responsible for the circular motion of ions.

Equation 4
F, = qv X B

Where: q = ionic charge, v = velocity and B is the magnetic field.

Equation 5
Vyy = fv)% + vi
Equation 6
dv )
[5¢] = v

Substitution of the velocity (v) in the xy plane Equation 5 and the angular

acceleration [dv/dt] Equation 6 with F, Equation 4 to give:
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Equation 7
qQVyyBo = mvg, /r

where B, is the magnetic field in tesla, m is the ionic mass in dalton and r is the

ion cyclotron orbital radius.

In Equation 7 v, /r is the angular velocity (w) in radians/s, thus Equation 7 can be

written as:

The unperturbed ion cyclotron frequency (w.):

Equation 8
we = By/m

According to Equation 8, the circular motion of ions in the ICR cell depends on
the strength of the magnetic field (B) and mass of the ion (m) and its charge (q).
However, the radius of the cyclotron motion of the ion depends on its kinetic
energy.’” Each ion with a specific mass and charge has a unique cyclotron
frequency (). This cyclotron frequency is proportional to the strength of the
magnetic field (B). Thus, a stronger magnetic field provides a higher frequency.
Thus, measurements of ions are more accurate with higher cyclotron

frequencies.”

However, the motion of ions in the ICR cell are not circular but more similar to a
spiral. " This is because other motions of ions than the cyclotron motion are
present in the ICR Cell. The magnetron motion is dependent on the three-
dimensional field that is formed from the strength of the magnetic field (B) and
the electric potential (V). The magnetron motion is independent of the mass of
the ion and its charge. However, the magnetron motion is dependent on the
geometry of the ICR cell and the distance between the trapping plates of the ICR

cell.”®

Further, the axial trapping of ions using an applied DC voltage to the trapping
plate produces another motion of ions in the ICR cell. This motion of ions is
described as having harmonic oscillations between trapping plates in the ICR cell.
Further, the trapping motion of the ions is affected by the low negative potential
(if negative ions are stored). This negative potential is applied to the trapping
plates of the ICR cell where three dimensional potential is produced due to the
presence of the excitation/detection electrodes and the use of the trapping

electrodes.
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lon cyclotron motion of ions cannot be detected because the cyclotron radius of
ions is too small and ions are not coherent in the ICR cell. Thus, ions are stored in
the ICR cell. Further, a radio frequency (RF) excitation pulse is applied, oscillating
at or near the value of the cyclotron frequency. Therefore, ions that have the
same cyclotron frequency as the oscillating RF gain energy and move to a bigger
detectable orbit. The cyclotron cell has two excitation plates that emit a sweep of
RF ranging from few kHz to lower MHz region. Thus, this generated RF sweep,
called chirp, is used to excite ions with different m/z simultaneously. Coherent
excited ions induce a current at the detection plates of the cyclotron cell which is
proportional to the total charge. This acquired transient signal of all ions is in the
time domain. A Fourier transform algorithm is used to convert time domain signal
to a frequency spectrum and then mass conversion is applied resulting in a mass

spectrum with m/z value on the x-axis and ion intensity on the y-axis.

Using image current detection in FT-ICR MS have the advantage of non-destructive
detection of ions. Thus, the sensitivity and the resolution of the experiment can
be increased through repeated measurements of the frequency of ions in the ICR
cell. The performance of the ICR mass analyser depends on the use of high
vacuum. For optimum performance and to achieve high resolution and mass
accuracy the vacuum should be less than 10°® torr to avoid collisions during the
acquisition time with air molecules. Otherwise collisions with air molecules can
cause broadening of the ICR peaks. For example, ions at m/z value of 1,000
analysed using 9.4 T FT-ICR MS should be trapped for ~4 s without colliding with
air molecules to achieve a mass resolving power of ~480,000 and substantially

less (<400,000) if apodization is applied afterwards.”
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2.1.2.2 Quadrupole mass analyser

The operating principles of the quadrupole mass analyser was first described
by Paul and Steinwedel in the 1950s.”? Commercialisation of quadrupole m/z
analyser began in the mid-1960s. The quadrupole was hyphenated to gas
chromatography (GC) because it allowed rapid data acquisition. The quadrupole is
classified as a filter type m/z analyser. Fixed or direct current (DC) and
alternating current (AC or RF) (where radiofrequency is changing) are applied to
the four parallel rods that the m/z analyser is composed of. The stable trajectory
of a selected mass of an ion is dependent on the values of these voltages where
unstable trajectory of an ion causes the ion to collide with the rods. Thus, these
ions are filtered out and only ions with a stable trajectory pass through the m/z
analyser and to the detector. (See Figure 11).7. The quadrupole is a scanning m/z
analyser where the potentials are increased from a minimum to maximum value
but at fixed DC/RF ratio. The m/z range of the mass spectrum is scanned with the
potentials increase. The scanning can be as well undertaken from high to low
potentials. Thus, a mass spectrum is obtained by decreasing or increasing the

magnitude of the RF amplitude and DC potential at a fixed ratio

lon with
an
unstable
trajectory

IONS Detector

(- |Quadrupole rods

lon with a
stable

trajectory

Figure 11 Schematic diagram of a quadrupole mass analyser showing ions with a

stable and unstable trajectory and their path through the quadrupole rods

lons are constantly repelled and attracted to the quadrupole rods because these
rods are successively negatively and positively charged. The motion of ions is
governed by the generated quadrupolar field. See Table 6 for rods potential

equation where each rod is coupled with its diametric opposite.

The ion trajectory equation in Table 6 was deduced by Mathieu based on Newton
second law of motion. The equation explains the variables that influence the

electric fields that ions are experiencing in a hyperbolic mass filter. The ion
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trajectory equation is used to calculate the produced electric field along the x-y-z
axes. It can be concluded that the applied DC and RF potentials at fixed ratio to
the rods has no effect on increasing ions acceleration in the z direction. This is
because the equation is not dependent on the movement ions along the z axis,

between the ionisation source and the detector.

The equations of ion motion or Mathieu equations are shown in Table 6, The
definition of the two parameters (a, and q,) enabled the simplification of equation
of ion motion. (See Table 6). This is because the parameter a, is linked to DC and
g.is linked to RF. For ions to have a stable trajectory and finally reach the
detector the solution of Mathieu equations is bounded. The result is little
displacement along the x- or y- axis. Therefore, a, and g, have stable trajectories
in the quadrupole m/z analyser. Figure 12 shows Mathieu stability diagrams
where a,is plotted against q.. Region A represents the first stability region of a
specific m/z value. For collisional trajectory for ions in the quadrupole m/z filter
the solution for Mathieu equation is unbounded. Therefore, ions are neutralised
through colliding with the quadrupole rods surfaces and thus they do not reach
the detector. The a, and q, reduced parameters in Figure 12 are plotted in two-
dimensional plot to simplify parameters affecting motion of ions in quadrupole

m/z analyser.
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Table 6 Quadrupole equations of rod potential, ion trajectory and ion motion.

Rod potential |+(U+Vcos(wt)) or -(U+Vcos(wt))
lon trajector 2 _y2

/ Y 0 =[U+ Vcos(wt)]x 2y

To
lon motion (IM) |a _ seu q _ sev
T mrgw? T mréw?
Simplified (IM) |ay _ 2U
Qu V
u DC voltage which has a negative or positive value
Vcos voltage with an oscillating radio frequency (w) in the time
domain (t)

x and y |[The distance from the coordinate

ro The distance from the z axis which is from the centre.
. Position along the y and x coordinate

e Charge of electron

m Mass of the ion
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X-Y stable regions are circled in red

Figure 12 Mathieu stability diagrams for quadrupole mass analyser showing the

stability regions (colour coded).”

The main advantages of using quadrupole type m/z analyser are: relatively
inexpensive compared to other m/z analysers due to short flight path of ions, the
size is relatively small, has fast scan rate and the transmission efficiency of ions
is high. Quadrupole can be coupled in space to another two quadrupoles leading
to a triple quadrupole mass analyser. The first and the third quadrupole are mass
analysers while the middle one is an RFonly quadrupole where collision induced
dissociation (CID) occurs leading to a tandem MS experiment. Quadrupole can be
hyphenated to chromatography with different ionisation techniques equipped
such as ESI, APCI and APPI. The resolution of the instrument is limited from half
to one m/z. The quadrupole in this study is used in tandem MS experiments for
the isolation of precursor ions. The FT-ICR MS instrument that is used for crude
oil analysis is mainly composed of a quadrupole, collision cell and the ICR cell.
Precursor ions can be isolated using the quadruple. Then, ion activation is
undertaken in the collision cell. This is followed by m/z analysis of fragment ions
in the ICR cell.

The reason for tandem MS experiment is that the use of soft ionisation
techniques had little or no dissociation occurs for the ions due to the low

amounts of energy imparted. Thus, little or no structural information is observed
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in the mass spectrum. The limitation is overcome by the use of two stage of mass
analysis, (MS/MS). 7

2.1.23 The Orbitrap

Orbitrap is a relatively new trap mass analyser that was developed by Alexander
Makarov at HD Technologies, Ltd, in the United Kingdom.”® The Orbitrap principle
of operation was demonstrated by Makarov and co-workers in the late 1990s.7”
The improvement in Orbitrap technology led to its commercialisation by Thermo
Fisher Scientific in 2005.7%7° The instrument was first introduced at the 2005
ASMS meeting on Mass Spectrometry and Allied Topics held in San Antonio,

Texas, June 5 - 9,

A similar concept to the Orbitrap mass analyser was introduced in 1922 by K. H.
Kingdon at the Research Laboratories of General Electric Company in
Schenectady, New York.® The Kingdon trap design consisted of an electrically
isolated thin wire in the centre and an outer cylindrical electrode. Trapping of
ions is through an electrostatic field, a radial nonlinear electric field, that is

generated by applying a DC voltage between the outer and the wire electrodes.

In 1981, a modified version of the Kingdon trap was introduced by R. D. Knight
where the outer electrode included an axial quadrupole term.® Thus, ions are
confined on the trap z-axis (axial direction) with harmonic oscillations. However,
neither the Kingdon trap or its newer modified design by Knight could generate a
mass spectrum. One of the technical difficulties that prevented the Knight trap to

function as an m/z analyser is ion injection into the mass analyser.

The Orbitrap, is the latest development of trapping mass analysers, is composed
of an outer electrode that is shaped like a barrel and a coaxial inner electrode
that is shaped like a spindle.”% Thus, the Orbitrap can be viewed as a modified
version of the Knight-style Kingdon trap. The opposing surfaces of the electrodes
are nonparallel as shown in Figure 13. Thus, the electric field between the two

electrodes varies according to the position on the z-axis.

The operational stages of the Orbitrap can be divided into; ion trapping, injection,
excitation and detection. lons trapping in orbit is due to the electrostatic
attraction of ions to the inner spindle-like electrode balanced by the ions
centrifugal forces. lons follows a circular orbit around the inner electrode

(spindle) but below the outer electrode (barrel). The radius of the circular orbit is
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not dependent on mass. Thus, ions are trapped radially in the Orbitrap with the

amplitude of the orbit for all trapped ions with different m/z values is the same.

However, another naturally produced ion motion is along the z-axis, back and
forth along the inner electrode analogous to the motion of an oscillating
pendulum bob. This motion of ions is the result of the inhomogeneous electric
filed, an electrostatic electric field with quadro-logarithmic potential, between the
electrodes surfaces.® This harmonic motion (along the z-axis) is independent
from all initial parameters of ions including the motion around the inner
electrode. However, the harmonic motion of ions is dependent on the ion m/z

value.””

To conclude, the observed helical motion of ions is the result of ions elliptical
trajectories, trapping of ions around the central electrode, and the harmonic
motion of ions which gives m/z separation. The oscillating frequencies of ions
along the z-axis are detected using image current detection as a time-domain
signal. Fourier transform is used to convert the detected image current to a mass

spectrum which is similar to the process used in FT-ICR MS.
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Figure 13 Stable ion trajectory is shown inside an Orbitrap mass analyser.

2.1.2.3.1 The Ctrap

One of the problem associated with static electric field, used in the Orbitrap, is
the ion injection. Thus, the injected ion packet is not trapped and will pass

through the m/z analyser.®®* The design of the C trap was essential for the
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Orbitrap to become a functional mass analyser. Radial trapping of ions in the
Orbitrap requires the use of dynamic electric field. The applied electric field
between the electrodes of the Orbitrap is increased for > 300 ns during the ion
injection from the C trap. Thus, the timing of the process is essential to ensure
efficient trapping of ions in the mass analyser.””#* Prior to ion injection from the C
trap, curved linear trap, into the Orbitrap the ion packet is electrodynamically
focussed in time and space.® lons are transferred in space to the Orbitrap m/z
analyser through decreasing the RF and increasing the DC potential to accelerate
ions out form the C trap and into the Orbitrap.® This process of ions ejection
from the C trap is undertaken in line with another process in the Orbitrap where
the electric field potential on the central electrode is increased. The end result is
high transmission efficiency of ions (approx. 30%) into the Orbitrap and radial

trapping of ions around the central electrode of the Orbitrap.®
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Figure 14 Schematic of Thermo Scientific™ Q Exactive™ Orbitrap instrument.
Reproduced and modified from ASMS 2016 Thermo Fisher Scientific,
Enabling Mass Spectrometric Analysis of Intact Proteins in Native

Conditions on A Hybrid Quadrupole-Orbitrap Mass Spectrometer
Scheffler K, Damoc E, Bailey A, Josephs J.
An Orbitrap Q Exactive™schematic is shown in Figure 14. The different
compartments of the instrument are illustrated. lons are squeezed in the C trap

and m/z analysis is undertaken in the Orbitrap. Collision-induced dissociation

experiment (CID) can be undertaken in the C trap, HCD cell or the Orbitrap.®
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However, using the Orbitrap for CID experiment is not recommended because of
inefficient trapping of product ions. The trapping trajectories of product ions, the
motion of ions around the inner electrode, are unstable because product ions
have similar velocity compared to their precursor ions. Therefore, a CID
experiment is first undertaken either in the C trap or the HCD cell followed by
m/z analysis in the Orbitrap.
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2.1.3 Crude oil analysis

Crude oil is arguably one of the most complex organic mixture. Different
analytical tools have been used for crude oil analysis.®” Ultimately the goal is to
go beyond the batteries of bulk physical testing such as viscosity measurement of
crude oils and gain an in depth understanding of the different elemental
compositions of the mixture. This will have a direct effect on extraction, refining,
recovery, oil fingerprinting and effective cleaning of spillages. Crude oil has been
characterised using HPLC with different stationary phases®*°, field ionisation MS,
vapour pressure osmometry (VPO) and '*C nuclear magnetic resonance
spectroscopy®®. Other techniques include the use of gas chromatography (GC)
coupled to different detectors such as flame ionisation detector (FID)*, nitrogen
phosphorus detector (NPD)** and mass spectrometry (MS)*>*. The use of two-
dimensional gas chromatography (GC x GC) has many advantages compared to
GC for complex mixture analyses in increasing the peak capacity and the accurate
identification of compounds. Furthermore, the peak width for compounds that
are eluted from the second chromatographic column can be 50-100 times
narrower compared to the first column.®”*® Advances in mass spectrometry and
the inception of atmospheric pressure ionisation (APl) sources paved the way for
mass spectrometry to become one of the most used analytical tool for detailed
understanding of the chemical composition of crude oils. At the early stage of MS
development in the1940s and 1950s magnetic sector instrument with 10,000
resolving power was not sufficient for resolving commonly found isobars in
petroleum. Isobars are ions with the same nominal mass but have different exact
mass. E.g. one of the most common found isobar in crude oil sample is observing
two isobaric ions where three carbons from one ion is exchanged with one sulfur
and four hydrogens for the second ion. The m/z difference between the two
isobars is at 3.4 mm/z units. Thus, the minimum required resolving power at m/z

400 is approximately 118,000 for peaks with equal intensities.

However, the resolving power of magnetic sector instrument can be increased
through narrowing the slits. Narrowing the slits allow ions with specific m/z value
to pass through the mass analyser. However, increasing the restriction results in
fewer ions passing through the mass analyser. This comes at the expense of
decreasing signal-to-noise ratio (S/N).*° Different mass analysers have been
introduced since the 1950s such as time-of-flight (TOF)'*°, quadrupole', ion
trap'®, Fourier transform ion cyclotron (FT-ICR)'* and Orbitrap®:. FT-ICR and

Orbitrap offer the highest resolving power and are suitable for complex mixture

36



Chapter 2 - Instrumentation

analysis with sufficient mass accuracy for elemental composition assignment.
Different mass analysers have different resolving power. For comparison purpose
an Orbitrap QExcative have similar resolving power to a 4.7 T FT-ICR MS
instrument, 400,000 at m/z 400. Both of these instruments were used Chapter 4
for crude oil characterisation. However, FT-ICR MS is the tool of choice of complex
mixture analysis if a more powerful magnet was used. For example, recently a 21

T FT-ICR MS was developed at National High Magnetic Field Laboratory.

However, MS alone cannot distinguish different isomers in a mixture. The
number of isomers for a given molecule is greatly affected by the degree of its
unsaturation. For example, saturated C,;H,; has an 802 possible isomers while
CsH,, at DBE =3 has 1.7 x 10° isomers.'*

Different ionisation techniques ionise different molecules in crude oils
producing different mass spectra. Volatile species, low in molecular weight and
non-polar, can be ionised using electron ionisation (El) or chemical ionisation (Cl),
a softer gas phase ionisation technique. Cl is a softer gas phase ionisation
because little fragmentation is observed in Cl mass spectra compared to El mass

spectra.

Analysing aliphatic hydrocarbon mixtures by El without a gas chromatography
step is problematic because of the extensive fragmentation of the hydrocarbon
molecular ion making the identification of the molecular ion in the mass
spectrum problematic.’® In El energetic electrons (70 eV) interact with gas phase
atoms or molecules to produce ions. El is considered a hard (fragmentation)
ionisation, since it uses high energetic electrons to produce ions. This leads to
fragmentation of the molecular ion, which can be used for structure elucidation.
However, aliphatic hydrocarbons are for example not as stable as aromatic
hydrocarbons. This results in extensive fragmentation of the aliphatic
hydrocarbon molecular ion. Alternative ionisation method for aliphatic
hydrocarbons is low-voltage electron ionisation (LEVI) which was introduced to
reduce the fragmentation of the molecular ion.’ Heteroatom containing
compounds of nitrogen, oxygen and sulfur in crude oil distillate were analysed
using LEVI FT-ICR MS.'” Another ionisation technique that is used for crude oil
analysis is field desorption (FD). In a study by Schaub et al. FD FT-ICR MS was
used for analysing non-polar molecules in petroleum distillate.’® Matrix-assisted
laser desorption/ionisation (MALDI) is not frequently used for crude oil analysis.'®
This is also true when using direct sample introduction into an El source installed

where no chromatographic separation step is undertaken. Atmospheric pressure
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soft ionisation techniques such as electrospray ionisation (ESI)*?, atmospheric
pressure photoionisation (APPI)®* and atmospheric pressure chemical ionisation
(APCI)'"'° are routinely becoming used for crude oil analysis. These ionisation
techniques are usually used for the characterisation of heteroatom containing

compounds in crude oil.
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2.2 Data analysis

2.2.1 Resolving power

Resolving power (R) equals (m/4m) and it is considered a performance
parameter for the mass spectrometer.* The definition of resolution depends on
Am. The 10% valley definition is calculated by subtracting two resolved peaks with
a 10% valley. If one peak is to be used for R calculation then 4m is calculated by
taking peak width at 5% peak height. (See Figure 15). These two approaches are
used to calculate resolution in magnetic sector instrument. The other approach is
the full width at half maximum (FWHM) which is used to calculate Ams, for
quadrupole MS, FT-ICR MS and TOF MS.""" FWHM definition can be used to
calculate the resolving power for one peak as m/4Amsy, shown in Figure 16. Or R

(FWHM) can be calculated for two peaks of equal heights as m,/m,-m,.""

10% Valley definition 5% Peak height
100%
10% 505
m m
Am Am

Figure 15 10% valley resolution definition for two peaks with equal magnitude

and width. 5% valley resolution definition is shown.
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Figure 16 Peak width at half maximum FWHM definition.

Resolution depends on the type of the mass analyser. In ion trap and
quadrupole mass analysers resolution is defined as unit mass resolution (usually
m/z 0.5).

In TOF instrument the mass resolving power of the mass spectrometer is

constant.

Equation 9

m t Letr

Rrwnm = = =~
Am 2At 207

Where m = mass, t = flight time of the ion, Am and At = peak widths, L =
effective length of the TOF analyser, AZ = ion’s packet thickness.The number 2 in
R time definition is reducing resolution and it is derived from the square root
dependence of the flight time on mass.'"? For quantification, resolution becomes
important as insufficient mass resolution produces false negative or false

positive.

However, for FT-ICR MS instrument the relationship between cyclotron frequency

(we) and the magnetic field (b) is shown below: (See Figure 17)

Equation 10
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Where q is the ionic charge, b is the magnetic field and m is the ionic mass. From
the equation mass is inversely proportional to frequency, thus at higher m/z a
decrease in mass resolution is observed which is one of the limitation of FT-ICR
MS. (See Figure 17).

1,000,000,000

10,000,000
— 94T
m/BAmgg, -
—_— 7T
100,000
3T
1,000
1 10 100 1,000 10,000
m/z

Figure 17 Resolution (R) as a function of m/z for different magnets. T,,=1 s
(Adapted)®e.

The angular frequency (w) in rad/s is calculated from as

Equation 11

N =

&
w = |\—
m
Where m is the ion mass and q its charge. The frequency (w) is the axial

oscillation of ions that is only dependent on the m/z value of ions.%

The resolving power can be calculated as m/Amsy, Or as w/A wse, the full width of
the ion peak at half maximum peak height (FWHM). Because of Equation 11the

resolving power is multiplied by 2.
Equation 12

w m
=2
W50 Mg,

The resolving power for the Orbitrap is decreased as the square root of m/z. It

can be calculated from the equation below:
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Equation 13

e ()
Amsgey,  2Awsggy, \M
The harmonic axial frequency (w) of ions in the Orbitrap in Equation 11 is
inversely proportional to (m/q)'/2. Where as in the FT-ICR MS the cyclotron
frequency (w.) in Equation 10 is inversely proportional to (m/q). The drop in m/z
resolution at high m/z is less for Orbitrap compared to FT-ICR MS. E.g. The
Orbitrap with a mass resolving power of 100,000 at m/z 400 will outperform a 7
T FT-ICR MS at m/z 800 and 12 T FT-ICR MS at m/z 2500 respectively.'"* However,
experimental parameters for FT-ICR MS such as acquisition time and low m/z cut
off should be considered. For example, if the low m/z cut off is increased, the 7 T

FT-ICR will again outperform the Orbitrap at m/z 400.
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2.2.2 The need for ultra-high resolution and high mass accuracy mass

spectrometer for crude oil analysis

The advent of high resolution high mass accuracy mass spectrometers, such as
FT-ICR MS, has enabled crude oil analysis to be undertaken on the molecular
level. The high resolution is needed for resolving isobars that found in crude oil

sample.

Resolving isobars in crude oil sample is necessary for accurate elemental
composition assignment of the different heteroatom containing compounds.
High resolving power is example required for assignment of sulfur containing
compounds.* Table 7 shows common isobars encountered in crude oil sample.
Resolving these isobars requires high resolution high mass accuracy mass

spectrometer such as FT-ICR MS or Orbitrap-MS.

In petroleomics, the m/z value of an ion is often reported in Da as all the
observed ions in the mass spectrum are singly charged (z = 1). The charge state
of ions is defined from the use of isotopologue spacing. One m/z is observed
between the 2C and *C isotope of an ion for different classes of compounds in
crude oil mass spectrum acquired using different ionisation sources and
polarities such as positive ion ESI, negative ion ESI and positive ion and negative
ion APP] 8586115

The use of high resolution high mass accuracy mass spectrometer in crude oil
analysis has enabled mass spectrometrists to characterise crude oil sample. The
prediction of properties and behaviour of crude oil is aided with the previous
knowledge regarding the elemental composition of the crude oil sample.
Elemental composition assignment of crude oil sample is constrained to
hydrogen, carbon, nitrogen, oxygen and sulfur. This is because elemental
analysis of different crude oils confirmed that the presence of the previous
elements. Further, nickel, vanadium and iron are also present but in heavy

fraction at concentrations less than 300 ppm.’

Table 7 The required resolution to seperate common isobars in crude oil.

Mass difference (4m) Resolution (mVAm) x
Isobars .
mm/Z units 103
SH./C; 3.4 130
C,H./"CN 17 27
O/CH, 36.4 13
H..,/C 93.9 5

The elemental composition search algorithm for a measured m/z value in crude

43



Chapter 2 - Instrumentation

oil mass spectrum is constrained to certain set of elements (C.H.N,O,S,) and their
corresponding isotopes. Thus, m/z assignment of ions is aided by prior
knowledge of crude oil elemental composition and as well the use of homologous

series and DBE value information.

Further FT-ICR signal is usually displayed in the magnitude-mode, however
displaying the signal in the absorption mode improves both mass accuracy (two
fold) and mass resolution (40-100%). This has allowed to resolve two species with
approximately the mass of an electron (548 p mm/z units) using 9.4 T FT-ICR
MS.'6
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2.2.3 Mass calibration

External and internal mass calibration are used in petroleum analysis. External
calibration with known masses is undertaken as an experiment prior to running
the sample. An approximately £5 ppm mass accuracy can be obtained with this
method."” This mass accuracy is sufficient for determination of elemental
compositions of alkylation series across the mass range. This step is followed by
an internal calibration using the analysed sample where sub 1 ppm mass accuracy
can be obtained because all ions are under the influence of the same magnetic,
electric fields and space charge effect. This method is used in assigning the
elemental compositions of compounds to up to 400 Da with high confidence.
However, for compounds, bigger than 400 Da, the exploitation of other useful
information in the mass spectrum can be used to determine elemental formula
such as the spacing between compounds (differing by two hydrogens) and
alkylation series (Kendrick normalisation) can be used as well. This is carried out
by identifying series below m/z 400 depending on accurate mass measurements
with high degree of confidence as stated above and then the subsequent addition

of -CH, should be able to identify the homologous series at high m/z values.

In addition, an important factor to consider in internal or external calibration is
the peak shape and ion abundance of the different ions with known m/z values
that are used for mass calibration. External calibration of the instrument should
be undertaken with the ion abundance for the external calibration matching the
ion abundance of the analysed sample. This has significant effect on the mass

accuracy of the analysed sample.'"®

In crude oil analysis internal mass calibration is undertaken using a homologous
series that belong to a DBE of a certain class of compound. For example, in
positive ion ESI FT-ICR MS of crude oil-1 the N, class is the most abundant class in
the mass spectrum. Thus the N, homologous series with DBE value of 9 can be

used to internally calibrate crude oil-1 mass spectrum.
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2.2.4 Mass accuracy

A mass spectrometer that is capable of performing high mass accuracy
measurement is regarded to have mass accuracy measurement reported to the
fourth decimal place for m/z of an ion. The mass accuracy can be calculated by
subtracting the observed m/z from the theoretical m/z divided by the observed
m/z.""? The definition of exact mass for an element is different from the chemical
definition of weighted average of the isotopes of that element. The integer value
for the isotopic mass of an element is not an accurate representation of the mass
of that element as the strong nuclear forces that bind the atomic nucleus vary.
Thus, high resolution high mass accuracy mass spectrometer measures the m/z
values to the four decimal place relative to '?C which has an exact mass of
12.0000. Table 8 shows the theoretical exact masses of different monoisotopic

elements in which crude oil is composed of, C.H;N,O,S..

Table 8 Exact masses of elements found in crude oil and the

isotopic abundance of the most abundant naturally occurring

isotope.
Element Symbol Exact mass Abundance
Hydrogen 'H 1.0078 99.99
’H 2.0141 0.015
Carbon 12C 12.0000 98.90
3C 13.0033 1.10
Nitrogen “N 14.0031 99.63
"N 15.0001 0.37
Oxygen "0 15.9949 99.76
'*0 17.9991 0.20
Sulfur 2S 31.9721 95.02
S 33.9679 4.21

The exact mass for a molecule is calculated based on the combined monoisotopic
atomic masses. E.g. the monoisotopic exact mass for methane is equal to C
(12.0000) + H,(4.0312) =16.0313 Da.
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Assigning accurate mass in complex mixture analysis by FT-ICR MS is only
possible when method optimisation is applied to reduce the space-charge effects
within the ICR cell. (See Figure 18).

4 maximum absolute error — |

w

root mean square error
‘\‘_

Mass error (PPM)
[ ]

[y

1L

100,000 200,000 300,000 500,000 1,000,000

Automatic Gain Control (AGC)
= number of ions transfered to ICR cell

o]

Figure 18 The relationship between mass accuracy and the number of ions
inside the ICR cell.""® (Adapted)

Figure 18 shows that ion population at high density in the ICR cell affects mass
accuracy as a result of Coulombic repulsion between ions in the ICR cell. The
resulted error in the measurement of the mass accuracy of ions from space-
charge effects is considered a systematic error. This systematic error can result
between measurements of different mass spectra or within a mass spectrum
between measured ions with different m/z values. that can be resulted across
different acquired mass spectra or in the same mass spectrum between different
measured m/z values. The error in mass accuracy from space-charge effects is
minimised through maintaining approximately the same ion population in each

acquired mass spectrum.'®

Table 9 shows that assigning elemental composition for C, H, N, O, and S
depending solely on high mass accuracy is not sufficient even with 0.1 ppm mass
accuracy especially for compounds with molecular mass above 300 Da. The
elemental constrains are satto C=50,H=100,N=5,0 =5 and S = 3. However,
filtering the results with isotopic abundance improve elemental composition
assignment. For example, in positive ion APPI ST containing compounds are
ionised. The elemental composition assignment of the S1 class is improved when
S isotope assignment and abundance of 4.25% compared to %S is taken into

account.
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Table 9 Different sets of mass accuracies with the possible elemental composition
for each one. The inclusion of isotopic abundance filtering significantly reduces
the number of possibilities.

Without the contribution of isotope abundance (IA) 2% IA 5% IA
Molecular 10 ppm 5ppm 3 ppm 1 ppm 0.1 3ppm 5 ppm
mass ppm

(Da)

150 2 1 1 1 1 1 1
200 3 2 2 1 1 1 1
300 20 9 6 2 1 1 5
400 65 31 19 6 1 2 11
500 221 96 53 18 2 3 28
600 421 214 129 42 4 3 30
700 872 448 268 90 8 8 81
800 1637 810 499 167 16 11 93
900 2873 1427 871 288 27 15 163

2.2.5 Rings plus double bonds (DBE) and Z number

Both terminology, DBE and Z number, are used to express the hydrogen
deficiency of a compound. Mass spectrometrists prefer to use DBE while
petrochemists use Z number. These values are reported for the neutral form of

the observed ion.
The general formula is used to calculate both DBE and Z number.

DBE general formula = CH,N,O,S; is calculated by the nitrogen rule:™

Equation 14

DBE=c-h/2 + n/2+1

The conversion between DBE and Z number is calculated from the following

equation:

Equation 15

Z=-2(DBE) + n + 2
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Table 10 Double bond equivalents (DBE) example compounds

DBE O DBE 1 DBE 1
/\/\/ /\/\/
hexane hex-1-ene
Chemical Formula: C¢H, Chemical Formula: C¢H,,
cyclohexane

Chemical Formula: C¢H,,

DBE 2 DBE 3 DBE 4
cyclohexene cyclohexa-1,3-diene Chem l;e;nzenel o
Chemical Formula: C¢H,, Chemical Formula: CgHg emical Formuia: Lete

2.2.6 Kendrick mass and Kendrick plots

Crude oil mass spectrum analysed using high resolution and high mass
accuracy mass spectrometer contains thousands of ions. Crude oil as a sample is
considered to be one of the most complex organic mixture in nature. See Figure
19 as an example for crude oil mass spectrum acquired using positive ion ESI FT-
ICR MS. However, not all the compounds in crude oil sample are ionisable under
one ionisation technique. E.g. basic compounds such as pyridine containing
compounds are observed as protonated molecules in positive ion ESI and acidic
compounds such as naphthenic acids are observed in negative ion ESI.'?
Regardless of the ionisation source or the polarity switch that is being used any

crude oil mass spectrum contains repeated spacing across the m/z range.
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Figure 19 Positive ion ESI FT-ICR MS mass spectrum of Crude oil-2.
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Figure 20 A shows an expanded m/z range of the crude oil mass spectrum
shown in Figure 19. m/z 14 unit spacing in the mass spectrum is observed,
related to -CH, (exact mass of m/z 14.0157). Thus an alkyl series (homologous
series) is defined as ions having the same heteroatom content and the same DBE
value but differing only by the number of -CH, groups. Further, all elemental
composition assignments will be categorised according to three criteria:

heteroatom content, carbon number, and DBE.

In Figure 20 B another spacing is observed in the mass spectrum which
corresponds to the accurate mass of two hydrogen atoms. Therefore, these
spacings belong to the same class and carbon number but differ only in the
number of rings plus double bonds. The addition of ring or double bond lowers
the ion mass by 2.0157 m/z units and the addition of -CH, increases the ion

mass by 14.0157 m/z units.
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Figure 20 Positive ion ESI FT-ICR MS of crude oil-2 showing 14.0157 m/z unit
spacing and 2.0157 m/z unit spacing .
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Carbon-12 is defined as having an accurate mass of 12.0000 Da on the IUPAC
scale. The Kendrick scale converts the IUPAC mass of CH, 14.0157 Da to 14.000
Da.

The IUPAC mass of methylene (CH,) is converted to the Kendrick scale by using

the following equation:

Equation 16

Kendrick mass = IUPAC mass x (14/14.01565)

Kendrick mass facilitate the identification of the same class of compound, the
same heteroatom content, with the same number of rings plus double bonds but

with different degree of carbon number.'?

From the previous equation the IUPAC mass of -CH, at 14.0157 Da is converted
to 14.0000. Thus, the same heteroatom content and same DBE value have the

same Kendrick mass defect (KMD).

Equation 17

KMD = (Nominal mass—Kendrick mass) x 1000

Abbreviation is commonly used to express compound classes and DBE. The
10, abbreviation would refer to the O, class of compounds and rings plus double
bonds equal to 1. Therefore, a saturated fatty acid such as pentadecanoic
(CysH50,0,), hexadecanoic (Ci4H;,0,) and heptadecanoic acid (C,,H;,0,) would be
classified as 10,, and the conversion of IUPAC -CH, of the saturated fatty acids to
Kendrick mass normalises the values of the series to give identical Kendrick mass
defect (KMD). These results are plotted as KMD versus nominal Kendrick mass
where equally distant dots differing by 14 Da are displayed horizontally where it
indicates the successive increase in the number of -CH,. KMD is displayed
vertically where different KMDs are equally distant reflecting the increase of
numbers of rings plus double bonds. Different classes of compounds as well have
different KMDs where this can be exploited to plot different classes in a single

Kendrick plot.
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Figure 21 Schematic of a Kendrick plot for x class of compound, the increase
in DBE is displayed vertically and each additional -CH, is displayed

horizontally.

The Kendrick plot shown in Figure 21 is useful for identification of a
homologous series for a class of compound over a particular m/z range. At low
m/z value (up to 400 m/z units) the elemental formula can be assigned
unambiguously depending on accurate mass measurements. Then subsequent
unambiguous assignment of elemental formula at high m/z (going horizontally
through the data points) for the same KMD is conducted through the use of
Kendrick plot. This process of m/z assignment aided by the use of Kendrick plot
at high m/z cannot be provided with high confidence if the process was only
dependant on accurate mass measurement.'? Therefore, the use of Kendrick
mass normalisation allows for approximately a threefold increase in the mass

limit for unique elemental composition assignment.

The level of information provided by the different ions in a crude oil mass
spectrum can be sorted according to class, type (DBE or KDM) and carbon number
(homologous series). Therefore, three levels of information are obtained from a
crude oil mass spectrum. Bottom left plot A in Figure 22 shows that different
classes of compounds are plotted on the x-axis where the normalisation on the y-
axis is performed by summing the abundance of a certain class divided by the
sum of all identified peaks in the mass spectrum. In Figure 22 plot (A) any class

that has a relative abundance less than 1% is not shown. The N, class is the most
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abundant class relative to other classes of compounds such as NS or NO that are
present in positive ion ESI FT-ICR MS of crude oil-2 mass spectrum. The plot (B) in
Figure 22 shows that N, class has a range of different DBE values from 4 up to
approximately 25. The most abundant DBE value for crude oil-2 N, class is DBE 9.
Further, an additional level if information is observed which is the carbon number
distribution for N, at DBE 7 (see Figure 22 plot C). The type (DBE) and carbon

number are scaled to the abundance of the highest member.

It should be noted that when the N1 class is mentioned is referred to the
protonated species of the N1 class. While if the N1-R is mentioned it refers to N1

radical ion class.
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Figure 22 Class distribution plot for different classes of compounds from positive
ion ESI FT-ICR MS data of crude oil-2 is shown in A. The B plot
represents the DBE distribution of the N, class. The A plot represents

the carbon number distribution of the N, class with DBE 7.
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2.2.7 PetroOrg™

PetroOrgis a software developed at the Florida State University in collaboration
with Future Fuels Institute and the National High Magnetic Field laboratory.'® In
the field of crude oil analysis development of instrumentations in terms of
resolution has exceeded the much needed development of data interpretation
software packages. PetroOrg is a commercial software that is used to facilitate
the data interoperation of crude oil mass spectra. A text file containing the m/z
values and ion intensities is loaded into the software. Then, the software
calibrates the data based on a selected ion series in the crude oil mass spectrum.
This previous step is followed by automatically assigning the elemental formulae
of the different m/z values and sort these assigned elemental formulae according
to heteroatom class, DBE value and carbon number. The software is capable of
visualising the data according to the three different levels of chemical information
that was discussed in Figure 22. Further, different plots can be generated such as
DBE versus carbon number plot for a certain class of compound with the intensity
of the ion is colour coded (red being the most intense ion). However, checking
the raw data is still essential at this stage of the software development as mis-
assignment by the software can result in false characterisation of a certain class

of compound.
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Figure 23 DBE versus carbon number plot is shown for the N1 class present in the
positive ion ESI FT-ICR MS of crude oil-2.
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Chapter 3: Experimental details

3.1 Samples and chemicals

Three crude oils were investigated. (See Table 11). LC-MS grade methanol, HPLC
grade toluene, reagent grade formic acid and ammonium hydroxide were
purchased from Fisher Scientific (Loughborough, UK). Methanol and toluene were
used for diluting the crude oil samples. Formic acid and ammonium hydroxide
were used as ionisation enhancing additives in positive and negative ion ESI
respectively. Formic acid salt (sodium formate) has a purity of > 99.0% and was

purchased from Sigma Aldrich (Gillingham, UK).

Table 11 Crude oil samples

Given name Source

Crude oil-1 BP Pangbourne Technology
Centre, Pangbourne, UK

Crude oil-2 BP Pangbourne Technology
Centre, Pangbourne, UK

Crude oil-3 NIST crude oil
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3.2 Calibration solutions

FT-ICR MS:

FT-ICR MS was externally calibrated in positive and negative ion ESI with 5 pg/mL
sodium formate solution in methanol, where sub 2 ppm mass accuracy was
obtained for m/z 150 to 800. Agilent APCI tune mix was used (without dilution)
for positive ion APPI FT-ICR MS calibration.

Orbitrap MS:

Orbitrap Q Exactive™ Plus (Thermo, MA, USA) was used for crude oil analysis in
positive and negative ion ESI. Pierce™ LTQ Velos ESI Positive lon Calibration
Solution and Pierce™ Negative lon Calibration Solution were used to calibrate the

Orbitrap in positive and negative ion ESI respectively.

3.3 Sample preparation

3.3.1 Positive ion electrospray ionisation

Stock solutions of 10 mg/mL in toluene were prepared based on the mass of the
original weighted crude oil sample. Then for each crude oil (crude oil-1, 2 and 3)
dilutions solutions were prepared from the stock at 0.3 and 0.1 mg/mL in
toluene:methanol (t:m) ratios of 1:9, 3:7 and 6:4 with and without 0.1% formic
acid (FA).

3.3.2 Negative ion electrospray ionisation

10 mg/mL stock solutions of each crude oil sample were prepared in toluene
based on the mass of the original weighted crude oil samples. Then 6:4
toluene:methanol (t:m) dilution solutions from the stock of each crude oil (crude

oil-1, 2 and 3) were prepared at 0.3 mg/mL with 0.1% ammonium hydroxide.

3.3.3 Positive and negative ion atmospheric pressure photoionisation

10 mg/mL stock solutions of each crude oil sample were prepared in toluene
based on the mass of the original weighted crude oil samples. Then toluene

solutions of each crude oil (crude oil-1, 2 and 3) were prepared at 0.5 mg/mL.
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3.4 Fourier transform ion cyclotron resonance mass spectrometry

Mass spectra were acquired using a Bruker 4.7 T FT-ICR MS (Bruker Daltonics,
Billerica, MA). The superconducting magnet is actively shielded. Data acquisition
was undertaken using solariXcontrol version 1.5.0. and data processing was
using Bruker DataAnalysis and PetroOrg™. At the centre of the superconducting
magnet the ICR cell design is a cylindrical infinity cell. The infinity cell is
employed to avoid ion ejection in the z-direction while ions are excited by the

broadband radio frequency.'?

lons were accumulated externally to the ICR cell using a multipole and transferred
using an RF only hexapole to the cylindrical ICR cell.’?” The hexapole operated at a
frequency of 5 MHz and rf amplitude (peak to peak voltage) of 300 V,,.'?® After
ions transfer to the ICR cell through the ion optic region ions are trapped due to
the use of the trapping potentials and the magnetic field. This is followed by
broadband frequency-sweep excitation (chirp) of the trapped ions form m/z 100
to 1500.'® The excitation stage of ions is followed by image current detection
that resulted in 2 Mword time-domain data. 300 time-domain data were averaged
to increase ions signal intensity as small number of ions were transferred to the
ICR cell to minimise peak coalescence and space-charge effects.'*® The time-
domain signal was apodized which reduces peaks overlapping near the baseline
but at the expense of peak broadening at the peak width at half maximum peak
height. This was followed by zero filling, Fourier transform and magnitude mode
calculation. Mass spectra were generated by converting the frequency to m/z
using quadrupolar electric trapping potential approximation.®'” Table 12 list the
values of parameters that are used in the acquisition, accumulation, transfer and
analysis of ions in the FT-ICR MS.
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Table 12 List of parameters (except the ionisation source) are used in FT-ICR MS

Parameter Value Parameter Value Parameter

Acquisition Mass Control
Detection Broadband TD 2 M m/z range
Accumulation

Average 35 1300 Source 0.001 s lon
Spectra accumulation accumulation

lon cooling 0.001 s Time of flight 0.750 ms

Value

m/z 100
to 1500

0.050 s
or
indicated

lon transfer - source optics + for positive ion and - for negative ion

+220.0 V/- Deflector +/-200.0

Capillary exit 180 V plate Y Funnel 1
. +15V/-50 Funnel RF
Skimmer Vv amplitude 150 V,p
lon transfer - collision cell
+0.5V
Collison |2n5/4\r/0p§i/ DC extract pos. ion/- RF frequenc
voltage .' bias 0.6 V neg. 9 Y
neg. ion ion
Collision RF
amplitude 1600 Vy,
lon transfer - transfer optics and gas control
Tw_ne of 0.750 ms Frequency 4 MHz RF amplitude
flight
Gas control 40%
flow
Mass analyser
-15V pos. )
Transfer exit  jon/+15V Analyser ign\;ESOS\) Side kick
lens neg. ion entrance neg. ion
2V pos 0.950V
Side kick ion/pS V. Front trap pos. ion/ Back trap
offset ; plate -0.650 V plate
neg. ion neg. ion
Sweep
excitation 15%
power
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Fragmentation of the precursor ion can be undertaken either in the collision cell
as collision-induced dissociation experiment (CID) or inside the ICR cell as
sustained off-resonance irradiation (SORI) CID experiment. In CID experiments the
precursor ion is isolated using the quadrupole at isolation window to m/z > + 0.5
and it is indicated in the Figure legend. The CID experiment is undertaken in the
collision cell with argon as the collision gas at different collision energies
indicated in the Figure legend. Collision rf amplitude and rf frequency are 1600

V,, and 2 MHz respectively.

For SORI CID experiment, ions at a desired m/z can be isolated using the
qguadrupole or inside the ICR cell using an RF-sweep followed by single-frequency
excitation pulses. The isolated precursor ions are excited by a rf-field having a
frequency of 500 MHz below the ICR frequency of ions with SORI power at 1.2%
and pulse length at 0.15 s. Precursor ions collided with argon inside the ICR cell
at pressure reservoir of 10 mbar. Argon was introduced into the ICR cell via a
pulsed valve. The purpose of argon is to act as a neutral collision gas. Upon
collisions between ions and argon gas molecules the kinetic energy of ions is
converted into internal energy which results in bond breakage and fragmentation

of the precursor ion.

3.4.1 Positive and negative ion ESI FT-ICR MS conditions

Diluted crude oil samples were infused into the ionisation source using a Harvard
syringe infusion pump at a flow rate of 2 yL/min. Hamilton syringe (100 pL) was
used to infuse the diluted crude oil samples into the ionisation source. (See
section 3.3.1 and 3.3.2)

Positive and negative ion ESI conditions were the followings: the stainless steel
capillary is held at ground potential relative to the end-plate electrode at capillary
voltage - 4000 V for positive ion ESI and +4000 V for negative ion ESI. Nitrogen
(N,) was used as both a drying gas (temperature 200 °C, 4 L/min.) and nebulising

gas with pressure at 1.2 bar.

For the positive ion ESI mass spectra internal m/z calibration was applied using

the homologous series for DBE 9 of the N, class of compounds (See Table 13) .

For the negative ion ESI mass spectra internal m/z calibration was applied using

the homologous series for DBE 3 of the O, class of compounds (See Table 14).
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Table 13 List of ions that are used for internal m/z calibration in positive ion ESI

FT-ICR MS

Protonated |Theoretical| Protonated |Theoretical| Protonated |Theoretical

molecule m/z molecule m/z molecule m/z
[C.H N + H]* | 194.0965 | [C5;HiN + HI* | 432.3625 | [C,sHsN + H]* | 670.6286
[CisHisN + H]* | 208.1121 | [C;,H, N + H]* | 446.3782 | [C,HgN + H]* | 684.6442
CieHisN + H]* | 222.1278 | [C3sHi N + H]* | 460.3938 | [CsoHgN + H]* | 698.6599
C,H ;N +H] | 236.1434 | [C;,Hs,N + H]* | 474.4095 | [CsHeN + H]F | 712.6755
[CigHioN + H]* | 250.1591 | [C3HssN + H]* | 488.4251 [Cs;He;N + H]* | 726.6912
[CioH.N + H]* | 264.1747 | [CseHssN + H]* | 502.4408 | [Cs;HgN + HI* | 740.7068
[CoHisN + H]F | 278.1904 | [Cy,Hs,N + H]* | 516.4564 | [Cs,Ho N + H]* | 754.7225
[C,HsN + H]F | 292.2060 | [CsHsoN + H]* | 530.4721 [CssHosN + H]* | 768.7381
[C.HN + H]* | 306.2217 | [C3oHe N + H]* | 544.4877 | [CseHosN + H]* | 782.7538
[CosHooN + H]* | 320.2373 | [CyoHesN + HI* | 558.5034 | [Cs;Hy,N + H]* | 796.7694
[CoHs N + H]* | 334.2530 | [CyHegN + H]* | 572.5190 | [CssHooN + H]* | 810.7851
[CosHssN + H]* | 348.2686 | [C,,HeN + H]* | 586.5347 | [CsHioyN + H]* | 824.8007
[CosHssN + H]* | 362.2843 | [CisHeN + HI* | 600.5503 | [CeHisN + H]* | 838.8164
[C,;HN + H]* | 376.2999 | [C,,HAN + H]* | 614.5660 | [CsH\sN + H]* | 852.832
[CosHsoN + H]* | 390.3156 | [CisHsN + H]* | 628.5816 | [CeHioyN + H]* | 866.8477
[CooHuN + H]* | 404.3312 | [CiHsN + H]* | 642.5973 | [CesHiooN + H]* | 880.8633
[CsoHusN + H]* | 418.3469 | [C,,H,N + H]" | 656.6129 | [CeH, /N + H]* |894.87890
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Table 14 List of ions that are used for internal m/z calibration in negative ion ESI

FT-ICR MS
Deprotonated | Theoretical | Deprotonated | Theoretical| Deprotonated |Theoretical
molecule m/z molecule m/z molecule m/z
[CoH,O, - H] | 153.0921 | [C,5H,,0, - H] | 349.3112 | [C;,H,,0, - HI | 545.5303
[CioH:60, - H | 167.1078 | [C,4H.,0, - HI | 363.3269 | [C3H,,0, - HI | 559.5460
[C,iHsO, - H] | 181.1234 | [C;sH,6O, - H] | 377.3425 | [C3H,,0, - H] | 573.5616
[Ci,H,00, - HI'| 195.1391 | [C6H.O, - HI | 391.3582 | [C,H7O, - Hl | 587.5773
[CisH,,0, - H] | 209.1547 | [C;;Hs,0, - H] | 405.3738 | [C,H/;0,-H] | 601.5929
[Ci,H,.0, - H]'| 223.1704 | [CyHs,0, - HI' | 419.3895 | [C,,Hs0, - HI | 615.6086
[CisH0, - H] | 237.1860 | [C,oHs,0, - H] | 433.4051 | [Ci3Hg,0, - HI | 629.6242
[Ci6H20, - H] | 251.2017 | [C3HscO,- H] | 447.4208 | [C,He0, - HI | 643.6399
[Ci/H50, - H] | 265.2173 | [C5,Hss0, - H] | 461.4364 | [C,sHg0, - Hl | 657.6555
[CigH5,0, - HI | 279.2330 | [C5,HeO, - H] | 475.4521 | [CeHgO, - HI | 671.6712
[CioH3.0; - H] | 293.2486 | [C33He,0, - HI | 489.4677 | [C4HsO, - H | 685.6868
[C,oH360, - H]'| 307.2643 | [C3,He,O, - HI | 503.4834 | [C,H,,0, - HI | 699.7025
[C;1H360, - HI | 321.2799 | [CssHeeO, - HI | 517.4990 | [CyHoO, - HI | 713.7181
[C,,H.00, - HI | 335.2956 | [C36HesO, - HI | 531.5147 | [CsoHoO, - HI | 727.7338
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3.4.2 Positive ion APPI FT-ICR MS conditions

Diluted crude oil samples were infused into the ionisation source using a Harvard
syringe infusion pump at a flow rate of 5 pL/min. Hamilton syringe (100 pL) was
used to infuse the diluted crude oil samples into the ionisation source. (See
section 3.3.3). Crude oil-1, 2 and 3 were analysed using positive ion APPI FT-ICR
MS. (See Table 15 for positive ion APPI conditions).

Table 15 Positive ion APPI-FT-ICR MS conditions.

Parameter Value
Capillary voltage -1000 V

N.- drying gas temperature 200 °C
N, - drying gas flow rate 3 L/min
N, - nebulising gas pressure 2.5 bar
Vaporiser temperature 370 °C

In positive ion APPI internal m/z calibration was applied using the homologous

series for DBE 9 of the HC class of compounds. (See Table 16).

Table 16 List of ions that are used for internal m/z calibration in positive ion APPI

FT-ICR MS
Radical cation Theoretical Radical Theoretical Radical cation Theoretical
m/z cation m/z m/z
CaeHs6™ 348.2823 CssHs™ 474.4231 CaHoo* 600.5640
Cy/Hss™ 362.2979 CieHse™ 488.4388 CusHou™ 614.5796
CasHao™ 376.3136 CsHse™ 502.4544 CusHze™ 628.5953
CyoH.o" 390.3292 CisHeo™ 516.4701 CiHzs™ 642.6109
CsoHa™ 404.3449 CsoHe," 530.4857 CisHgo™ 656.6266
CiHye™ 418.3605 CaoHes™ 544.5014 CuoHe™ 670.6422
CiHus™ 432.3762 CaHee™ 558.5170 CsoHss™ 684.6579
CssHso™ 446.3918 CaioHes™ 572.5327 CsiHge™ 698.6736
CsHs 460.4075 CysHyo™ 586.5483 CsHgs™ 712.6892
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3.5 The Orbitrap

Orbitrap Q Exactive Plus mass spectrometer (Thermo, MA, USA), operated in
negative ion and positive ion ESI-MS (ESI-MS/MS) or +/-APPI-MS. The mass
spectrometer instrumental parameters were: AGC target 1e6 and m/z range is
mentioned below for each ionisation technique. For all experiments (MS or MSMS)

the analysis time was for 0.5 min for each analysis.

3.5.1 Positive and negative ion ESI conditions

Diluted crude oil samples were infused into the ionisation source using
Unimetrics syringe at a flow rate of 10 yL/min. (See section 3.3.1 and 3.3.2 for
sample preparation in positive and negative ion ESI respectively ). Scan range of
the mass spectrometer was from m/z 100-1000. Positive and negative ion ESI

operating parameters are listed in Table 17.

Table 17 Positive and negative ion ESI conditions.

Parameter Value
Spray voltage +ESI 4000 V
-ESI 3000 V
Capillary temperature +ESI 300 °C
-ESI 350 °C
Sheath gas flow rate +/-ESI 10
Auxiliary gas heater temperature -/+ ESI 50 °C
S-lens rf -/+ ESI 60

For tandem MS experiments the isolation of the precursor ion was undertaken
using the segmented quadrupole with an isolation window of + 0.2 m/z units.
The fragmentation of the precursor ion was undertaken in the higher-energy
collisional dissociation (HCD) cell at different collision energies and the fragment
ions were transferred back to the c trap followed by injection into the Orbitrap.
The parameters regarding the collision energy value and the selected precursor
ion are shown in the Figure legend of tandem mass spectra in the results and

discussion section.
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3.5.2 Positive and negative ion APPI conditions

Diluted crude oil samples were infused into the ionisation source using
Unimetrics syringe at a flow rate of 100 pL/min. (See section 3.3.3 for sample
preparation in positive and negative ion APPI). Scan range of the mass
spectrometer was from m/z 175-1200. Positive and negative ion APPI parameters
values are listed in Table 18).

Table 18 Positive and negative ion APPI conditions.

Parameter Value
Spray voltage +/- APPI1 0.7 V
Capillary temperature +/- APPI 270 °C
Sheath gas flow rate +/- APPI 50
Auxiliary gas flow rate +/- APPI 35
Auxiliary temperature +/- APPI 400 °C
S-lens rf +/- APPI 90
Vaporiser temperature +APPI 400 °C
-APPI 360 °C
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Chapter 4: Characterisation of polar and non-polar molecules in crude
oils
4.1 Positive ion ESI FT-ICR MS analysis of nitrogen containing compounds

in crude oils

The world’s light sweet crude oil reserve is being depleted.' The alternative to this
is the heavy crude oils with higher amounts of heteroatom containing
compounds. Nitrogen containing compounds in crude oil can cause variety of
different problems such as catalyst deactivation by forming a layer of coke on the
catalyst surface.’"'32 Zhan and co-workers proved that electrospray ionisation can
be used to analyse fossil fuels samples such as crude oil, jet fuel and gasoline.>?
Thus, polar molecules in various hydrocarbon matrices are ionisable under ESI
conditions. However, Zhan et al. used a triple quadrupole mass analyser which is
unable to resolve isobaric ions, commonly found in crude oil sample. Further,
triple quadrupole mass spectrometer cannot provide accurate mass

measurements.

Miyabayashi and co-workers used positive ion ESI FT-ICR MS (7 T magnet) for the
analysis of an Arabian mix vacuum residue. The observed mass spectrum
contained predominantly even mass ions that were mis-assigned as hydrocarbon
radical cations rather than basic nitrogen protonated molecules.'** Direct analysis
of crude oil sample via flow injection analysis has the advantage of avoiding any
chemical modification of the sample such as oxidation of certain classes of
compounds. Thus, the analysis of crude oil samples using positive ion ESI FT-ICR
MS was conducted using flow injection analysis, without prior chromatographic

separation stage.

The aim is to apply positive ion ESI-MS to study the different compound classes
that are ionised in crude oils using this ionisation conditions. The upper m/z
range was up to m/z 1000 in crude oils mass spectra analysed using positive ion
ESI FT-ICR MS. The most abundant ions in the mass spectra of crude oil-1,2 and 3
were even mass ions. Figure 24 (A) shows a positive ion ESI FT-ICR mass spectrum
for crude oil-2. The expanded m/z region in Figure 24 (B) shows that even mass
ions are the most abundant ions. Close inspection of the entire mass spectrum of
crude oil-2 in Figure 24 (A) confirms that even mass ions are the most abundant

in the mass spectrum.
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In Table 19 even mass ions that are shown in Figure 24 (B) are assigned as singly
charged protonated molecules containing one nitrogen atom. Thus, their neutral
molecules have odd masses. The nitrogen rule states that molecules with odd
masses contain odd number of nitrogen atoms.'** It should be noted that nitrogen
containing compounds constitute a small percentage of the total crude oil.
However, these compounds are basic and therefore ionisable under ESI conditions
producing protonated molecules [M + H]*. The major constituent of crude oil is
straight and branched chain hydrocarbons, aromatics and thiophene containing
compounds. These compounds cannot be ionised using ESI as the ionisation

source.

In Table 19 five ions were assigned as protonated molecules containing one
nitrogen atom, taken from expanded m/z range in Figure 24 (B). These ions differ
only by two hydrogens from each other which is reflected in their corresponding
DBE values. This is why the DBE value is from 5.5 to 9.5, an increase of one DBE

for each ion represents either an addition of a double bond or a ring.
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Figure 24 0.3 mg/mL solution of crude oil-2 was dissolved in toluene:methanol
ratio of 6:4 with 0.1% formic acid was added to aid the ionisation. isCID
40 V. (A) is showing the entrire mass spectrum for crude oil-2 which
was acquired using flow injection analysis in positive ion ESI FT-ICR MS.
While (B) is expanded m/z of (A) showing different DBEs for the N,

class.
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Table 19 List of assigned protonated molecules containing one nitrogen atom of
the expanded m/z of Figure 24 (B).

Protonated Measured m/z
molecule
[C.iHN + H]* 342.3155
[C,.Hy;N + H]* 340.2999
[C,.H3sN + H]* 338.2843
[C,.H:N + H]* 336.2685
[C,.Hs N + H]* 334.2528

The different ions in the mass spectrum of crude oil-2, see Figure 24 (A), can be
grouped together according to heteroatom class, DBE and degree of alkylation.
Figure 25 shows the relative percentage contribution of all classes of compounds
that are present in crude oil-2. The most abundant class is N, followed by N,S,,

N,O, and O, class of compounds. The shown no hit are ions that could not be

DBE

5.5
6.5
7.5
8.5
9.5

assigned to any compound classes using PetroOrg™.
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Figure 25 Per cent relative abundance (%RA) is shown for the different compound
classes of crude oil-2. The N, class is the most abundant compared to
other compound classes. The data was plotted using PetroOrg™. m/z
values with their intensities were taken from crude oil-2 mass spectrum

analysed using positive ion ESI FT-ICR MS. (See Figure 24 A).

The most abundant classes of compounds, N, and N,S,, differ only by 3.4 mm/z
units which results from the substitution of C; with SH, requires high m/z
resolution to distinguish between the two isobaric m/z values. The expanded m/z
mass spectrum of Figure 24 (A) yellow highlighted region in Figure 26 shows that
different compound classes are present at the expanded m/z region such as N;,
N,O,, N,O, and N,S,. Two protonated molecules, N, and NS, class, that differ by
C,/SH,are [C,sH,;N + H]* and [C,,H,;NS + H]* respectively.
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Figure 26 Expanded m/z of positive ion ESI FT-ICR MS crude oil-2 mass spectrum
from Figure 24 (A) yellow highlighted m/z region. DBE versus carbon

number plot is shown for N, class and N;S, class of crude oil-2.

The second part of Figure 26 is DBE versus carbon number plots for N, and N;S,
class. Without a high resolution mass spectrometer correct assignment of N, and
N.S, class is not possible. The combination of resolution and correct m/z
assignments are essential for producing different plots using PetroOrg such as
the presented DBE versus carbon number plot for different compound classes. It
should be noted that the comparison of intensities between N1 and N1S1 would
be possible if the DBE plots used an absolute intensity scale, instead of

normalising to the most intense peak within a given class.
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Further, when the data is presented using PetroOrg™ the correct elemental
formulae assignment of ions can be confirmed by checking the isotope
fingerprint of crude oil. The observed odd mass ions in Figure 24 (B) is the
corresponding "*C isotope of the even mass ions (N, class). The exact m/z
difference between *C and *C is 1.003 m/z units at a '*C abundance of 1.1%.
Therefore, m/z elemental formulae assignments can be validated using these
isotopic m/z differences within a crude oil mass spectrum. A DBE versus carbon
number plot is shown for monoisotopic '?C N, class and the corresponding '*C N,
class in Figure 27.

il TS TR °C
35+ 354
30+ 30+
25+ 254
m 20+ m 204
154 154
104 104
54 5 -
0 LJ L L] L L] L L 0 L] L L] L) L L L
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Carbon Number Carbon Number

Figure 27 N, class '?C and '*C DBE versus carbon number plot for crude oil-2.

In addition, **S isotope fingerprint within a crude oil mass spectrum can be used
to aid in the assignment of sulfur containing compounds. The exact m/z

difference between S and S isotope is 1.9956 m/z units.
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4.1.1 Effect of sample solvent and additive on multimer formation and

signal intensity of the N, class in crude oil-1, 2 and 3

The first step of any analysis undertaken using the ESI source is the choice of a
suitable dilution solvent for the analysed sample. In crude oil analysis the most
common used dilution solvent is a mixture of toluene and methanol. This is
because toluene can dissolve all the different compounds in crude oil. However, if
the crude oil sample was dissolved in 100% toluene in positive ion ESI no ions can
be observed in the crude oil mass spectrum. Thus, methanol is added as it is first
miscible with toluene and second, the addition of methanol (MeOH) is essential
because it acts as a source of protons in positive ion ESI that is needed to form
protonated molecules [M + H]*. However, 100% toluene as a sample solvent for
crude oil analysis can be used in other ionisation techniques such as APPL.%* The
ratio at which methanol is added can vary among different laboratories around

the world and even within the same laboratory.

Comparing data among different laboratories becomes troublesome if the data
were acquired using either different dilution solvents or different ratios of
toluene:methanol. Hughey and co-workers were able to characterise 11,000
compositionally distinct components in crude oil using positive ion ESI FT-ICR MS
where crude oil was dissolved in toluene:methanol at a ratio of 3:7."** Within the
same laboratory Marshall and co-workers used a toluene:methanol ratio of 1:1 for
the positive ion ESI FT-ICR MS analysis of crude oil .>? Further in different
laboratory, Pakarinen and co-workers have used toluene:methanol ratio of 1.5:8.5
for positive ion ESI FT-ICR MS characterisation of Russian and North sea crude oils
and their distillation fractions.® Guricza and co-workers have also used a mixture
of 1:1:1 toluene:dichloromethane:chloroform to dissolve an asphaltene extract.
This was followed by further dilution in a mixture of acetonitrile and methanol for
positive ion ESI FT-ICR MS analysis ."’

This variation in the used sample solvent also extends to other ionisation
techniques such as APPI. Bae and co-workers have used 1:1 toluene:methanol
ratio as a sample solvent for the analysis of conventional crude oil at
concentration of 1 mg/mL using APPI 15 T FT-ICR MS."*® Sim and co-workers have
fractionated two different de-asphalted crude oil samples into 4 fractions using
reversed phase HPLC. The collected fractions were analysed using positive ion
APPI FT-ICR MS."* However, fractions corresponding to one sample were dissolved
in 100% toluene while the other sample was dissolved in 1:1 toluene:methanol.

Further, contribution of each compound class for collected fractions were
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compared between the two samples. The N, class was claimed to be higher in one
of the sample fraction that 1:1 toluene:methanol was used as a sample solvent
compared to the other sample fraction that only toluene was used as a sample
solvent. The possible reason for this variation in N, class relative abundance is
probably due to variation in the ionisation efficiency across different sample

solvent.

However, other ambient ionisation techniques such as direct analysis in real time
(DART) does not require sample dissolution into suitable solvent.' Crude oil in
its crude form can be directly analysed without the need for any sample
preparation. The DART ionisation source was successfully hyphenated to FT-ICR
MS for the analysis of complex organic mixtures such as de-asphalted crude oil

and bio-tar.'"

In this work, the effect of sample solvent composition and concentration will be
investigated through analysing three different crude oil samples in positive ion
ESI FT-ICR MS. Crude 0il-1,2 and 3 were analysed using positive ion ESI FT-ICR MS
via direct infusion analysis using 100 yL Hamilton syringe. Each crude oil sample
was analysed at two different concentrations, 0.1 and 0.3 mg/mL. For each
concentration, the crude oil sample was analysed using different
toluene:methanol ratio of 1:9, 3:7 and 6:4. Further, the effect of ionisation
enhancing additive such as formic acid was investigated for the different crude oil
samples at different toluene:methanol ratios at 0.1 and 0.3 mg/mL. 300 spectra
were averaged for each acquired crude oil-1, 2 and 3 mass spectra using positive
ion ESI FT-ICR MS.

Crude oil-1, 2 and 3 mass spectra were internally m/z calibrated using the
homologous series for DBE 9 of the N, class compounds. Then the data, m/z
values and their signal intensities, were imported to PetroOrg without further
calibration. N, DBE versus carbon number plots were generated from crude oil-1,
2 and 3 mass spectra in positive ion ESI FT-ICR MS using PetroOrg™. These plots
are used to compare the distribution of ion series (DBE versus carbon number)
across different types of crude oils, different sample solvent ratios,
concentrations and with and without the addition of ionisation enhancing
additive. The ion intensity in DBE versus carbon number plot is colour coded (red
being the most intense ion in a certain class of compounds). However, the colour
coding of DBE versus carbon number plot is assigned based on the most intense
ions within a certain assigned class. Thus, for example contaminants assigned as

N, will make the colour distribution in DBE versus carbon number plot according
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to the intensity of the contaminant. Further comparing ion intensity for
compounds in the same class across different types of crude oils, sample solvent
compositions, concentrations and with and without addition of formic acid is not
possible using DBE versus carbon number plot.

The comparison is undertaken by using the raw mass spectra data. This was
conducted by focusing on specific m/z to show differences in the ion intensity
across different crude oils samples, concentrations, sample solvents and the
addition of formic acid. The comparison was conducted using N, class as it is the
most abundant species in the positive ion ESI FT-ICR mass spectra for crude oil-1,
2 and 3.

0.1 mg/mL of crude oil-1 was analysed using positive ion ESI FT-ICR MS. Different
sample solvents were used at toluene:methanol ratios of 1:9, 3:7 and 6:4.
Addition of 0.1% formic acid, an ionisation enhancing additive, was added to the
three different solvent ratios was investigated. (See Figure 28 for the design of
the solvent composition experiment for 0.1 mg/mL crude oil-1. The same
experimental design applies to 0.3 mg/mL crude oil-1 and to crude oil-2 and 3).
Figure 29 shows DBE versus carbon number plots for the N, class of crude oil-1.
N, DBE versus carbon number plots for toluene:methanol ratios of 1:9, 3:7 and
6:4 show a DBE distribution from DBE 4 to approximately DBE 25. The same DBE
versus carbon number distribution plots for N, class is observed when 0.1%
formic acid is added to the different ratios of toluene:methanol. The possible
reason why 3:7 and 6:4 toluene:methanol N, plots have different colour
distribution compared to the remaining plots is probably due to the presence of
containment assigned as a compound of the N, class. At 0.1 mg/mL, Figure 29,
no multimer formation was observed in the DBE versus carbon number plots for
with and without the addition of formic acid for the different sample solvent

ratios.
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Figure 28 0.1 mg/mL crude oil-1 in different solvent ratios of toluene:methanol
(t:m).

Figure 30 shows an expanded m/z region at nominal m/z 404 of 6 mass spectra
for crude oil-1 analysed using positive ion ESI FT-ICR MS. Three ions are shown,
protonated molecules [C,,H, N + H]*, [C50H,oN + H]* and [C,;H35NS + H]*. The most
intense ion of these is [C,sH, N + H]*. This protonated molecule, is used to
visualise the changes in signal intensity across different sample solvent ratios
with and without the addition of 0.1% formic acid. The top three mass spectra in
Figure 30 are for crude oil-1 analysed at toluene:methanol ratio of 1:9, 3:7 and
6:4. The protonated molecule, [C,sH, N + H]*, has a higher signal intensity in the
mass spectrum that was acquired using toluene:methanol solvent ratio of 1:9
compared to toluene:methanol solvent ratio of 3:7 and 6:4. The decrease in the
signal intensity of [C,sH,; N + H]* is more significant at toluene:methanol solvent

ratio of 6:4 compared to 3:7.

This can be explained that the sample solvent at toluene:methanol ratio of 6:4
contains the least amount of protons in solution compared to toluene:methanol

ratio of 3:7 and 1:9 respectively.
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The source of protons in the sample solvent is originating from the methanol
content in the sample solvent. In positive ion ESI, protons in solution are needed
to protonate a basic site that is available in compounds of the N, class such as
the observed ion at m/z 404.332 with elemental formula of [C,H.,,N + H]* in

Figure 30.

0.1% formic acid was added to 0.1 mg/mL crude oil-1 at toluene:methanol solvent
ratio of 1:9, 3:7 and 6:4, shown in the bottom three mass spectra in Figure 30.
The addition of formic acid, a source of protons, should have an effect on
increasing the ionisation of basic nitrogen containing compounds in the crude oil-
1 such as the N, containing compounds. Figure 30 shows that the addition of
0.1% formic acid increases the ion intensity of [C,,H,;N + H]* compared to [C,H. N
+ H]*without formic acid addition of the top three mass spectra in Figure 30. This
increase in signal intensity when formic acid is added is attributed to ionising
more of [C,,H,,N + H]* at toluene:methanol ratio of 1:9, 3:7 and 6:4. However,
variations in the ion intensity of [C,,H,;N + H]* at toluene:methanol ratio of 1:9,
3:7 and 6:4 is observed even when formic acid is added. Signal intensity of
[CoH. N + H]*at toluene:methanol ratio of 1:9 with formic acid is significantly
greater compared to toluene:methanol ratio of 3:7 and 6:4. This means that the
addition of formic acid aided the ionisation of protonated molecule, [C,sH.,N +
H]*. However, this addition to the different toluene:methanol ratios showed that
differences in the ion intensity is still observed even when formic acid is added.
Figure 30 shows that the trend in ion intensity decrease of [C,sH,N + H]*followed
by the increase of toluene ratio in the sample solvent whether formic acid is
added or not. This shows that for crude oil-1 analysed at 0.1 mg/mL using
positive ion ESI FT-ICR MS the effect of sample solvent composition is regardless
of the additive addition,

It can be argued that [C,,H,;N + H]*is more soluble in this solvent composition of
toluene:methanol ratio of 1:9. However, [C,,H,;N + H]* has DBE value of 9.5 which
suggests that the core aromatic structure might be acridine [C,;H;N + H]* or other
isomers could be possible. Acridine is soluble in organic solvent such as

toluene.'* Further, [C,,H,;N + H]*has a long alky chain of -CH,(CH,),s which affects

the overall hydrophobicity of the molecule increasing its solubility in toluene.
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Figure 29 0.1 mg/mL solution of crude oil-1 was dissolved in toluene:methanol
(t:m) solvent ratio of 1:9, 3:7 and 6:4 with and without the addition of
0.1% formic acid (FA). Crude oil-1 was analysed using positive ion ESI
FT-ICR MS. DBE versus carbon number plot is shown for the N, class.

See appendix for mass spectra, Figure 113.
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Figure 30 Positive ion ESI FT-ICR MS of 0.1 mg/mL solution of crude oil-1 at
nominal m/z 404. The y-axis, intensity, is set at approximate value of
2 x 108(intens.) for all mass spectra. I: abbreviation represents signal

intensity. See appendix for mass spectra, Figure 113.

Previously, Figure 29 showed the N, class DBE versus carbon number plots
distribution for 0.1 mg/mL crude oil-1 at different sample solvent compositions.
The DBE value for the N, class was up to 25. No multimers were formed during
the electrospray ionisation process at 0.1 mg/mL for crude oil-1 at the different
sample solvent compositions with and without the addition of formic acid. Figure
31 shows the same analysis for crude oil-1 as Figure 29 but at higher
concentration, 0.3 mg/mL rather than 0.1 mg/mL respectively. The monomeric
distribution for the N, class DBE versus carbon number plots, up to DBE 25, for
0.3 mg/mL crude oil-1 in Figure 31 is the same as 0.1 mg/mL crude oil-1 in
Figure 29.
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The molecular weight of a compound does not change with concentration.
However, one of the caveats of using electrospray ionisation is the formation of
dimers or multimers in the gas phase ions, [2M + H]* and [xM + H]*respectively.
Multimers are formed above the critical concentration of multimer formation in
the ESI source. The ESI source is prone to form multimers as the ionisable
compounds are polar molecules which tend to non-covalently aggregate. The
formation of multimers in positive ion ESI FT-ICR MS of crude oil analysis hinders
the correct assignment of the monomeric distribution of DBE and carbon number
for a certain class of compound. lons aggregation are probably due to Coulombic

repulsion in the gas phase of the ESI source.

Figure 31 shows that multimer formation was observed in 0.3 mg/mL crude oil-1
N, DBE versus carbon number plot. These multimers are highlighted in red circle
in N, DBE versus carbon number plots at toluene:methanol ratio of 3:7 and 6:4.
However, these multimers are not observed in Figure 29 N, DBE versus carbon
number plots for 0.1 mg/mL crude oil-1. The molecular weight distribution does
not change with concentration which proves that these multimers are formed in
the gas phase as a result of increase in concentration. It should be noted that
these multimers are not aggregate of N1 as it would be shown as N2 class rather
than N1.Figure 31 shows that no multimers were formed for 0.3 mg/mL crude oil-
1 sample analysed using toluene:methanol ratio of 1:9 without the addition of
formic acid. However, in Figure 31 at the same concertation, 0.3 mg/mL for crude
oil-1, multimers were formed at toluene:methanol ratio of 3:7 and 6:4 without the
addition of formic acid. This suggests that multimer formation is not only
concentration driven but also solvent composition dependent. A high content of
methanol in the sample solvent, toluene:methanol ratio of 1:9, reduced multimer

formation which might be due to the acidity of methanol.

Further, if the hypothesis is correct the addition of an acid such as formic acid
should reduce multimer formation for 0.3 mg/mL crude oil-1 analysed with high
toluene content in the sample solvent. This is confirmed in Figure 31 where the
addition of 0.1% formic acid to sample analysed using toluene:methanol ratio of
3:7 and 6:4 reduced multimer formation. Figure 32 compares the signal intensity
of [C,sH, N + H]* across different sample solvent composition with and without the
addition of formic acid for 0.3 mg/mL crude oil-1. Figure 32 is similar to Figure
30 where [C,,H,; N + H]* ion intensity is the highest when toluene:methanol ratio
of 1:9 with 0.1% formic acid is used compared to other toluene:methanol ratios of
3:7 and 6:4.
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Figure 31 0.3 mg/mL solution of crude oil-1 was dissolved in toluene:methanol
(t:m) solvent ratio of 1:9, 3:7 and 6:4 with and without the addition of
0.1% formic acid (FA). Crude oil-1 was analysed using positive ion ESI
FT-ICR MS. DBE versus carbon number plot is shown for the N, class.

See appendix for mass spectra, Figure 114,
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Figure 32 Positive ion ESI FT-ICR MS of 0.3 mg/mL solution of crude oil-1 at
nominal m/z 404. The y-axis, intensity, is set at approximate value of
5 x 10°% (intens.) for all mass spectra. |: abbreviation represents signal

intensity. See appendix for mass spectra, Figure 114.

Crude oil-2, different in its content of heteroatoms containing compounds
compared to crude oil-1, was as well analysed using positive ion ESI FT-ICR MS. In
Figure 29 DBE versus carbon number plot for N, class for 0.1 mg/mL crude oil-1
analysed using different toluene:methanol ratios with and without the addition of
formic acid was shown. Similarly, Figure 33 shows the N, class DBE versus carbon

number plots for 0.1 mg/mL crude oil-2.

However, the main difference is that crude oil-1 in Figure 29 compared to crude
oil-2 showed no multimer formation at 0.1 mg/mL for the different
toluene:methanol ratios of 1:9, 3:7 and 6:4 with and without the addition of

formic acid. The observed multimers in N, class plots in Figure 33 is for 0.1
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mg/mL crude oil -2 at toluene:methanol ratio of 3:7 and 6:4 with DBE value > 25.
These multimers were not formed when the analysis was undertaken at

toluene:methanol ratio of 1:9.

The addition of 0.1% formic acid to 0.1 mg/mL crude oil-2 analysed with
toluene:methanol ratio of 3:7 and 6:4 resulted in multimers dissociation
compared to toluene:methanol ratios of 3:7 and 6:4 analysed without the
addition of formic acid. It should be noted that multimers formed at 0.3 mg/mL
for crude-1 in Figure 31 were not completely dissociated when formic acid was

added for toluene:methanol ratio of 3:7 and 6:4.

In comparison, 0.1 mg/mL crude oil-1 in Figure 29 showed no multimer
formation in N, class plots. But 0.1 mg/mL crude oil-2 N, class plots in Figure 33
showed multimer formation at toluene:methanol ratio of 3:7 and 6:4. This
suggests that crude oil-2 is more prone to form multimers which is reflected in its

different content of heteroatoms compared to crude oil-1.

Figure 34 shows an expanded m/z region for 0.1 mg/mL crude oil-2 mass spectra
analysed using positive ion ESI FT-ICR MS at different sample solvent
compositions. The effect of sample solvent compositions on the ionisation of m/z
404.333 with elemental formula of [C,;H,;N + H]* is illustrated. The ion intensity
for m/z 404.333 is the highest at toluene:methanol ratio of 1:9 with 0.1% formic
acid compared to the other used ratios. This observation of ion intensity increase
is in accordance with 0.1 and 0.3 mg/mL crude oil-1, shown in Figure 30 and
Figure 32 respectively. Figure 34 shows that the addition of formic acid to 0.1
mg/mL crude oil-2 at toluene:methanol ratio of 1:9. 3:7 and 6:4 did not result in
the same ion intensities despite the addition of the ionisation enhancing additive.
The reduction in signal intensity of [C,oH,;N + H]* at m/z 404.333 follows

according to the toluene:methanol ratio of 1:9 to 3:7 and to 6:4.

This reduction in ion intensity can be observed as well for other protonated
molecules in Figure 33. In the m/z expanded region in Figure 33 other
protonated molecules are observed, [C;,H,sN+H]* and [C,,H;;NS+H ]* with DBE 16.5
and 11.5 respectively. In Figure 33 the reduction in ion intensity when toluene
content is increased is observed for different DBEs of the N, class, DBE 9.5 for
[C,oH, N+H]* and DBE 16.5 for [C;,H,oN+H]*. Further, the decrease in ion intensity
is observed as well for the protonated molecule [C,,H;;NS + H ]* belonging to the

N,S, class.
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Figure 33 0.1 mg/mL solution of crude oil-2 was dissolved in toluene:methanol
(t:m) solvent ratio of 1:9, 3:7 and 6:4 with and without the addition of
0.1% formic acid (FA). Crude oil-2 was analysed using positive ion ESI
FT-ICR MS. DBE versus carbon number plot is shown for the N, class.

See appendix for mass spectra, Figure 115.
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Figure 34 Positive ion ESI FT-ICR MS of 0.1 mg/mL solution of crude oil-2 at
nominal m/z 404. The y-axis, intensity, is set at approximate value of
3 x 108(intens.) for all mass spectra. I: is an abbreviation for signal

intensity. See appendix for mass spectra, Figure 115.

The analysis of 0.3 mg/mL crude oil-2 using positive ion ESI FT-ICR MS at
different toluene:methanol ratios was undertaken. DBE versus carbon number
plots for the N, class are shown in Figure 35. Multimers were observed in N, plots
for 0.3 mg/mL crude oil-2 at toluene:methanol ratio of 1:9, 3:7 and 6:4 without
the addition of formic acid, highlighted using red circles. However, 0.1 mg/mL
crude oil-2 showed no multimer formation in N, DBE versus carbon number plot
at toluene:methanol ratio of 1:9 without the addition of formic acid. (See Figure
33). Thus, at 0.3 mg/mL crude oil-2 in Figure 35 multimers were observed in N,
DBE versus carbon number plot at toluene:methanol ratio of 1:9 without the
addition of formic acid. These multimers were not observed at 0.1 mg/mL crude

oil-2 in Figure 33 at the same toluene:methanol ratio of 1:9 without the addition
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of formic acid. This further proves that one of the factors of forming these

multimers is concentration driven.

When 0.1% formic acid was added to 0.3 mg/mL crude oil-2 multimers were
dissociated at toluene:methanol ratio of 1:9 and 3:7 and reduced at 6:4. (See
Figure 35). This could be explained that the formation of these multimers could
be due to the lack of protons in the sample solvent and/or hydrogen bonding
between molecules. Thus, two molecules are joined non-covalently to share a
proton. The addition of 0.1% formic acid, a source of protons, to 0.3 mg/mL
crude oil-2 analysed at toluene:methanol ratio of 1:9 and 3:7 dissociated these
multimers, observed in N, DBE versus carbon number plots. (See Figure 35).
However, in Figure 35 multimers formation were reduced for 0.3 mg/mL crude

oil-2 at toluene:methanol ratio of 6:4 when formic acid was added.

At 0.1 mg/mL crude oil-2 multimers were dissociated at toluene:methanol ratio of
6:4 when formic acid was added. (See Figure 33). But at 0.3 mg/mL crude oil-2
the formations of these multimers were reduced at toluene:methanol ratio of 6:4
when formic acid was added. (See Figure 35). This could be explained that in
Figure 35 at 0.3 mg/mL crude oil-2 toluene:methanol ratio of 6:4 more acid is
required to dissociate these multimers that was not required in Figure 33 at 0.1
mg/mL crude oil-2 toluene:methanol ratio of 6:4. This is because of the
concentration increase form 0.1 mg/mL to 0.3 mg/mL for crude oil-2. This
hypothesis is further proved that at 0.3 mg/mL crude oil-2 at toluene:methanol
ratio of 1:9 and 3:7 with formic acid multimers were dissociated because of the
higher content of methanol in the sample solvent compared to toluene:methanol
ratio of 6:4 with formic acid. Figure 36 is similar to Figure 34 but crude oil-2
mass spectra were analysed at 0.3 mg/mL instead of 0.1 mg/mL at different
sample solvent ratios of toluene:methanol. The expanded m/z region at m/z 404
shows three major protonated molecules. In Figure 36, [C,oH,;N+H]*at m/z
404.333 has the same trend in signal intensity at different sample solvent
composition compared to Figure 34 at 0.1 mg/mL crude oil-2 and crude oil-1 at
0.1 mg/mL in Figure 30 and 0.3 mg/mL in Figure 32. The trend is that the signal
intensity of m/z 404.333 is decreased when the toluene content is increased in
the sample solvent. Further, the addition of formic acid to toluene:methanol ratio
of 1:9, 3:7 and 6:4 aided the protonation of [C,,H,,N+H]".
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Figure 35 0.3 mg/mL solution of crude oil-2 was dissolved in toluene:methanol
(t:m) solvent ratio of 1:9, 3:7 and 6:4 with and without the addition of
0.1% formic acid (FA). Crude oil-2 was analysed using positive ion ESI
FT-ICR MS. DBE versus carbon number plot is shown for the N, class.

See appendix for mass spectra, Figure 116.
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Figure 36 Positive ion ESI FT-ICR MS of 0.3 mg/mL solution of crude oil-2 at
nominal m/z 404. The y-axis, intensity, is set at approximate value of
5 x 108 (intens.) for all mass spectra. | is for signal intensity. See

appendix for mass spectra, Figure 116.

0.1 and 0.3 mg/mL solutions of crude oil-3 were analysed using positive ion ESI
FT-ICR MS at different toluene:methanol ratios with and without the addition of
formic acid. N, DBE versus carbon number plots are shown in Figure 37 and
Figure 39 for 0.1 and 0.3 mg/mL respectively. Crude oil-3 is a light sour crude oil
which has a rich amount of light weight hydrocarbons and sulfur containing
compounds. In N, DBE versus carbon number plots of crude oil-3 no multimers
were formed at 0.1 mg/mL or 0.3 mg/mL in Figure 37 and Figure 39 respectively
for the different toluene:methanol ratios. This might indicate that this type of
crude oil, light and sour, is less prone to form multimers in the gas phase. The
other types of crude oils that were previously discussed showed multimer

formation at different concentrations in N, DBE versus carbon number plots.

91



Chapter 4 - Crude oil characterisation

Crude oil-1 showed no multimers at 0.1 mg/mL in Figure 29 N, DBE versus
carbon number plots at different toluene:methanol ratios. But multimers were
observed at 0.3 mg/mL for crude oil-1 in Figure 31 N, DBE versus carbon number
plots at toluene:methanol ratio of 3:7 and 6:4. Crude oil-2 multimers were
observed starting from 0.1 mg/mL in Figure 33 N, DBE versus carbon number
plots at toluene:methanol ratio of 3:7 and 6:4. In conclusion, multimers in N, DBE
versus carbon number plots were only observed for crude oil-1 and crude oil-2.
No multimers were observed for 0.1 mg/mL or 0.3 mg/mL crude oil-3 in N, DBE
versus carbon number plots at different toluene:methanol ratios. This suggest
that multimer formation is affected by the property of the analysed crude oil
sample. This information can be linked back to the physical properties of crude
oil as crude oil-1 and 2 are heavy crude oils whereas crude oil-3 is light and sour
crude oil. See Table 1 Crude oil classification according to American Petroleum
Institute gravity. Expanded m/z mass spectra comparison at m/z 404 was
undertaken for crude oil-3 at 0.1 mg/mL and 0.3 mg/mL in Figure 38 and Figure
40 respectively for the different toluene:methanol ratios with and without the
addition of formic acid. This same comparison of different expanded crude oils
mass spectra was undertaken for crude oil-1 at 0.1 mg/mL and 0.3 mg/mL in
Figure 30 and Figure 32 respectively. And as well was undertaken for crude oil-2
at 0.1 mg/mL and 0.3 mg/mL in Figure 34 and Figure 36 respectively. For crude
oil-1 and 2 the signal intensity of m/z 404.332 with elemental formula [C,;H,;N +
H]* is most intense at toluene:methanol ratio of 1:9 with the addition of 0.1%
formic acid. The signal intensity of m/z 404.332 is decreased with increasing the
toluene content in the sample solvent even with the addition of formic acid. Thus,
m/z 404.332 ion intensity is decreased from toluene:methanol ratios of 1:9 to
3:7 to 6:4. However, this trend in the ion signal intensity of m/z 404.332 that was
observed for crude oil-1 and 2 was not observed for crude oil-3. The ion intensity
of m/z 404.332 for 0.1 mg/mL and 0.3 mg/mL crude oil-3 in Figure 38 and
Figure 40 respectively did not decrease from toluene:methanol ratio of 1:9 to 3:7
with the addition of formic acid. However, the ion intensity of m/z 404.332 was
decreased at toluene:methanol ratio of 6:4 compared to 1:9 and 3:7 in Figure 38
and Figure 40. The data suggest that the effect of changing the sample solvent
composition of toluene:methanol ratios is not the same for all types of crude oils.
This further complicates the comparison among different types of crude oils. As
the data suggest that light and sour crude oil-3 is less affected by sample solvent
variations of toluene:methanol with the formic acid compared to crude oil-1 and
2.
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Figure 37 0.1 mg/mL solution of crude oil-3 was dissolved in toluene:methanol
(t:m) solvent ratio of 1:9, 3:7 and 6:4 with and without the addition of
0.1% formic acid (FA). Crude oil-3 was analysed using positive ion ESI
FT-ICR MS. DBE versus carbon number plot is shown for the N, class.

See appendix for mass spectra, Figure 117.
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Figure 38 Positive ion ESI FT-ICR MS of 0.1 mg/mL solution of crude oil-3 at

nominal m/z 404. The y-axis, intensity, is set at approximate value of

3 x 108(intens.) for all mass spectra. |: abbreviation represents signal

intensity. See appendix for mass spectra, Figure 117.
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Figure 39 0.3 mg/mL solution of crude oil-3 was dissolved in toluene:methanol
(t:m) solvent ratio of 1:9, 3:7 and 6:4 with and without the addition of
0.1% formic acid (FA). Crude oil-3 was analysed using positive ion ESI
FT-ICR MS. DBE versus carbon number plot is shown for the N, class.

See appendix for mass spectra, Figure 118.
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Figure 40 Positive ion ESI FT-ICR MS of 0.3 mg/mL solution of crude oil-3 at
nominal m/z 404. The y-axis, intensity, is set at approximate value of
4 x 10%(intens.) for all mass spectra. |: abbreviation represents signal

intensity. See appendix for mass spectra, Figure 118.
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4.1.2 Comparing N, combined ion intensities of crude oil-1, 2 and 3

Previously, the N, class for crude oil-1, 2 and 3 were compared using DBE versus
carbon number plots for the different toluene:methanol ratios with and without
the addition of 0.1% formic acid. These N, plots were used to compare the effect
of sample solvent composition and additive addition on multimer formation and
dissociation. However, to compare the effect of sample solvent composition and
addition of additive on ion intensity the crude oil mass spectra were used. An
expanded region of the crude oil mass spectrum at m/z 404 was viewed. m/z
404.332 with elemental formula of [C,,H,;N + H]* was used to compare the effect
of sample solvent composition and addition of formic acid on its ion intensity
across different types of crude oils. However, it can be argued that one ion at m/z
404.332 with elemental formula of [C,;H,,N + H]*, related to the N, class, cannot
be used to reliably assess the effect of sample solvent composition and additive

addition on the N, class as a whole.

Thus, in Figure 41 the ion intensities that are related to the N, class are combined
for 0.1 mg/mL crude oil-1, 2 and 3 at different toluene:methanol ratios of 1:9,
3:7 and 6:4 with the addition of 0.1 % formic acid. The analysis was undertaken in
triplicates and the error bars are shown. The triplicate, shown in Figure 41, are
resulted for measuring the same sample solution. Figure 41 shows only the data
that was acquired with the addition of 0.1% formic acid. This is because the
comparison in section 4.1.1 undertaken using m/z 404.332 confirmed that the
addition of formic acid aided the ionisation of m/z 404.332 in crude oil-1, 2 and
3 mass spectra using toluene:methanol ratios of 1:9, 3:7 and 6:4. Despite the
addition of formic acid m/z 404.332 ion intensity was reduced when the toluene
content was increased for crude oil-1 and 2. However the reduction in ion
intensity of m/z 404.332 was not observed for crude oil-3 when the toluene
content was increased from toluene:methanol ratio of 1:9 to 3:7. This showed
that the trend in ionisation response for m/z 404.332 in crude oil-3 is different
from crude oil-1 and 2. The aim of Figure 41 is to show that these differences in
ion intensities are not only observed for m/z 404.332 but as well for the N, class

as a whole across different toluene:methanol ratios.

In Figure 41 the N, class ion intensities for crude oil-2 (grey colour) is the highest
at toluene:methanol ratio of 1:9 with 0.1% formic acid. The combined ion
intensities for N, class is reduced when the toluene content is increased to
toluene:methanol ratio of 3:7 and 6:4 respectively with 0.1% formic acid. N, class

combined ion intensities of crude oil-1, black colour, is the highest at
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toluene:methanol ratio of 1:9 with 0.1% formic acid. The N, class ion intensities
for crude oil-1 is reduced at toluene:methanol ratios of 3:7 and 6:4 compared to
1:9. However the reduction that was observed for N, combined ion intensities for
crude oil-2 from toluene:methanol ratio of 3:7 to 6:4 was not observed for crude
oil-1. The N, class combined ion intensities for crude oil-3 in Figure 41, blue
colour, has the highest intensity at toluene:methanol ratio of 1:9 with 0.1% formic
acid. The reduction in N, class combined ion intensities when the toluene is
increased in the sample solvent is less for crude oil-3 compared to crude oil-1 and
2. Further a slight reduction in N, combined ion intensities is observed for crude
oil-3 when the toluene content in the sample solvent is increased from

toluene:methanol ratio of 3:7 to 6:4 with 0.1% formic acid.
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Figure 41 0.1 mg/mL solution of crude oil was analysed using positive ion ESI FT-
ICR MS. The N, class combined ion intensities at different

toluene:methanol (t:m) ratios is shown for crude oil-2, 1 and 3.

Comparing the N, combined intensities of crude oil-1, 2 and 3 can be undertaken
using Figure 41. Comparing crude oil-1, 2 and 3 N, combined ion intensities at
toluene:methanol ratio of 1:9 with 0.1% formic acid was first undertaken. The
highest N, combined ion intensities is for crude oil-2 then followed by crude oil-3
and 1. Thus, at toluene:methanol ratio of 1:9 the crude 0il-2 N, class combined
ion intensities is the most intense compared to the other crude oils. This was
most evident in crude oil-1 which has less than half of the N, combined ion

intensities compared to crude oil-2.
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The N, combined ion intensities in Figure 41 for crude oil-2 was significantly
decreased from toluene:methanol ratio of 1:9 to 3:7 with 0.1% formic acid.
However, the decrease in the N, class combined ion intensities for crude oil-3 at
toluene:methanol ratio of 3:7 from 1:9 was not as significant as the decrease for
crude oil-2. This has resulted that at toluene:methanol ratio of 3:7 the combined
ion intensities of the N, class of crude oil-3 is greater than crude oil-2. However,
at toluene:methanol ratio of 1:9 the reverse is true, crude oil-2 N, class combined
ion intensities is greater than crude oil-3. This is because the effect of toluene
increase in the sample solvent on the decrease of the N, class combined ion
intensities is more significant for crude oil-2 compared to crude oil-3. The data
presented in Figure 41 can be argued with two points; the first is that the N, class
combined ion intensities is decreased with increasing the toluene content in the
sample solvent for crude oil-1, 2 and 3; and the second is that the rate of

decrease in N, combined ion intensity is different for different types of crude oils.

In Figure 41 the comparison for different crude oils at toluene:methanol ratio of
6:4 with 0.1% formic acid was undertaken for 0.1 mg/mL crude oil-1, 2 and 3.
The first observation is that the N, class combined ion intensities for crude oil-2 is
further reduced at toluene:methanol ratio of 6:4 compared to toluene:methanol
ratio of 1:9 and 3:7 respectively. However, there is no decrease for the N, class
combined ion intensities for crude oil-1 when the toluene content is increased
from toluene:methanol ratio of 3:7 to 6:4. This has resulted in approximately
equal N, class combined ion intensities for crude oil-1 and 2 at toluene:methanol
ratio of 6:4. However, the comparison between crude oil-1 and 2 at
toluene:methanol ratio of 1:9 and 3:7 shows that N, class combined ion
intensities for crude oil-2 is greater than crude oil-1. Crude oil-3 N, class
combined ion intensities is decreased at toluene:methanol ratio of 6:4. The rate
of decrease in combined ion intensities of N, class when the toluene content is
increased in the sample solvent for crude oil-3 is significantly less compared to
crude oil-2.

The result shows that at toluene:methanol ratio of 6:4 crude oil-3 N, combined
ion intensities is greater than crude oil-2. This was true as well for
toluene:methanol ratio of 3:7. But at toluene:methanol ratio of 1:9 crude oil-2 N,

combined ion intensities is the most intense compared to crude oil-1 and 3.

In conclusion, crude oil-1, 2 and 3 were analysed using positive ion ESI FT-ICR MS.
The focus was on the N, class because it is the most abundant class for the crude

oils studied in positive ion ESI. Variations in the ionisation at different sample
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solvent composition of toluene:methanol ratios were first confirmed by observing
the change in the ion intensity of m/z 404.332 with elemental formula

[C,oH, N + H]* for crude oil-1, 2 and 3. (See Figure 30 and Figure 32 for crude oil-1,
Figure 34 and Figure 36 for crude oil-2, Figure 38 and Figure 40 for crude oil-3 in
section 4.1.1). The rate of change in ion intensity of m/z 404.332 was different
across different toluene:methanol ratios even with the addition of the ionisation
enhancing additive, 0.1% formic acid. Further, the ion intensity of m/z 404.332
was affected by different rates when the toluene content was increased in the
sample solvent in different crude oils. The decrease in ion intensity of m/z
404.332 was less for crude oil-3 compared to crude oil-1 and 2. Further, not only
[C,sH, N + H]* ion intensity was observed but all the ions that are assigned as N,
class in the mass spectrum were combined and compared for crude oil-1, 2 and
3. The data presented in Figure 41 confirmed the preliminary observation made
using m/z 404.332. It showed that the solvent composition that should be used
for the analysis and comparison of nitrogen containing compounds in different

crude oils is at toluene:methanol ratio of 1:9 with 0.1% formic acid.

According to Figure 41 crude oil-2 is the most affected by the variation of sample
solvent composition of toluene:methanol. It can be argued that at
toluene:methanol ratio of 1:9 with 0.1% formic acid the source of protons are
coming from methanol and the addition of formic acid. These protons are needed
to protonate a basic site such as the nitrogen containing compounds in crude oil-
2 analysed using positive ion ESI. Thus, the N, class combined ion intensities is
the most abundant at toluene:methanol ratio of 1:9 with 0.1% formic acid. The
increase in toluene content from toluene:methanol ratio of 1:9 to 6:4 with 0.1%
formic acid resulted in a decrease in the concentration of protons in the sample
solvent that are needed for protonation. This has resulted in the decrease of N,
class combined ion intensities of crude oil-2 at toluene:methanol ratio of 6:4 with
0.1% formic acid. Figure 36 shows that the ion intensity of m/z 404.332, [C,,H.,N
+ HJ*, in crude oil-2 is decreased at toluene:methanol ratio of 6:4 compared to 1:9
with 0.1% formic acid. It showed as well that the addition of 0.1% formic aided the
ionisation across different toluene:methanol ratios. According to the previous
discussion an increase in the formic acid concentration at toluene:methanol ratio
of 6:4 should increase the ion intensity of m/z 404.332. Figure 42 shows the
analysis of crude oil-2 at toluene:methanol ratio of 6:4 with 0.1%, 0.2% and 0.3%
formic acid. The data in Figure 42 shows that there is no increase in the ion
intensity of m/z 404.332 when the formic acid is increased from 0.1% to 0.2% and
0.3%.
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This suggests that the effect of the sample solvent composition on ion intensity

in positive ion ESI is regardless of the concentration of formic acid. The decrease

in the ionisation response of m/z 404.332 is either attributed to the increase of

toluene content or the decrease in methanol content in the sample solvent. This

further proves that the analysis in positive ion ESI for the crude oils studied

should be undertaken at toluene:methanol ratio of 1:9 with 0.1% formic acid. This

is because the ionisation response for nitrogen containing compounds, most

abundant ions in positive ion ESI, are most intense a toluene:methanol ratio of

1:9 with 0.1% formic acid.
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Figure 42 0.3 mg/mL solution of crude oil-2 in toluene:methanol ratio of 6:4

analysed using +ESI FT-ICR MS. m/z is expanded. lon intensity is 6 X
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4.1.3 Sample concentration and multimer formation

The effect of sample solvent composition, addition of formic acid and sample
concentration were previously illustrated in section 4.1.1 for crude oil-2.
Multimers observed in N, DBE versus carbon number plots for crude oil-2 are
affected by sample solvent composition, addition of formic acid and
concentration of crude oil-2. However, other heterogeneous multimers are formed
in the gas phase of the ESI source that are not affected by sample solvent
composition of toluene:methanol ratios. 0.1 and 0.3 mg/mL crude oil-2 were
analysed using positive ion ESI FT_ICR MS. Figure 43 and Figure 44 show crude
oil-2 mass spectra at 0.1 mg/mL and 0.3 mg/mL respectively analysed using
toluene:methanol ratios of 1:9, 3:7 and 6:4 with 0.1% formic acid. The mass
spectra in Figure 43 and Figure 44 show that there are two m/z distributions that
are observed. The multimer region is highlighted using red boxes. In Figure 43
and Figure 44 the m/z region from m/z 150 to approximately m/z 480 which is
not highlighted represent the monomeric distribution of the crude oil mass
spectra at different toluene:methanol ratios. This region is the most affected in
the variation of sample solvent composition of toluene:methanol ratios. This is
because this region contains predominantly ions that are related to the N, class.

(This issue was discussed in details in section 4.1.1).

The crude oil mass spectra that are shown in Figure 43 and Figure 44 for crude
oil-2 can be processed using PetroOrg for elemental formulae assignments. For
example 0.3 mg/mL crude oil-2 mass spectra in Figure 44 at toluene:methanol
ratio of 1:9 and 6:4 are processed using PetroOrg and shown in Figure 45. Not all
classes of compounds for crude oil-2 are shown in Figure 45. The N, class in
Figure 45 is shown in blue colour for crude oil-2 at toluene:methanol ratio of 1:9
and 6:4. The N, class signal intensity is reduced from approximately 7 x 10% to
1.5 x 108 from toluene:methanol ratio of 1:9 to 6:4 respectively. This further
confirms the observation made about crude oil-2 mass spectra in Figure 43 and
Figure 44. The multimer region that was identified using red boxes in crude oil-2
Figure 43 and Figure 44 were assigned as multimers containing one nitrogen,
oxygen and sulfur in its elemental formula. Figure 45 shows N,O,S, crude oil-2
multimers highlighted in red. Regardless of the used toluene:methanol ratio the
signal intensity of N,O,S, multimers in Figure 45 is at approximately 2 x 108 for

0.3 mg/mL crude oil -2.
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Figure 43 0.1 mg/mL solution of crude oil-2 analysed using positive ion ESI FT-
ICR MS with 0.1% formic acid. Intensity scale is at 5 x 108,
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Figure 44 0.3 mg/mL solution of crude oil-2 analysed using positive ion ESI FT-
ICR MS with 0.1% formic acid. Intensity scale is at 6 x 108,
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Figure 45 PetroOrg mass spectra for 0.3 mg/mL solution of crude oil-2 dissolved
in 6:4 t:m and 1:9 t:m analysed using positive ion ESI FT-ICR MS. 0.1%
formic acid was added. PetroOrg assigned N, class in blue and N,0,S,

class in red.

Multimers are non-covalently bound and their formation is dependent on the
sample concentration. Therefore, the introduction of a suitable in-source CID
voltage will dissociate multimers back to their monomeric species. Figure 45
showed that the assigned N,0,S, multimers intensities and formations are not
dependent on the sample solvent composition or toluene:methanol ratios. Thus,
Figure 46 shows only 0.3 mg/mL crude oil-2 mass spectra analysed using
toluene:methanol ratio of 6:4 with 0.1% formic acid. The analysis was undertaken
at in-source CID 0, 30 and 40 V. In Figure 46 multimers were observed when no
in-source was used in the top crude oil-2 mass spectrum. These multimers were
previously assigned as N,0,S,. An in-source CID at 30 and 40 V in the middle and
bottom crude oil-2 mass spectra in Figure 46 were introduced. At in-source CID
30 V the intensity of N,O,S, multimers were reduced via dissociation of these non-
covalently bound complexes. The dissociation of assigned N,0,S; multimers was
even further observed at higher in-source CID, 40 V. Another observation in
Figure 46 is that the use of in-source CID has resulted in a gain in signal intensity
of crude 0il-2 mass spectra for the non multimer region, predominantly N,
containing compounds. In Figure 46 when no in-source CID is used the intensity
is at approximately 1.5 x 10%. The intensity has increased to 3 x 10%and 5 x 108
for in-source CID 30 and 40 V respectively. N,O,S, multimers are heterogeneous
and can be resulted from the aggregation of N,S, class with O, class or O,S, class

with N, class.
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Figure 46 0.3 mg/mL solution of crude oil-2 in toluene:methanol ratio of 6:4 was
analysed using positive ion ESI FT-ICR MS. 0.1% formic acid was added. In-source
CID at 30 Vand 40 V.

In Figure 43 and Figure 44 multimers were observed for crude oil-2 at 0.1 and 0.3
mg/mL respectively. These multimers were assigned as N,0,S, and dissociated
using in-source CID in Figure 46. The use of in-source CID has proved that these
are non-covalently bound molecules. However, the assignment of these multimers
as N,0,S, needs further checking using the crude oil-2 mass spectrum. Therefore,
the use of isCID is needed because of the formation of multimers. Further, it is
critical that inter laboratory comparisons are undertaken with identical solvent

compositions and with source conditions that break up any possible multimers.

Figure 47 shows an expanded m/z region for 0.3 mg/mL crude oil-2 mass
spectra. The top mass spectrum in Figure 47 shows the analysis without the use
of in-source CID. m/z 496.3609 in top mass spectrum of Figure 47 has two
possible elemental formulae assignments, [C3,H,,NOS + H]* with 0.8 ppm error or
[C5sH4sNO + H]* with 5.9 ppm error. The difference in theoretical m/z between
[C;,H4,NOS + H]* and [C5sHisNO + H]* is 3.4 mm/z units which corresponds to a
common isobar found in crude oil. Thus, at high m/z if the two ions are present

there will be insufficient resolution to resolve them. The assignment of crude oil-
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2 multimers can be either N,0,S, or N,O, containing compounds. (See Figure 47

top and middle mass spectrum)
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Figure 47 0.3 mg/mL solution of crude oil-2 was analysed using positive ion ESI
FT-ICR MS at toluene:metanol ratio of 6:4 with 0.1% formic acid. The
mass spectrum is expanded at m/z 496. In-source CID were used at 30
Vand 40 V.

The analysis in the middle mass spectrum in Figure 47 was undertaken using in-
source CID at 30 V. The reduction in ion intensity from approximately 2.5 x 108
form/z 496.36 in top mass spectrum in Figure 47 to 1.5x 10%in the middle mass
spectrum is observed at in-source CID 30 V. This observed reduction in ion
intensity further proves that m/z 496.3609 in the top mass spectrum in Figure 47
is @ multimer. The use of in-source CID in the middle mass spectrum in Figure 47
has resulted in the decrease in the ion intensity of the multimer identified in the
top mass spectrum at m/z 496.3609. This reduction in ion intensity has revealed
two peaks in the middle mass spectrum, [C;,H,,NOS + H]* and [C;sH.sNO + HJ*, that
were not resolved in the top mass spectrum. Thus, the multimer at m/z 496.3609
in the top mass spectrum in Figure 47 could be assigned as [C;,H,,NOS + H]*or
[C5sHisNO + H]*. The analysis in the bottom mass spectrum of Figure 47 is
undertaken using in-source CID at 40 V.
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The multimer ion intensity of [C;,H,,NOS + H]*is further reduced from the middle
mass spectrum at in-source CID 30 V in Figure 47 to the bottom mass spectrum
at in-source CID 40 V. This suggests that the multimer elemental formula
assignment of m/z 496.3609 as [C;,H,,NOS + H]* and not as [C;;H,sNO + H]* in
Figure 47 top mass spectrum is correct. Figure 48 is similar to Figure 47 but the

expanded m/z region for crude oil-2 is at m/z 426 instead of m/z 496.
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Figure 48 0.3 mg/mL solution of crude oil-2 was analysed using positive ion ESI
FT-ICR MS at toluene:metanol ratio of 6:4 with 0.1% formic acid. The
mass spectrum is expanded at m/z 426. In-source CID were used at 30
V and 40 V.

The difference between ions in the expanded m/z 496 in Figure 47 and m/z 426
in Figure 48 is in the degree of alkylation, (-CH,);. Figure 48 top mass spectrum
shows that [C,,H;,NOS + H]* and [C;,H;sNO + H]* are resolved. However, ions that
are related to the same class and DBE but different degree of alkylation,
[C5,H4,NOS + H]* and [C5sH,sNO + HJ*, in Figure 47 top mass spectrum were not
resolved. N,O, and N,0,S, ions were resolved in Figure 48 top mass spectrum
which have the same class and DBE value as N,0, and N,O,S, in Figure 47. This is
because the resolving power of FT-ICR MS is more at m/z 426 in Figure 48
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compared to m/z 496 in Figure 47. Further, the ion intensity of the N,0,S,
multimer is reduced at m/z 426.2859 to approximately 6 x 107in Figure 48 top
mass spectrum compared to the N,0,S, multimer at m/z 496.3609 with intensity
at 2.5 x 108 in Figure 47 top mass spectrum. The discussion of Figure 47 and
Figure 48 suggest that multimers assignment for crude oil-2 as N,0;S, that were
made using PetroOrg in Figure 45 is correct. This extends to multimers identified
at 0.1 and 0.3 mg/mL crude oil-2 mass spectra at different toluene:methanol

ratios in Figure 43 and Figure 44 respectively.

Regardless of the use of in-source CID in Figure 48 at expanded m/z 426 N,O,S,
multimer and N,O, class ions were resolved. However, at higher m/z 496 the N,O,
class was not resolved from the N;0O,S, multimer in the top no in-source CID mass
spectrum in Figure 47. The use of in-source CID in Figure 47 middle and bottom
mass spectra reduced the N,0,S, multimer intensity and therefore N,0, was
resolved. Building on this the DBE versus carbon number plots for N,O, class or
N,O,S, multimers should have gaps in the assignments when no in-source CID is

used.

Figure 49 shows DBE versus carbon number plots for crude oil-2 N,0, and N,0O;S,
at in-source CID 0 and 40 V. Gaps, highlighted using black circles, in the
assignment of N,0,S; multimer and N,O, class are observed in their DBE versus
carbon number plots when no in-source CID is used. This is in accordance with
the discussion of Figure 47 top mass spectrum when no in-source CID is used. It
showed that at m/z 496 the N,O, class is not resolved from the N,0O,S, multimer.
However, N,0, was resolved from N,0,S, when in-source CID is used in Figure 47
middle and bottom crude oil-2 mass spectra. This is reflected in Figure 49 DBE
versus carbon number plots of N;O, and N,O,S, with in-source CID at 40 V. The
use of in-source CID at 40 V dissociated the N,0O,S, multimers and revealed the
N,O,S, class DBE versus carbon number distribution. This distribution is different
from the N,0,S, plot when no in-source CID is used. Further, no gaps were
observed in the assignment of the N,0, class DBE versus carbon number plot with
in-source CID at 40 V.
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Figure 49 DBE versus carbon number plots are shown for N,O, and N,O,S, at isCID
0 and 40 V. 0.1 mg/mL crude oil-2 was analysed using positive ion ESI FT-ICR MS

at toluene:methanol ratio of 1:9 with 0.1% formic acid.

N,O,S, multimers were observed for crude oil-2 at 0.1 and 0.3 mg/mL in Figure
43 and Figure 44 respectively. In Figure 43 and Figure 44 crude 0il-2 mass
spectra the N,O,S, multimer region was highlighted using red box. Figure 43 and
Figure 44 showed that the variation in the sample solvent composition of
toluene:methanol ratios did not affect the N,0,S, multimer formation. This was
the opposite for multimer observed in the N, DBE versus carbon number plots for
crude oil-2 at 0.1 mg and 0.3 mg/mL in Figure 33 and Figure 35 respectively. The
addition of formic acid and the analysis undertaken at toluene:methanol ratio of
1:9 resulted in dissociation of multimer observed in N, DBE versus carbon number
plots for crude oil-2. The formation of N,0,S, multimers are not dependent on the
sample solvent composition and these multimers were dissociated using in-
source CID at 40 V.
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The crude oil-2 N,0,S, multimers in Figure 43 and Figure 44 mass spectra suggest
that their formation depends solely on the concentration of crude oil-2. Thus,
reducing the concentration of crude oil-2 below the concentration required for
N,O,S, multimer formation can be used as an alternate method to the use of in-
source CID for multimer dissociation. Figure 50 shows crude oil-2 mass spectrum
analysed using positive ion ESI FT-ICR MS at 0.05 mg/mL. The N,0O,S, multimers
that were observed in Figure 43 and Figure 44 crude oil-2 mass spectra at 0.1 and
0.3 mg/mL respectively were not observed at 0.05 mg/mL crude oil-2 mass
spectrum in Figure 50. This is because at 0.05 mg/mL of crude oil-2 the
concentration is not enough to form non-covalently bound complexes. However,
the use of less concentrated crude oil sample has the disadvantage of reducing
the ion intensities of the monomeric ions in crude oil-2 mass spectrum. This can
be compensated through averaging more spectra to increase the signal-to-noise

ratio but at the expense of increasing the analysis time.

Intens. {
x107
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900 mz

Figure 50 0.05 mg/mL solution of crude oil-2 analysed using positive ion ESI FT-
ICR MS in toluene:methanol ratio of 6:4 t:m with 0.1% FA.
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4.2 Characterisation of HC and S, class in crude oil-1, 2 and 3 using
positive ion APPI FT-ICR MS

Polycyclic aromatic compounds (PACs) contain two or more benzenoid rings and
various functional groups. Polycyclic aromatic hydrocarbons (PAHs) *¢, also known
as polynuclear aromatic hydrocarbons or poly-aromatic hydrocarbons are subsets
of PACs. However, the difference is that PAHs contain two or fused benzenoid
rings but with no other elements than carbon and hydrogen.'** Thus, PACs are
considered as a broader group of compounds that include heterocyclic
compounds in which one or more of the carbon atoms in the PAH ring system is

replaced by nitrogen, oxygen or sulfur atoms.

Polycyclic aromatic hydrocarbons can be found in a variety of different
environmental samples such as coal, soil, water, and petrochemicals. PAHs are

found in crude oil in significant amounts, with some exceeding 2000 pg per kg.

The introduction of PAHs into the environment can be through incomplete
combustion such as forest fires and pyrolysis of fossil fuels.'** PAHs are formed
through the production of free radicals by pyrolysis at 500-800 °C of fuel

hydrocarbons in the reducing zone of flame with insufficient supply of oxygen.

PAHs can be formed as well by Diels-Alder reactions of alkenes to form cyclic
alkenes. Dehydrogenation of these cyclic alkenes leads to the formation of stable

aromatic compounds, leading to the formation of PAHs.'*

PAHs are considered to be neutral stable molecules. Their lipohilicity is high as
indicated by their high water-octanol partition coefficients (K,,). Hence solubility
of PAHs in water decreases with increasing molecular weight. In geological
environments PAHs exhibit prolonged half-lives. As mentioned earlier, most PAHs
originate from high temperature anthropogenic process and human activities.
Thus, these PAHs can be found in higher concentration in young shallow
sediments of lakes.'*® However, the PAH perylene is an exception where it has
been found in both marine and fresh water sediments. Perylene concentration in
surface sediment is low whereas its concentration in sediment tends to increase
with depth.’ Perylene can be used as a geochemical indicator as it resists
degradation and alteration. Perylene has been used as an indicator to reliably
identify the maturity of crude oil reserve by measuring the ratio of perylene to its
methylated derivatives.'*®
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PAHs are classified as persistent organic pollutants (POPs). The level of
persistence is increased with increasing ring number.'* These compounds are of
great concern to the environmental protection agency (EPA) due to their
carcinogenic and mutagenic properties. There are currently 16 PAHs, which are
monitored by the EPA in the environment. (See Figure 51). PAHs have been
analysed using different analytical methods including high performance liquid
chromatography (HPLC)'*'5°, supercritical fluid chromatography (SFC)'*', gas
chromatography (GC)'*? and HPLC hyphenated to dopant-assisted atmospheric-

pressure photoionisation mass spectrometry.'?
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Figure 51 Molecular structures for 16 PAHs, monitored by EPA."*

In this study the analysis of crude oils is undertaken using positive ion APPI FT-

ICR MS. If the analysis was undertaken using field desorption ionisation it can
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take few minutes. This is because the current applied to the FD emitter is slowly
increased to volatise and ionise molecules according to their boiling point. A
mass spectrum using APPI can be acquired in couple of seconds. Therefore,
signal averaging of hundreds of scans can be undertaken. In the positive ion APPI
FT-ICR MS analysis of crude oil-1 ,2 and 3 the signal of 200 scans were averaged.
High mass resolving power mass spectrometer is essential in the analysis of
crude oil mass spectrum acquired using positive ion APPI. This is because the
crude oil mass spectrum contains approximately five times the number of ions
compared to the compounds ionised by positive ion ESI crude oil mass spectrum.
Further, in positive ion APPI radical cations M** and protonated molecules [M + HJ*
are observed in the crude oil mass spectrum for the same molecule. This
complicates the mass spectrum and the need also to resolve *C M* from 2C [M +
H]*, differing by mm/z 4.5 units. (See Figure 52).

Commonly found nominal isobars in petroleum analysis are illustrated in Table
20. The need for high resolution is even more when the analysis is undertaken
using APPI as the ionisation source. For example, C,/"*CH,S has a difference of 1.1

mm/z units.

CysHs,Cr CH vs. 13C

.5 mm/z units
4.5 mm/.

\x[cngsz + HJ*

0.8

06+

021 [Cstﬁﬂsmg + HJ*
[CorHe, 0. + HI

Figure 52 Positive ion APPI FT-ICR MS of 0. 5 mg/mL solution of crude oil-3
dissolved in 100% toluene. Expanded m/z from 401.32 to 401.45.
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Table 20 Isobars observed when positive ion APPI is used for crude oil analysis.

Mass difference in mm/z

Minimum RP at m/z 400

units
C, &"CH.S 1.1 364,000*
C,H*S & NS"*C 2.8 143,000
H.S & C; 3.4 118,000
C, & CN 3.6 112,000*
C,N & *SH, 3.9 103,000*
CH & *C 4.5 89,000*
Hi:NS & C;"3C 4.7 86,000
BCH&N 8.1 50,000
C.H, & C, 8.9 45,000
N, & CO 11.2 36,000
CH, &N 12.6 32,000*
0,&S 17.8 23,000

*|sobars due to the presence of odd- and even-electron ions species.

Figure 53 shows crude oil-1, 2 and 3 mass spectra acquired using positive ion
APPI FT-ICR MS. The most abundant class observed in the crude 0il-1,2 and 3
mass spectra are radical cations of the HC-R class at even m/z values. The most
abundant odd m/z values in crude oil-1, 2 and 3 mass spectra correspond to the

13C of the HC-R class.
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Figure 53 Positive ion APPI FT-ICR MS of 0.5 mg/mL solutions of crude oils in

toluene.

There were no significant differences in the observed signal intensities for crude
oil-1, 2 and 3 mass spectra for hydrocarbon containing compounds, HC-R and
HC. This observation is extended to the HC-R and HC DBE versus carbon number
plots for crude oil-1, 2 and 3. (See Figure 54). The DBE distribution for crude oil-
1, 2 and 3 start from DBE 1 to approximately DBE 27. The protonated molecules
for the HC plots for crude oil-1, 2 and 3 show similar ion intensities distribution
within the HC class. However, the radical cations of HC-R class show slight
differences in ions intensities distribution for crude oil-1, 2 and 3 in their DBE

versus carbon number plots, regarding the most intense ions. (See Figure 54)
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Figure 54 HC-R and HC DBE versus carbon number plots for crude oil-1, 2 and 3
are shown. The analysis was undertaken using positive ion APPI FT-ICR
MS.

The second most abundant class observed in crude oil-1, 2 and 3 mass spectra in
Figure 53 are ions containing one sulfur in their structures. S,-R radical cations
and S, protonated molecules DBE versus carbon number plots are shown in Figure
55 for crude oil-1, 2 and 3. Sulfur in crude oil is probably present in a thiophene
containing compounds with a DBE value of 3 for a thiophene ring. Crude oil-1 and
2 show similar ions intensities distribution in their S, and S,-R DBE versus carbon
number plots. However, crude oil-3 S, class plot shows different DBE versus
carbon number distribution compared to S, of crude oil-1 and 2. The intensity
distribution is higher at lower DBE values for S, of crude oil-3. Further, this is

probably related to the type of crude oil-3, classified as a sour crude oil.
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Figure 55 S,-R and S, DBE versus carbon number plots for crude oil-1, 2 and 3 are

shown. The analysis was undertaken using positive ion APPI FT-ICR MS.

Hydrocarbon containing compounds and sulfur containing compounds are
ionised using atmospheric pressure photoionisation through direct photon
ionisation'** or proton transfer®®, Further compounds ionisable using APPI
include polar molecules. However, thiophene and hydrocarbon containing
compounds are not efficiently ionised using ESI. One possible method to ionise
sulfur using ESl is through derivatisation process. The process involves the
conversion of sulfur containing compounds in crude oil to sulfonium salts in
solution prior to ESI. The derivatisation is undertaken using a strong alkylating
reagent.’*'** However, the use of derivatisation step has only enabled the
ionisation of sulfur containing compounds but not hydrocarbon species in crude
oil. Another method for ionising sulfur containing compounds using ESI are
through spraying a PdCl, solution with diluted crude oil solution.'’. The sulfur
containing compounds are observed in the positive ion ESI mass spectrum as
molecular ions. The complexation process of sulfur heterocycles with Pd*?

depends on many parameters such as sample flow rate and sample to Pd*? ratio.

Other complexing reagents have been reported in the literature to improve the
ionisation efficiency for sulfur containing compounds in crude oil by ESI.

Complexation using silver was found to be the best.'*8'* Silver complexation with
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ESI as the ionisation source was applied to the analysis of alkenes, arenes and
polystyrenes.'®'®' Recently, silver trifluoromethanesulfonate has been used as
complexing reagent for the analysis of heavy crude oils using positive ion ESI FT-
ICR MS.'®? The cationisation process involves the reaction of silver cation Ag* with
n or o electrons that can be shared. Thus, aromatics of the HC class can be
ionised through the complexation with Ag*. Further nucleophilic atoms such as
sulfur can donate its lone pairs of electrons to form complexes with the silver
cation. This process is not as time consuming as using a strong alkylating

reagent for derivatisation.

In positive ion ESI the use of toluene:methanol ratio of 1:9 with 0.1% formic acid
for crude oil analysis showed a significant increase in ions intensities of nitrogen
containing compounds and reduced multimer formation compared with
toluene:methanol ratios of 3:7 and 6:4 with 0.1% formic acid. Further, sulfur and
hydrocarbon containing compounds were observed in positive ion ESI FT-ICR MS
crude oil mass spectrum using toluene:methanol ratio of 1:9 with 0.1% formic
acid. These compounds are not usually observed using ESI. One possible
explanation that the ionisation efficiencies of S, and HC compounds are increased
at toluene:methanol ratio of 1:9, in similar way to N,. Thus, the intensity of these
ions are above the noise level in the mass spectrum and their elemental formulae
can be assigned. Whereas at toluene:methanol ratios of 3:7 and 6:4 the ions
intensities of S, and HC compounds are at the noise level in their positive ion ESI
mass spectrum. Figure 56 shows expanded nominal m/z 303 for crude oil-3 mass
spectra. The analysis was undertaken in positive ion ESI FT-ICR MS using
toluene:methanol ratios of 1:9, 3:7 and 6:4 with 0.1% formic acid. Two
protonated molecules are observed in crude oil-3 mass spectrum analysed using
toluene:methanol ratio of 1:9 with 0.1% formic acid, [C,;H.s + H]* and [C,H3,S +
H]*. However, these protonated molecules are not observed in Figure 56 crude oil-
3 mass spectra that were analysed using toluene:methanol ratios of 3:7 and 6:4
with 0.1% formic acid. Further, the ion intensity of m/z 303.214 is significantly
reduced from toluene:methanol ratios of 1:9 to 3:7 with 0.1% formic acid.
Actually, at toluene:methanol ratio of 3:7 with 0.1% formic acid m/z 303.214 is
just above the noise level. This information is revealed by comparing the two
mass spectra, at toluene:methanol ratios of 1:9 and 3:7 with 0.1% formic acid.
(See Figure 56). This information will be missed If the mass spectrum was only
inspected at toluene:methanol ratio of 3:7 without comparing it to the mass

spectrum at toluene:methanol ratio of 1:9.
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This is because m/z 303.214 signal will be probably interpreted as part of the
noise level of crude oil-3 mass spectrum, acquired at toluene:methanol ratio of
3:7. This observation may support the earlier suggestion that S, class,
represented in this case by m/z 303.214, is ionised at toluene:methanol ratio of
3:7 and 6:4 but with at very low ionisation efficiency. However at
toluene:methanol ratio of 1:9 the ionisation efficiency is significantly increased
for S,, observed for m/z 303.214 in Figure 56. These observation made regarding
S, with m/z value of 303.214 might be applicable to the HC containing
compounds such as [C,;H,s + H]* at m/z 303.211 in Figure 56.
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Figure 56 0.1 mg/mL solution of crude oil-3 was analysed using positive ion ESI
FT-ICR MS using different toluene:methanol ratios with 0.1% formic

acid. m/z of crude oil-3 mass spectra are expanded at 303.
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Figure 57 shows HC and S, DBE versus carbon number plots for crude oil-3. Only
the most intense ions that were observed in the positive ion APPI HC class plot
were observed in the positive ion ESI HC plot. The same was observed for the S,
DBE versus carbon number plot where only the most ions are observed in the
positive ion ESI plot. This might be that average spectra at 300 is not enough to
detect all the ions of S, and HC class in positive ion ESI. Or S, and HC molecules

with higher carbon numbers and DBE values are either not ionisable or not

soluble in toluene:methanol ratio of 1:9.
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Figure 57 Crude oil-3 HC and S, DBE versus carbon number plots. The data were
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acquired using positive ion APPI and ESI FT-ICR MS.
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4.3 Characterisation of crude oils using negative ion ESI
and APPI

Most crude oils contain a small amount of polar molecules that cause variety of
production problems.?” Crude oil acids can cause liquid-phase corrosion at

elevated temperature between 220 and 400 °C.'* However, crude oil acids such
as naphthenic acids (NAs) can provide useful geochemical information about the
crude oil source rock and the degree of maturation of the crude oil.'s*'®> Further,

high amount of acids in crude oil might indicate biodegradation.'®5'68

The presence of NAs in crude oil is of concern to the crude oil refining industry
because of NAs induced corrosion in the refinery. NAs are defined as molecules
containing carboxylic acid functional group attached to the sidechain of a
saturated ring. The general formula for naphthenic acids (NAs) is C,H,,.,0, where
n is the number of carbon atoms and Z is a negative even integer representing
the hydrogen deficiency number.'22'%17° A further oxidation of NAs might be
referred to as oxy-naphthenic acids (ONAs) with the general formula of C H,,..O..
However, the term NAs might be used to refer to oxy-naphthenic acids (ONAs)
and even to other heteroatom containing molecules that are extractable in the
acid fraction of crude oil. In this work, classic naphthenic acids with the formula

C.H,..,O, are referred to as NAs. (See Figure 58)

Crude oil acidity is measured using the total acid number (TAN) method, i.e. the
milligrams of potassium hydroxide required to neutralise one gram of crude oil.
However, measurement of TAN cannot be reliably used as an indicator of NAs
induced corrosion. This is because crude oils with high TAN have shown similar
corrosiveness compared to crude oils with low TAN.* However, generally crude oil
with a TAN of more than 0.5 shows a high level of corrosion. Thus, a better
method of analysis is required to understand the relationship between corrosion
and naphthenic acids content in crude oils.

Canada has an unconventional source of crude oil, the Athabasca oil sand. It is
composed of water, sand, clay and bitumen. It is estimated that there are 174
billion barrels of extractable bitumen.'” The bitumen is extracted from the oil
sands using the Clark hot water extraction method. However, the extraction
process of bitumen is heavily dependent on the use of water, approximately three
barrels of water are required for each barrel of bitumen produced. The oil sands
process water (OSPW) is recycled before discharging into the tailing ponds. These

ponds are estimated to cover more than 170 km? in northern Alberta.'”? The main
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component of OSPW is naphthenic acids at approximately 100 mg/mL which are
toxic to the aquatic environment and can enter ground and river waters.'>'73174
The characterisation of naphthenic acids in OSPW and crude oils are required
because of corrosion and toxicity. This is because the current production rate of
bitumen from oil sands is at approximately 1.4 million barrels per day. The
problem of OSPW is further aggravated as the production of bitumen is expected
to be at 5-6 million barrels per day by year 2030.

Acyclic Z=0 CH,(CH,),.CO,H

Moncyclic Z=-2 H—/\‘— (CH),COH R —/\— (CH,),,COH

J (U
- 3 H H
Bicyclic Z=—4 %'_(CH;.MCOEH m
\(::H} CO,H

1_(cH,) COH ——(CH,),,CO.H

Tricyelic Z=-6

tCH )mCOH

Figure 58 Naphthenic acids (NAs) are complex mixtures of monocarboxylic acids
containing one or more alkyl-substituted alicyclic rings (naphthenes). Modification
of Figure 1 from Water Research, 2001, 35, pp. 2595-2606.

The advent of electrospray ionisation (ESI) was an important development in
the field of crude oil analysis as it was possible to ionise the most polar species in
crude oil, Zhan and Fenn.*? Negative ion electrospray ionisation can ionise the
most acidic species in the crude of which pyrrolic nitrogen and naphthenic acids
constitute a large part.""” Other ionisation techniques coupled to mass
spectrometry have been used to characterise organic acids such as fast atom
bombardment (FAB)'”*, chemical ionisation'’®, atmospheric pressure negative ion
chemical ionisation (APCI)'”® and negative ion atmospheric pressure
photoionisation (APPI)."*® Further, crude oils organic acids have been
characterised by variety of analytical techniques such as GCxGC'”?, GC-MS'7®'7 FT-
IR spectroscopy'®® and "*C NMR spectroscopy'®'.
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4.3.1 Comparison between crude oils N,, HC and S, classes analysed using
negative ion APPI Orbitrap MS

In negative ion atmospheric pressure photoionisation ions can be formed
through electron capture, charge exchange, proton transfer or substitution
reaction.®” Compounds that have gas phase acidity such as naphthenic acids form
mostly deprotonated molecules [M - H] through proton transfer. Negative
molecular ions M~ can be formed for compounds with positive electron affinity
through electron capture or charge exchange.'® Figure 59 shows crude oil-1, 2
and 3 mass spectra acquired by negative ion APPI MS using a Q Exactive™ Plus
Orbitrap MS .

The most intense ions identified in the mass spectra of crude oil-1 and 3 in Figure
59 are homologues series, labelled using * symbol, of deprotonated
hydrocarbons with DBE value of 9.5. The labelled homologous series starts at m/z
179.0860 with elemental formula of [C,,H,, - H]. Then subsequent identified ion
peaks in the mass spectra of crude oil-1 and 3 are further addition of CH,. (See
Table 21). The deprotonated hydrocarbons homologous series are identified as
well in crude oil-2 mass spectrum and labelled using * symbol. However, this
homologous series are not the most intense ions in the crude oil-2 mass
spectrum. The most intense ions are related to different DBEs of the N, class,
probably pyrrolic compounds. The first labelled N, class ion in crude oil-2 mass
spectrum using # symbol is m/z 222.1287 with elemental formula of [C,sH,,N - H]
with DBE value of 9.5. The subsequent ions, labelled using # symbol, in crude oil-
2 mass spectrum are m/z 236.1445 and m/z 250.1603 with elemental formulae
of [C,;HoN - Hl'and [C,H,,N - H] respectively. The other identified N, class
homologous series in crude oil-2 mass spectrum is labelled using the - symbol
with DBE value of 12.5. The first labelled ion using - symbol in crude oil-2 mass
spectrum is at m/z 244.1133 with elemental formula [C,;H;sN - H]- and DBE value
of 12.5. Then, the following three ions in crude oil-2 mass spectrum labelled
using - symbol are m/z 258.1292, m/z 272.1450 and m/z 286.1606 with
elemental formulae of [C,;H;;N - H]-, [C,,H,sN - H]- and [C,,H,,N - H]- respectively. It
should be noted that the two identified N, class homologous series using # and -
symbols are the most intense ions in crude oil-2 mass spectrum at DBE value of
9.5 and 12.5 respectively. The difference between DBE 12.5 and 9.5 is 3 which
suggests an addition of an aromatic ring to the suggested N, pyrrolic structure.
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Figure 59 Crude oil 1, 2 and 3 mass spectra acquired using negative ion APPI
Orbitrap MS. See Table 21 for labelling of peaks using *, #, and -

symbols.

126



Chapter 4 - Crude oil characterisation

Table 21 Lists the first m/z values identified in crude oil mass
spectra of Figure 59. The subsequent labelled m/z values in the

mass spectra are addition of CH,,

m/z Labelled Elemental formula | Class DBE
179.0860 * [CiHy, - HI HC 9.5
222.1287 # [Ci¢H;N - H] N, 9.5
2441133 . [CisH 5N - H]- N, 12.5

Figure 60 shows DBE versus carbon number plots for HC class for crude oil-1, 2
and 3. Crude oil-1 and 2 show similar distribution of DBE and carbon number.
The DBE distribution for crude oil-1 and 3 start from approximately DBE 9 to 33.
However, crude oil-2 has a lower starting DBE values compared to crude oil-1 and
3, from DBE 6. These compounds that represent different DBEs and degree of
alkylation are highlighted in Figure 60 for crude oil-2 using a black circle.

Figure 61 shows an expanded m/z at 197 for crude oil-1, 2 and 3 mass spectra
acquired using negative ion APPI Orbitrap MS. The deprotonated hydrocarbon
[C,sH,s - H] with DBE value of 7.5 at m/z 197.133 is shown. The shown mass
spectra in Figure 61 for crude oil-1, 2 and 3 further confirm the conclusion of
Figure 60 HC DBE versus carbon number plots. Figure 61 shows that the relative
abundance of [C,sH,; - H] with DBE value of 7.5 in crude oil-2 mass spectrum is
significantly greater compared to [C,sH,s - H] in crude oil-1 and 3 mass spectra.
This conclusion extends to DBE values that were highlighted in crude oil-2 HC
DBE versus carbon number plots in Figure 61, from DBE 6 to 8. It should be noted
that when mass spectra are shown the DBE value is referenced to the ion.
However, in DBE versus carbon number plots the DBE value is shown for the
neutral molecule. In Figure 61 crude oil 1, 2 and 3 mass spectra other
deprotonated molecules than [C,sH,; - H]" are observed. m/z 197.154 with
[C,,H,,0, - H]- and DBE value of 2.5 is observed in crude oil-1, 2 and 3 mass
spectra. This ion is related to the O, class and is only observed as deprotonated
molecule. The negative ion APPI Orbitrap MS data for the O, class is with
accordance with the negative ion ESI Orbitrap MS data and it will be discussed

later in this section (4.3.1).
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Figure 60 DBE versus carbon number plots for negative ion APPI-Orbitrap MS for
deprotonated HC class molecules. A circle is used to highlight the

difference in DBE distribution.
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Figure 61 Expanded m/z at 197 for crude oil-1, 2 and 3 mass spectra acquired

using negative ion APPI Orbitrap MS.

The negative ion APPI data of crude oil-2 mass spectrum in Figure 61 showed an
important observation, the high signal intensity of the HC class ion with DBE
value of 7.5. Similar observation can be made about the mass spectrum for crude

oil-3 but for the S, class. Crude oil-3 mass spectrum in Figure 61 shows a
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significant relative abundance of m/z 197.1365 which cannot be observed in
crude oil-1 and 2 mass spectra. m/z 197.1365 in crude oil-3 mass spectrum is
assigned as [C,,H,,S - H] with DBE value of 2.5. The discussion about S, class will
be presented later in this section. However, for preliminary observation the high
relative abundance observed for [C,,H,;S - H] in crude oil-3 mass spectrum is
probably attributed to the unique property of this crude oil, classified as sour

crude oil and therefore high sulfur containing.

The discussion for the HC class in Figure 60 and Figure 61 for crude oil-1, 2 and
3 was about deprotonated molecules. However, radical anions, M, for the HC
class are observed in crude oil-1, 2 and 3 mass spectra. Figure 62 shows an
expanded m/z at 192 for crude oil-1, 2 and 3 mass spectra acquired using
negative ion APPI Orbitrap MS. m/z 192.093 is observed in crude oil-1, 2 and 3
mass spectra with similar relative abundances. m/z 192.093 in crude oil-1, 2 and
3 mass spectra is assigned as C,sH,,", negative molecular ion with DBE value of
10. Other than HC-R class ion is observed at m/z 192 in the mass spectra of
crude oils in Figure 62, N, containing compound. m/z 192.0813 in crude oil-1, 2
and 3 mass spectra of Figure 62 is assigned as deprotonated molecule [C,,H,,N -
H] with DBE value of 10.5. A possible structure for m/z 192.0813 is a pyrrolic
containing compound. The ion intensity of [C,,H,;N - H] is the highest abundance
in crude oil-2 mass spectrum followed by crude oil-1 and 3 mass spectra. This
matches the observation made about crude oil-2 mass spectrum in Figure 59
compared to crude oil-1 and 3 mass spectra which shows that the most intense
ions in the mass spectrum of crude oil-2 are related to the N, class with DBE value
of 9.5 and 12.5.

The negative ion APPI Orbitrap MS data showed that the relative abundance of N,
class with DBE value of 9.5 and 12.5, possibly pyrrolic containing compounds, in
crude oil-2 mass spectrum is significantly greater compared to N, class in crude
oil-1 and 3 mass spectra. It should be noted that the nitrogen containing
compounds in crude oils are divided into basic (pyridinic) and neutral compounds
(pyrrolic). The basic containing compounds are ionised using positive ion ESI
producing protonated molecules, [M + H]*. See section 4.1.2 for positive ion ESI
FT-ICR MS data for crude oil-1, 2 and 3 analysed using toluene:methanol ratio of
1:9 with 0.1% formic acid. The data showed that the combined ion intensities of
the N, class, possibly pyridinic containing compounds, are the most intense for
crude oil-2 compared to the N, class of crude oil-1 and 3. The neutral part of the

nitrogen containing compounds, possibly pyrrolic containing compounds, in
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crude oils can be ionised using negative ion ESI or APPl. However, during
hydroprocessing nonbasic N-containing compounds are hydrogenated to basic

compounds.®®

The presence of basic nitrogen containing compounds in the feedstock (< 50
ppm) causes catalysts deactivation. The data of crude oil-2 in positive ion ESI
suggests that basic pyridinic containing compounds are the most abundant in
crude oil-2 compared to crude oil-1 and 3. Thus, it is expected that the problem

of catalyst deactivation will be the most with crude oil-2 refining process.

Further, the negative ion APPI data of crude oil-2 suggested that neutral pyrrolic
containing compounds are significantly more abundant in crude oil-2 compared
to crude oil-1 and 3, specifically for N, with DBE 9.5 and 12.5. These compounds
are hydrogenated to basic compounds during hydroprocessing possibly
aggravating the problem of catalyst deactivation caused by crude oil-2 refining

process.

The solution of this problem is the removal of nitrogen containing compounds
through hydrodenitrogenation (HDN) process. However, conventional HDN
catalysts might not be adequately effective for heavy crude oils such as the
analysed crude oil-2. Thus, the interpretation of crude oil mass spectral data
could be used by scientists working in the field of catalysis to design more
specific catalysts for HDN. Further, nitrogen containing compounds are not just
catalyst deactivator for hydrodesulfurisation (HDS) but causes environmental

problems and affects fuel stability during storage.**
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Figure 62 Expanded m/z at 192 for crude oil-1, 2 and 3 mass spectra acquired

using negative ion APPI Orbitrap MS.

The deprotonated molecules of the HC class for crude oil-1, 2 and 3 were
discussed in Figure 60 DBE versus carbon number plots. It revealed some
differences regarding crude oil-2 DBE distribution of the deprotonated HC class,
from DBE 6 to 8 compared to crude oil-1 and 3. (See Figure 61 m/z197.133
[CisH, s - H] with DBE value of 7.5). The HC class is not just observed as
deprotonated molecule in crude oil-1, 2 and 3 mass spectra but as well as
negative molecular ion. (See Figure 62 m/z 192.094 C,;H,,” with DBE value of 10).
There was no significant differences in the ion intensity of C,sH,," in Figure 62
across crude oil-1, 2 and 3 mass spectra. However, the DBE versus carbon
number plots for negative molecular ion of the HC-R class in Figure 63 revealed
major differences for crude oil-3, highlighted using a black box. Figure 63 shows

that from DBE 10 and upward crude oil 1, 2 and 3 have similar HC-R plots.

The DBE versus carbon number plots of negative molecular ions of HC-R plots
from DBE 10 and upward in Figure 63 are similar to the deprotonated molecules
of the HC class in Figure 60 for crude oil-1, 2 and 3. Thus, hydrocarbon

containing compounds from DBE 10 and upward have negative molecular ion and
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deprotonated molecule for the same neutral molecule and are observed in mass
spectra of crude oil-1, 2 and 3. However, crude oil-3 HC-R DBE versus carbon
number plots in Figure 63 showed another distribution of DBE values, starting
from DBE 5 to 9, which is not observed in crude oil-1 and 2 HC-R plots. Further,
these molecules are only observed in crude oil-3 mass spectrum as negative

molecule ions and not as deprotonated molecules.

YT rude oil-1 Crude oil-2 s0{Crude oil-3

40 404 404

301 301

g ' .
o o S 0|
- - -
" "1 “ l‘;‘
A e '

— T T T — T T T T 0 —T—TTTT T
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Carbon Number Carbon Number Carbon Number

DBE
DBE
DBE

Figure 63 DBE versus carbon number plots for negative ion APPI-Orbitrap MS for
radical anions HC-R class. A square is used to highlight the difference
in DBE distribution.

Figure 64 shows expanded m/z at 426 for crude oil-1, 2 and 3 mass spectra
acquired using negative ion APPI Orbitrap MS. m/z 426.4230 with elemental
formula of C;;Hs,~ and DBE value of 5 is only observed in crude oil-3 mass
spectrum. Figure 64 crude oil mass spectra further confirm the observation made
regarding Figure 63 HC-R DBE versus carbon number plots. The lower DBE value
distribution, from DBE 5 to 9, that is observed for crude oil-3 in Figure 63 is
probably associated with the fact that crude oil-3 is a light crude oil. Light crude
oils have a higher proportion of light hydrocarbons compared to heavy crude oils.
However, the data for crude oil-3 suggests that straight or branched chain
hydrocarbons are not ionised under the used negative ion APPI conditions. An
aromatic ring such as benzene is required for the ionisation process to take place
through charge exchange or electron capture producing a negative molecular ion
M-. This is probably related to the fact that molecules with an aromatic ring are
more stable compared to alkanes. Further, deprotonated molecules were not

observed in crude oil-3 mass spectra for ions with DBE value from 5 to 9.
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Figure 64 Expanded negative ion APPI Orbitrap MS for m/z 426 for crude oil-1, 2
and 3.

The negative molecular ion series that were identified in crude oil-3 HC-R DBE
versus carbon number plots in Figure 63 started from DBE 5. However, no
negative molecular ion with a DBE value of 4 was observed in crude oil-3 mass
spectrum. DBE value of 4 represents a molecule containing benzene. This can be
due to many reasons such as the stability of the ion at DBE 4 and/or its
abundance in crude oil-3. Further, the effect of toluene should not be excluded as
factor in the ionisation process. It was suggested that the electron affinity plays a
role in the ionisation of low polarity compounds via electron capture
mechanism.'® |t should be noted that the electron affinity of toluene is -1.11
eV."® Thus, it is not expected for toluene as a sample solvent to capture thermal
electrons. However, the reverse is true for sample solvents with positive electron
affinity.'®? The effect of changing the sample solvent and concentration in

negative ion APPI should be further investigated in future work.

It can be argued that the starting DBE value of crude oil-3 HC-R class is at 5 rather
than 4 is because negative molecular ions at DBE 5 are more stable ions. (See
Figure 63 for HC-R DBE versus carbon number plots). The difference between DBE
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5 and 4 is one DBE which corresponds to an addition of a double bond or a ring.
Figure 64 shows expanded m/z for crude oil-1, 2 and 3 mass spectra. m/z
426.4230 in crude oil-3 mass spectrum is assigned as C;;Hs,” with a DBE value of
5. One of the possible structure is having a benzene ring with a double bond
being on the alkyl chain. Another possible structure is having a saturated six
membered ring in addition to the aromatic ring. (See Figure 65) The alky chain
can be substituted at any position on the ring structure. The alkyl chain can be as
well straight or branched. Different isomers of C;;Hs,* should as well be

considered.

O/\/\/\CzoF:‘ Oi}’\CZOHM

Figure 65 Suggested structures for m/z 426.4230, C;,H., ", shown in Figure 64.

Previously in Figure 61 the discussion was about deprotonated molecules from
negative ion APPI of HC class for crude oil-1, 2 and 3 mass spectra acquired using
Orbitrap MS. In Figure 61 another observation was made about the deprotonated
molecule of S, class for crude oil-3. In Figure 61 the negative ion APPlI mass
spectrum of crude oil-3 showed a significant ion intensity of m/z 197.1365 with
respect to crude oil-1 and 2. This m/z value is related to the S, class with
elemental formula of [C,,H,,;S - H] and DBE value of 2.5. The significant intensity
extends to all the homologous series of S, with DBE value of 2.5 with respect to

crude oil-3. (See Figure 66 for crude oil-3 S, DBE versus carbon number plot).

Figure 66 shows DBE versus carbon number plots for the deprotonated molecules
of the S, class for crude oil-1, 2 and 3. Crude oil-1 and 2 have similar DBE versus
carbon number distribution and ion intensities colour coding for the S, class. The
DBE distribution for crude oil-1 and 2 starts from DBE 1 to 26. Each DBE value has
a different degree of alkylation, the carbon number in the S, plots. The observed
ion intensities at lower DBE values, below DBE 10, for crude oil-1 and 2 are less
compared to ion intensities from DBE 10 and upward. However, the S, DBE versus
carbon number plot for crude oil-3 has a different distribution of ion intensities.
lons with lower DBE values starting from DBE 1 are most intense compared to
ions with high DBE values in the S, plot of crude oil-3. Further, the S, plot of crude
oil-3 in Figure 66 shows another difference from crude oil-1 and 2 that is related

to the deprotonated molecules with a DBE value of 0.5 for the ion.
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Figure 66 DBE versus carbon number plots for negative ion APPI-Orbitrap MS for

deprotonated S, class molecules. A square is used to highlight the

difference in DBE distribution.
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Figure 67 Crude 0il-1, 2 and 3 mass spectra were acquired using negative ion
APPI-Orbitrap MS. m/z is expanded at nominal 299.
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Figure 67 shows expanded m/z at 299 for crude oil-1, 2 and 3 mass spectra
acquired using negative ion APPI Orbitrap MS. m/z 299.2783 is observed in crude

oil-3 mass spectrum but it is not observed in crude oil-1 and 2 mass spectra.

m/z 299.2783 is assigned as deprotonated molecule of [C,,H,,S - H] with a DBE
value of 0.5 for the ion and 0 for the neutral molecule, C,;H,,S. The mass spectral
data in Figure 67 further confirms the observation made using the S, DBE versus
carbon number plots in Figure 66 for crude oil-1, 2 and 3. A DBE value of 0
indicates that there is no double bond or a ring in the structure of S, class
molecules with a DBE value of 0. The observation made using the crude oil mass
spectra in Figure 67 and the S, plots in Figure 66 are reflecting the type of the
analysed crude oils. Sour crude oil such as crude oil-3 is rich with compounds
containing sulfur. The data of Figure 66 suggest that the intensity distribution of
S, class ions within each crude oil is different. This is because crude oil-3 showed
more intense ions at lower DBE value of S, in Figure 66 compared to crude oil-1

and 2. This is probably because crude oil-3 is a sour crude oil.

However, the colour coding in DBE versus carbon number plots is assigned based
on the ions intensities distribution within each assigned class in a crude oil mass
spectrum. Thus, DBE versus carbon number plots can be used to show the ion
distribution differences for a certain class but cannot be used to compare ion
intensities across different crude oils. To compare ion intensities, the crude oil
mass spectrum is used. For example, in Figure 61 expanded m/z mass spectra of
crude oil-1, 2 and 3 suggested that the signal intensity of S, containing ion with
DBE value of 2.5 is significantly more intense in crude oil-3 mass spectrum
compared with crude oil-1 and 2 mass spectra. Figure 68 shows the combined
ions intestines for the deprotonated molecules of the S, class for crude oil-1, 2
and 3. The data was acquired in triplicates using negative ion APPI Orbitrap MS
and the associated error bar with each crude oil sample is shown. The data in
Figure 68 shows that the combined ions intensities of S, in crude oil-2 is more
than S, of crude oil-1. This further proves the idea that DBE versus carbon number
plots cannot be used to compare ions intensities. This is because S, plots of
crude oil-1 and 2 in Figure 66 are similar. The S, combined ions intensities of
crude oil-3 in Figure 68 is significantly more abundant compared to crude oil-1
and 2. However, Figure 68 plot cannot be used to judge on the individual DBE

contribution to S, combined ions intensities.
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Figure 68 Combined ions intensities in negative ion APPI Orbitrap MS for the

deprotonated molecules of the S, class for crude oil-1, 2 and 3.

The data presented in Figure 68 can be broken to show the contribution of each
DBE to the combined ions intensities of the S, class. Figure 69 shows DBE
contribution from 0 to 20 to the combined ions intensities of S, deprotonated
molecules for crude oil-1, 2 and 3. Crude oil-1 has the lowest combined ions
intensities from DBE 1 to 20 compared with crude oil-2. However, this trend is not
the same when comparing crude-1 and 3 DBE combined ions intensities of S,. DBE
value of 10 and 13 in crude oil-1 have a higher combined ions intensities
compared with crude oil-3. The DBE combined ions intensities for crude oil-1start
to increase form DBE 10 to 19 compared with lower DBE combined ions

intensities for crude oil-1 from 9 to 1.
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Figure 69 Combined ions intensities in negative ion APPI Orbitrap MS for the
different DBEs of the S, class for crude oil-1, 2 and 3.

Crude oil-2 DBE combined ions intensities from 1 to 20 have higher intensities
compared to crude oil-1. (See Figure 69). Thus, the data presented in Figure 68
about S, class combined ions intensities for crude oil-2 compared to crude oil-1

are reflected in the DBE combined ions intensities of S, in Figure 69.

Crude oil-2 high DBEs, from 7 to 19, are more intense compared to crude oil-2
low DBE values, from 7 to 1. Crude o0il-2 most intense DBEs are at 11 and 13. The
combined ions intensities of these DBEs are significantly higher compared to
crude oil-1 and 3. This means that the most contributing DBEs for S, combined
ions intensities in Figure 68 for crude oil-2 are DBE 10 and 13. Further, the
difference between DBE 13 and 10 is 3 which corresponds to the addition of an

aromatic ring.

In Figure 69 crude oil-3 shows a combined ions intensities at DBE O for S, that is
not observed for crude oil-1 and 2. The DBE combined ions intensities of S, for
crude oil-3 is significantly higher from DBE 0 to 5 compared with crude oil-3
higher DBE values, from 6 to 20. This shows that the most contributing DBEs to
the combined ions intensities of S, for crude oil-3in Figure 68 are from DBE 0 to

5. It can be noted in Figure 69 that crude oil-3 have an overall lower DBE
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combined ions intensities of S, compared to crude oil-2 at high DBE values. This is
observed for DBE values of 7, 8, 9, 10, 12 and 16. Further, crude oil-1 which has
the lowest S, class combined ions intensities, shown in Figure 68, have a higher
DBE combined ions intensities of S, in Figure 69 at DBE 10 and 13 compared to
crude oil-3.

Crude oil-3 is a light and sour crude oil with a severe odour of sulfur. This
property of severe odour is probably related to its high content of S, containing
compounds from DBE 0 to 5. (See Figure 69). The odour can be probably linked
specifically to S, containing compounds with a DBE value of 0 that are not
observed in crude oil-1 and 2. These compounds are probably thiol containing
compounds. Table 22 shows that the thiols containing compounds have low
odour detection threshold compared to other commonly used solvents such as

methanol.

Table 22 Odour detection threshold of thiols.'®

Compound Odour detection Compound Odour detection
threshold (ppm) threshold (ppm)
Hydrogen sulfide 0.0047 Carbon disulfide 0.21
Methanethiol 0.0021 Methanol 100
Ethanethiol 0.001 Kerosene 1
Propanethiol 0.00075 Ammonia 46.8
Butanethiol 0.001 Sulfur dioxide 3

The combined ions intensities of S, for crude oil-3 in Figure 69 at DBE O is
composed of the combination of the ions intensities of S, DBE 0 homologous
series. Table 23 lists some of these ions with the highest ions intensities in the
homologous series. The corresponding neutral molecule is shown for each m/z
value. The relative abundance in Table 23 is related to the S, deprotonated
molecule at specific m/z value. The calculated DBE for the neutral molecule is 0
and for the deprotonated molecule is 0.5. Each molecule is different from the
subsequent molecule by 14.0156 Da, equivalent to the addition of -CH,. In Table

23 the first ion in the homologous series is at m/z 187.1525.
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Table 23 Lists the most intense ions of S, DBE 0 homologous series for

140

crude oil-3
Recalibrated Theoretical ppm Relative DBE - DBE - Molecular
m/z m/z mass abundance ion neutral formula
error

187.1525 187.1526 0.25 9707167 0.5 0 CiH,.S
201.1683 201.1682 0.19 | 10496786 0.5 0 CiH26S
215.1839 215.1839 0.003 17021384 0.5 0 CisHy6S
229.1995 229.1995 0.17 | 18733384 0.5 0 Ci.Hs0S
243.2152 243.2152 0.18 18627144 0.5 0 CisHs.S
257.2308 257.2308 0.08 | 17342692 0.5 0 CigHs.S
271.2465 271.2465 0.16 13811705 0.5 0 Ci/Hs6S
285.2621 285.2621 0.33 16544870 0.5 0 CisHssS
299.2778 299.2778 0.003 19958772 0.5 0 CioH,0S
313.2934 313.2934  0.06 18892040 0.5 0 C,oH.,S
327.3091 327.3091 0.01 13047287 0.5 0 C, H.lS
341.3247 341.3247 0.18 11100671 0.5 0 CyHa6S
355.3404 355.3404 0.12 11484693 0.5 0 CasHusS
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In Figure 70 a thiol structure is suggested for the deprotonated and neutral
molecule of [C,,H,.S - H] and C,,H,.S respectively. The deprotonated molecule is
observed at m/z 187.1525 in crude 0il-3 mass spectrum. (See Table 23).
However, the suggested structure in Figure 70 can have isomers that cannot be
distinguished using mass spectrometry.

C11H24S
DBE O

P N P N

[C11H24S - H]
DBE 0.5

I P g N

Figure 70 Structure is suggested for the deprotonated molecule at m/z 187.1525.

A suggested structure for the corresponding neutral is shown.

In conclusion, the analysis using negative ion APPI Orbitrap MS showed major
differences in the molecular composition of crude oil-1, 2 and 3 regarding HC,
HC-R, N,, S, and S,-R classes. For example, the HC class for crude oil-2 from DBE 6
to 8 showed a significant abundance compared to crude oil-1 and 3. Further N,,
possibly pyrrolic containing compounds, are more abundant in crude oil-2 mass
spectrum. The HC-R DBE versus carbon number plots showed that crude oil-3 had

molecules with DBE value from 5 to 9 that are not observed for crude oil-1 and 2.
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4.3.2 Comparison between crude oil-1, 2 and 3 O, classes analysed using
negative ion APPI and ESI Orbitrap MS

The analysis of crude oil-1, 2 and 3 revealed that hydrocarbon containing
compounds are observed in the mass spectra as negative molecular ion and
deprotonated molecules. However, molecules with high gas phase acidity such as
the O, class showed only deprotonated molecules in crude oil-1, 2 and 3 mass
spectra.'® Crude oil-1, 2 and 3 were analysed using negative ion ESI and APPI
Orbitrap MS. The analysis was undertaken in triplicates for each crude oil sample.
The negative ion ESI-MS DBE versus carbon number plots for the O, class of crude
oil-1, 2 and 3 are shown in Figure 71. The data in Figure 71 was acquired using
negative ion ESI Orbitrap MS. Crude oil-1, 2 and 3 have similar DBE and carbon
number distribution for the O, class. Further, similar DBE versus carbon number
plots for the O, class was observed for crude 0il-1,2 and 3 in negative ion ESI and
APPI Orbitrap MS.

5 Crude oil-1 s]Crude oil-2 254 Crude oil-3
s 15 20-
15+
& 10+ i 10- w -
o =] 0104
°
0 1 0 1 0 - g m :
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Carbon Number Carbon Number Carbon Number

Figure 71 DBE versus carbon number plots for negative ion ESI-Orbitrap MS for O,

class.

Figure 72 shows the combined ions intensities for all the ions in the mass
spectrum for crude oil-1, 2 and 3 that their elemental formulae have O,. The
analysis was undertaken using negative ion APPI Orbitrap MS. It shows that crude
oil-2 has higher abundance of O, compared to crude oil-1 and 3. Crude 0il-3 has
the lowest abundance of O, compared to the other analysed crude oils. Further,
the data for the O, class for crude oil-1, 2 and 3 using negative ion APPI in Figure
72 is with accordance with the O, class data obtained using negative ion ESI
Orbitrap MS in Figure 73.
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Figure 72 Combined ions intensities in negative ion APPI Orbitrap MS for crude
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Figure 73 Combined ions intensities in negative ion ESI Orbitrap MS for O, class

for crude oil-1, 2 and 3.
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Figure 72 and Figure 73 showed the combined ions intensities for the O, class,
combining the different DBEs for the O, class for each crude oil. This plot can be
broken down to show the combined ions intensities contribution for each DBE
value for crude oil-1, 2 and 3. Figure 74 shows the combined ions intensities for
each individual DBE value from 1 to 17 for crude oil-1, 2 and 3. The data in Figure
74 is acquired using negative ion ESI Orbitrap MS and is with accordance with the
data acquired using negative ion APPI Orbitrap MS. DBE 1 for crude oil-1, 2 and 3
has similar combined ions intensities values. DBE 1 structure represents saturated
fatty acids. For DBE 2 the lowest combined ions intensities are observed for crude
oil-1 rather than crude oil-3. Except for DBE 2 crude oil-3 has the lowest
combined ions intensities across all DBE values compared to crude oil-1 and 2.
Further, for crude oil-1 and 2 the most intense combined ions intensities are for
DBE 3 compared to other DBE values of crude oil-1 and 2. Whereas for crude oil-3
DBE 2 has the most intense combined ions intensities compared to the other DBE
values of crude oil-3. The data in Figure 74 suggest that crude oil-2 DBE 2, 3 and
4 are the most intense compared with crude oil-1 and 3. For crude oil-2 the DBE
from 5 to 10 has similar combined ions intensities in comparison to crude oil-1.
However, for crude oil-3 DBE 4 to 10 is significantly less compared to crude oil-1
and 2. This suggests that the most contributing DBE for crude oil-2 O, class
combined ions intensities in Figure 72 are DBE 2, 3 and 4 (being the most

intense).

It has been argued that biodegradation process for crude oil significantly
decreases the relative abundance of DBE 1, saturated fatty acids. This process of
crude oil biodegradation is accompanied with increasing the contribution of O,
compounds with high DBE values, specifically from DBE 2 to 4 with one to three
ring cyclic naphthenic acids.'® Model structures are suggested in Figure 74 for
naphthenic acids with DBEs value from 1 to 4. According to this conclusion crude
oil-2 is the most biodegraded compared to crude oil T and 3. This is because the
data in Figure 74 suggest that DBE 3 is significantly more intense for crude oil-2
compared to crude oil-1 and 3. The data in Figure 74 as well suggest that crude
oil-3 is slightly biodegraded to non-degraded because the difference in combined
ion intensity between DBE 1 and 2 is the least compared to crude oil-1 and 2.
Further the DBE 3 combined ions intensities for crude oil-3 is lowest compared to

crude oil-1 and 2.
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Figure 74 DBE combined ions intensities for crude oil-1, 2 and 3 are shown for O,

class from DBE 1 to 17. Data was acquired using negative ion ESI Orbitrap MS
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4.4 Summary

Crude oil-1, 2 and 3 were analysed using ESI and APPI. In positive ion ESI FT-ICR
MS the importance of different sample solvent composition of toluene:methanol
was illustrated on the ionisation and multimer formation. Crude oil-1, 2 and 3
were dissolved in toluene:methanol ratios of 1:9, 3:7 and 6:4 with and without
the addition of 0.1% formic acid. The ionisation of N, containing compounds in
crude oil-1, 2 and 3 were the highest at toluene:methanol ratio of 1:9 with 0.1%
formic acid. The ionisation of N, compounds in crude oil-1,2 and 3 were
decreased according to the toluene increase in the sample solvent, from
toluene:methanol ratio of 3:7 to 6:4 even with the addition of 0.1% formic acid.
However, the rate of decrease in the ionisation of N, when the toluene content
was increased in the sample solvent was different among different crude oils. The
decrease in the ionisation of N, containing compounds was less for crude oil-3
compared to crude oil-1 and 2. This further complicates the comparison of N,
containing compounds in different crude oils. Thus, the solvent composition that
showed the highest ionisation of N, containing compounds should be used to
compare different crude oils, toluene:methanol ratio of 1:9 with 0.1% formic acid.
Further, multimers observed in N, DBE versus carbon number plots for crude oil-1
and 2 were not only concertation driven but also sample solvent composition
dependent. The use of toluene:methanol ratio of 1:9 decreased multimer
formation. The addition of 0.1% formic acid to toluene:methanol ratios of 1:9, 3:7
and 6:4 reduced multimer formation in N, DBE versus carbon number plots for

crude oil-1 and 2.

The analysis of crude oil-1, 2 and 3 using positive ion ESI ionised basic molecules.
To ionises hydrocarbon and thiophene containing compounds positive ion APPI is
employed. The analysis using positive ion APPI FT-ICR MS showed that the most
abundant ions in the mass spectra of crude oil-1,2 and 3 were related to the
radical cations of HC-R and S,-R classes of compounds. However, no significant
differences in the ions intensities were observed for S1-R and HC-R classes in
crude oil-1, 2 and 3. However, the use of negative ion APPI showed significant
differences in crude oil-1, 2 and 3 regarding the HC, HC-R, N,, S, and S,-R classes.
For example, the HC-R plot of crude oil-3 showed ions series from DBE 5 to 9
which are not observed in the HC-R plots of crude oil-1 and 2. This is probably
attributed to the type of crude oil-3, classified as light crude oil. Further, the S,
class of crude oil-3 is more abundant at lower DBE values compared to crude oil-1
and 2.
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The O, class for crude oil-1, 2 and 3 were compared using negative ion ESI and
APPI Orbitrap MS. Similar DBE versus carbon number plots for the O, class was
observed for crude 0il-1,2 and 3 in negative ion ESI and APPI Orbitrap MS. The
combined ion intensities for the O, class for crude oil-1, 2 and 3 using negative
ion APPI is with accordance with the O, class data obtained using negative ion ESI
Orbitrap MS. The combined ion intensities data show that crude oil-2 has higher
abundance of O, compared to crude oil-1 and 3. Crude 0il-3 has the lowest

abundance of O, compared to the other analysed crude oils.
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Chapter 5: Structure elucidation of N, containing compounds in crude oil-
2 using positive ion ESI FT-ICR MS/MS

Crude oil contains different heteroatom compounds, which can be ionised using a
variety of ionisation techniques. For example polar molecules containing nitrogen
atoms, probably pyridinic containing compounds, are ionised using positive ion
ESI producing protonated molecules, [M + H]*. In positive ion ESI of crude oil, ions
containing N, are typically the most abundant in the mass spectrum. Figure 75
shows examples of compounds that are probably contained in crude oil, can be
ionised via positive ion ESI. Nitrogen containing compounds in crude oils are
catalyst deactivators for different processes such as hydroprocessing. (See
Chapter 1- polar molecule in crude oil). Structural elucidation of nitrogen
containing compounds in crude oil might help in designing more effective
catalysts for HDN process. Crude oil-2 was chosen for all tandem MS experiment
because of its rich content of N, containing compounds. The product ion mass

spectra were acquired using positive ion ESI FT-ICR MS/MS.

Benzo[4,5]thieno[2,3-
blpyridine

N\ NF N\ -
| \ /
P N P N .

Figure 75 N containing compounds that are ionised by positive ion ESI.

Acridine Pyrido[4,3-g]lquinoline

Figure 76 shows an FT-ICR MS instrument where ions can be isolated up to an
isolation window of m/z + 0.5 unit in the quadrupole mass analyser. Subsequent
fragmentation of the precursor ion is undertaken in the hexapole collision cell.
Image current detection of the product ions are subsequently undertaken in the
ICR cell. It should be noted that distonic ions are suggested throughout the
discussion of this chapter for radical cation fragments for the fragmentation of
pyridine containing compounds. This is because the proton is presumed to be on
the nitrogen of the pyridine ring and subsequent CH, fragmentation is derived
from the alkyl chain. Thus, the suggested structure of some fragment ions are
illustrated as distonic ions where the proton is on the nitrogen and the radical is

on the alkyl chain.
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Collision-induced dissociation (CID) experiments will be discussed in this chapter
for crude oil-2 product ion mass spectra of N, precursor ions. CID is the most
widely used ion activation method in tandem MS."®” CID was previously compared
to 50 eV El process.'® The fragmentation is suggested to be affected by the
amount of the transferred energy to the ion. In CID, ions are collided with neutral
molecules. Under the collision process, the translational energy is converted to
internal energy causing the fragmentation of the ions. The time scale of this

process is identical to the electron ionisation process, 107> s.7""13

In CID, two mechanisms are proposed for the formation of product ions. The first
mechanism is a two-step process where the ion is first activated through collision
with gas molecules and then followed by unimolecular dissociation of the
activated ion.'® The second mechanism is proposed to be a one-step process,
called a stripping mechanism. This process is difficult to prove because of

structure rearrangement when CID is used.'®

Superconducting |ep cq

Quadrupole fmagnet
precursorion '| /
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; HEK-E;.FJD'E l n
| H H
Figure 76 Schematic of an FT-ICR MS.
5.1 Method development: increasing the number of average spectra (AS)

Crude oil-2 was chosen for method development of tandem MS experiment
because of its rich content of heterocycles. Despite multimer formation for crude
oil-2 at 0.3 mg/mL, a high concentration is needed for tandem MS experiment as
higher signal intensity is obtained for the precursor ion. Multimers were
dissociated through using in-source CID at 40 V. The use of in-source CID also

resulted in increasing the ion intensity of the precursor ion. (See Figure 77)
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An expanded m/z at 340 of crude oil-2 shows the range of precursor ions that
can pass through an isolation window of m/z + 0.5. (See Figure 78). The base
peak ion is the protonated molecule [C,,H;;N + H]* at DBE 6.5 for the ion (DBE 7

for the neutral molecule (C,,H;;N)).
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Figure 77 0.3 mg/mL crude 0il-2 analysed using positive ion ESI FT-ICR MS with
isCID 40 V.
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[C H N + H]+ 340.3008
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Figure 78 Expanded view at m/z 340 for 0.3 mg/mL crude oil-2 showing the

range of precursor ions. isCID 40 V.

In Figure 79 the quadrupole was set to filter m/z 340 in crude 0il-2 mass
spectrum with an isolation window at m/z + 0.5. The product ion mass spectra
were obtained using collision energy at 40 V. (See Figure 79). The difference
between the two mass spectra in Figure 79 is the number of average spectra (AS).
At AS 300 the intensity of fragment ions is at approximately at 4 x 10°. The mass
spectrum acquired at AS 300 shows fragment ions for precursor ions [C,,H;,N +
H]* and [C,sH,sN + H]* at DBE value of 6.5 and 13.5 respectively. These precursor
ions were observed in Figure 78 mass spectrum at isolation of m/z 340 + 0.5.
The fragment ions observed in Figure 79 AS 300 product ion mass spectrum are
different from their precursor ions in the number of CH, and DBE value. Fragment
ion C,,H,,N* has DBE value of 14.5 which is different from its precursor ion,
[C,sH,sN + H]* with a DBE value of 13.5, by one. This suggests that a double bond
was formed in the fragment ion. Further, a loss of CH, is observed as well.
Another fragment ion was observed at C,;H,,N*with a DBE value of 14.5 which is
different from the previous fragment ion, C,,H,,N* by CH,. This suggests that the
observed fragmentation mechanism in AS 300 product ion mass spectrum are
mainly formation of double bond through loss of 2H and losses of CH,. Another
fragment ion at DBE value of 7.5 is observed in the AS 300 product ion mass

spectrum, C,,H,sN*. This fragment ion is related to precursor ion [C,,H;,N + H]*
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with a DBE value of 6.5. Again similar fragmentation mechanism is observed for
precursor ion with a DBE value of 6.5 to the one with a DBE value of 13.5, losses
of 2H and (CH,),. The fragment ion C,,H,sN* has lost 2H and (CH,),compared to its
precursor ion at [C,,H;,N + H]*. All fragment ions discussed in AS 300 product ion
mass spectrum in Figure 79 were even electron fragment ions. Improvement in
S/N of fragment ions can be made through increasing the number of AS above
300. This was observed in Figure 79 for product ion mass spectrum that was
acquired at AS 800 instead of AS 300. The increase in ion intensity for fragment
ions are significant from approximately 4 x 10°to 0.5 x 108for product ion mass
spectrum at AS 300 and 800 respectively. Further fragment ions that were not
detected in AS 300 product ion mass spectrum were observed in AS 800 product
ion mass spectrum. However, this improvement in S/N of fragment ions in the
bottom product ion mass spectrum in Figure 79 comes with an increase in the
analysis time from 15 min. for AS 300 to 40 min. for AS 800.
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Figure 79 Two product ion mass spectra of crude oil-2 m/z 340 = 0.5 acquired at
different AS using CE at 40 V. isCID 40 V.
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Only even electron ion fragments are observed in Figure 79 product ion mass
spectrum acquired at AS 300 for precursor ions [C,,H;;N + H]* and [C,sH,sN + H]*
respectively. This is because the used averaged spectra detected only the most
intense fragment ions, at DBE value of 7.5 and 14.5. Even electron ion fragments
at DBE value of 14.5 and 7.5 are the most intense in product ion mass spectra
acquired at AS 300 and 800. However, at AS 800 odd electron ion fragments are
observed but at much lower intensity compared to even electron ion fragments.
Other even electron ion fragments are observed in AS 800 product ion mass
spectrum at DBE value of 8.5 and 15.5. However, the ion intensity of these
fragment ions are lower compared to fragment ions with DBE value of 7.5 and
14.5. Even electron ion fragments with DBE value of 8.5 is related to the
precursor ions [C,,H;,N + H]* with a DBE value of 6.5. Thus, a formation of two
double bonds is suggested. Similarly, even electron ion fragments with DBE value

of 15.5 is related to the precursor ions [C,sH,sN + H]*with a DBE value of 13.5.

The range of fragment ions that are observed in Figure 79 AS 300 product ion
mass spectrum can be easily labelled and visualised. Increasing the AS from 300
to 800 in Figure 79 has significantly increased the number of fragment ions that
are observed in the bottom product ion mass spectrum. Thus, only the most

intense fragment ions could be labelled on AS 800 product ion mass spectrum.

Since the majority of fragments that are observed in the product ion mass
spectrum are losses of H or 2H or (CH,),. Therefore, a DBE versus carbon number
plot could be employed to aid data visualisation of even and odd electron
fragment ions. N, even and odd electron ion fragments in bottom product ion
mass spectrum at AS 800 in Figure 79 are plotted using DBE versus carbon
number plot in Figure 80. The bubble size in Figure 80 corresponds to ion
intensity. Thus the most intense ion in the plot is precursor ion [C,,H;;N + H]*. The
bubble size of all ions are scaled according to the intensity of the most intense
ion in the plot, [C,,H;;N + H]*in Figure 80.

Two N, precursor ions are observed in Figure 80, [C,,H;;N + H]* and [C,sH,sN + H]*
at DBE value of 6.5 and 13.5 respectively. For precursor ion [C,,H;;N + H]*even
electron ion fragment series at DBE 6.5 is observed which corresponds to only
losses of CH,. Loss of H"is observed as odd electron ion fragments series at DBE
7. The most abundant ion series is even electron ion fragments at DBE 7.5 which
matched the observation made using the AS 800 product ion mass spectrum in
Figure 79. The last observed CH, loss for DBE 6.5, 7 and 7.5 are at carbon
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number value of 12. However, for DBE 8 and 8.5 are at carbon number values of
13 and 14 respectively.
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Figure 80 Fragment ions for precursor ions, [C,,H;,N + H]* and [C,sH,sN + H]*, at
m/z 340 = 0.5. Data was taken from Figure 79 AS 800.

The other precursor ion in Figure 80 plot is [C,sH,sN + H]*with a DBE value of
13.5. The higher DBE value means that the aromaticity of this ion is higher
compared to precursor ion [C,,H;;N + H]* with a DBE value of 6.5. Similar
fragmentation that was observed for precursor ion [C,,H;,;N + H]* was observed for
[C,sHosN + H]* in terms of H°, 2H and CH, losses. Thus fragment ion series which
correspond to only losses of CH, are observed at DBE 13.5, at the same DBE value
as the precursor ion [C,sH,sN + H]*. The lowest m/z fragment ion that corresponds
to CH, loss could be used to suggest the core aromatic structure of the precursor
ion. Further, odd electron ion fragments series are observed at DBE values of 14
and 15. Even electron ion fragments are observed at DBE value of 14.5 and 15.5.
For precursor ions [C,,H3;N + H]* and [C;sHysN + H]* the most intense fragment
ions are even electron ions with DBE value of 7.5 and 14.5 respectively. This is
probably because these fragment ions are the most energetically stable compared
to fragment ions at other DBE values. The lowest m/z fragment ions that are
observed for precursor ion [C,sH,sN + H]* is at carbon number value of 20 for

fragment ions series with a DBE value of 13.5, 14, 14.5, and 15. This indicates
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that precursor ion with high DBE value such as [C,sH,sN + H]* is less alkylated

compared to precursor ion [C,,H;,N + H]*.
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5.2 Method development: increasing the ion accumulation time

The significant increase in S/N of fragment ions in Figure 79 was achieved
through increasing the number of average spectra from 300 to 800. However,
this has resulted in increasing the analysis time from 15 min. for AS 300 to 40
min. for AS 800. In this study the increase in ion accumulation time will be
explored as an alternative method to increasing the average spectra for
improving the S/N of fragment ions. However, increasing the ion accumulation
time could cause space charge effect within the ICR cell affecting peak shape,
resolution and mass accuracy of fragment ions. Figure 81 shows quadrupole
isolation of m/z 340 + 0.5 without using CE. The mass spectra that are shown are
expanded at m/z at 340.2-340.3. The protonated molecule [C,,H;;N + H]* with
DBE value of 6.5 is shown. Fragments of this precursor ion were shown earlier in

Figure 79 and Figure 80.
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Figure 81 Quadrupole isolation of m/z 340 + 0.5 in crude oil-2 mass spectrum.
m/z expanded to focus on m/z 340.2999. isCID 40 V.

In Figure 81 the mass spectrum at ion accumulation time of 0.1 s and AS 100 has
an intensity scale of 107. The increase of intensity from 107to 10%is achieved
through increasing the ion accumulation time from 0.1 s to 0.5 s, 1 s and 2 s with
maintaining the number of AS at 100. Further, mass spectra acquired at ion
accumulation time of 5s,10s, 20 s, 305,40 s, 50 s and 60 s were all acquired
at AS 5 instead of 100 compared to the ion accumulation times of previous mass
spectra. From ion accumulation time at 5 s and above there is no need for AS 100
to achieve an intensity of 10% AS 5 was enough to achieve an intensity of 10%in
mass spectra acquired using ion accumulation times above 5 s. While AS 100 was
required for mass spectra acquired at ion accumulation time of 0.2 5,0.5s, 1 s
and 2 s to achieve an intensity of 108 Thus there is no need to increase the ion
accumulation time above 5 s as there is no significant gain in intensity for the
precursor ion at m/z 340.2999. Further, the peak shape of m/z 340.2999 in mass
spectrum at ion accumulation time of 5 s is the least broad compared to m/z
340.2999 in other mass spectra with different ion accumulation times. It can be
noted that at high ion accumulation time in Figure 81 such as the 60 s ion
accumulation time peak splitting is observed at m/z 340.2999 in the mass
spectrum. This is probably caused by the space charge effect in the ICR cell due

to the increase of the ion population. In Figure 82, the m/z values for [C,sH,sN +
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H]* and [C,,H,,NS + H]* alter due to the change in ion accumulation times and no

internal calibration was used.
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Figure 82 Quadrupole isolation of m/z 340 + 0.5 in crude 0il-2 mass spectrum.
m/z expanded to focus on m/z 340.206. isCID 40 V.

Quadruple isolation of m/z 340 + 0.5 in crude oil-2 mass spectrum isolated other
precursor ions than m/z 340.2999 with elemental formula of [C,,H;;N + H]* and
DBE value of 6.5, observed in Figure 81 mass spectra. These other precursor ions
are [C,sH,sN + H]* and [Cy,H,oNS + H]*with DBE value of 13.5 and 8.5. The m/z
different between the two precursor ions are at mm/z of 3.4. Therefore,
increasing the ion accumulation time might affect the resolution of these two
isobaric precursor ions. As a result, fragment ions could be miss-assigned.
[C,sHysN + H]* and [C,,H,sNS + H]*were resolved in quadrupole isolation of m/z
340 = 0.5 in Figure 78 for mass spectrum acquired with ion accumulation time of
50 ms. Fragment ions of these precursor ions were resolved as well in AS 800
product ion mass spectrum in Figure 79. Figure 82 is similar to Figure 81 but the
expanded m/z is from 340.16 to 340.27. Figure 82 shows that [C,sH.sN + H]* and
[C,,H.sNS + H]* were resolved in mass spectrum acquired at AS 5 with ion
accumulation time of 5 s. lon accumulation time of 5 s could be used to acquire

crude oil product ion mass spectra.

In conclusion, an advantage was observed for quadrupole isolation of m/z 340 +
0.5 with ion accumulation time at 5 s. (See Figure 81). The advantage is that the

ion intensity of [C,,H;;N + H]* in the mass spectrum is at the scale of 102 with
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average spectra (AS) of 5 and ion accumulation time of 5 s. (See Figure 81).
However, an AS of 100 was required to achieve an intensity of 108 for

[C..H;;,N + H]* using ion accumulation times less than 5 s. Further, enough
resolution was achieved to distinguish precursor ions that are different by 3.4
mm/z units at ion accumulation time of 5 s. Therefore, acquiring product ion
mass spectra with ion accumulation time of 5 s should be used. Taking these
conclusions into account the ion intensity of fragment ions can be increased
significantly through acquiring at ion accumulation time of 5 s with fewer average

spectra, significantly decreasing the analysis time.

Figure 79 shows that improvement in S/N for fragment ions were observed in
product ion mass spectrum at AS 800 instead of AS 300 but at the expense of
increasing the analysis time to 40 min. These product ion mass spectra at AS 300
and 800 were acquired using ion accumulation time of 0.05 s. Figure 83 shows 6
different product ion mass spectra of crude oil-2 at m/z 340 + 0.5 with CE 40 V.
In Figure 83 the product ion mass spectrum at AS 800 with ion accumulation time
of 0.05 s is shown. The intensity scale of AS 800 product ion mass spectrum is at
approximately 2 x 108(intens.), labelled on the product ion mass spectrum in
Figure 83. The aim is to achieve the same level of intensity but at reduced
analysis time. Figure 83 shows product ion mass spectra acquired using ion
accumulation time at 5 s with AS 10, 15, 20, 30 and 40. The product ion mass
spectrum at AS 40 with ion accumulation time of 5 s has an intensity of 3 x 108,
This intensity is comparable to the product ion mass spectrum at AS 800 with ion
accumulation time of 0.05 s, 2 x 10% However, the analysis time was reduced
from 40 min. to 4.5 min. for product ion mass spectrum AS 800 with ion
accumulation time of 0.05 s to AS 40 with ion accumulation time of 5 s
respectively. (See Figure 83).
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Figure 83 0.5 mg/mL crude oil-2 product ion mass spectra at m/z 340 + 0.5 with
CE 40 V. isCID 40 V.

The conclusion around Figure 83 is that ion accumulation time of 5 s and AS 40
should be used for crude oil product ion mass spectra acquisition of CID
experiments in positive ion ESI FT-ICR MS/MS. The product ion mass spectra in
Figure 83 of AS 800 ion accumulation 0.05 and AS 40 ion accumulation 5 s are at
expanded m/z from 201.8-229.9 in Figure 84. C,;H,,N* fragment ion is observed
in product ion mass spectrum at AS 40 with ion accumulation 5 s but are not
observed in product ion mass spectrum at AS 800 with ion accumulation 5 s. This
provides an additional reason to use ion accumulation time at 5 s with AS 40.
This is because not just the analysis was significantly reduced but additionally
low intensity fragment ions can be observed in the product ion mass spectrum.
The detection of low m/z fragment ions which probably have low intensities could
be useful in aiding the structure elucidation of the core aromatic molecule of

nitrogen containing compounds in crude oils.
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Figure 84 0.5 mg/mL crude oil-2 product ion mass spectra at m/z 340 + 0.5 with
CE 40 V. isCID 40 V. Expanded m/z 201.8-229.9.

Figure 85 shows two DBE versus carbon plots for N, fragment ions at quadrupole
isolation of m/z 340 + 0.5 with CE 40 V. These plots are used to compare even
electron ion fragments for the same precursor ions but for product ion mass
spectra acquired using different ion accumulation times and average spectra. The
top plot is for product ion mass spectrum acquired using AS 800 with ion
accumulation 0.05 s. The bottom plot is for product ion mass spectrum acquired
using AS 40 with ion accumulation 5 s. (See Figure 83 for the corresponding
product ion mass spectra). The discussion of Figure 84 suggested that low
intensity low m/z ions could be detected using ion accumulation time at 5 s. This
could be useful in aiding the elucidation of the aromatic structure of N,
containing compounds. In Figure 85 losses of CH, for the precursor ion,

[C.,H;;N + H]*, are detected down to carbon number 11 in the plot with ion
accumulation 5 s but to carbon number 12 in the plot with ion accumulation at
0.05 s. The fragment ion at carbon 12 has the elemental formula of C,,H,,N",
different from the precursor ion [C,,H;;N + H]* by (CH,),,. Losses of CH,, having
the same DBE value as the precursor ion, are useful because they can be viewed
as a delakylation of the precursor ion without introducing a double bond. This

will aid in defining the core aromatic structure of the precursor ion.
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Figure 85 DBE versus carbon number plots showing N, even electron ion
fragments for precursor ions that pass through quadrupole isolation of
m/z 340 = 0.5 for crude oil-2 at CE 40 V.
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The other N, precursor ion in Figure 85 plots, [C,sH,sN + H]* at DBE 13.5. The
same observation that was made regarding precursor ion [C,,H;,N + H]* in Figure
85 is true for precursor ion [C,sH,sN + H]*. In ion accumulation 0.05 s AS 800 plot
CH, losses are observed for precursor ion [C,sH,sN + H]* down to carbon number
20. (See Figure 85 DBE 13.5). However, for ion accumulation 5 s AS 40 plot CH,
losses are observed down to carbon number 18. Again these losses of CH, can be
used to define the core aromatic structure of the precursor ion. The elucidation of
the core structure of precursor ions [C,,H;;N + H]* and [C,sH,sN + H]* at DBE 6.5
and 13.5 respectively will be undertaken in the following sections. Further,
structure of different DBEs of N, containing compounds will be elucidated using

the conclusions made around Figure 85 in the following sections.
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5.3 The need for different collision energies for structure elucidation of

N, precursor ions

Figure 86_shows product ion mass spectra acquired using ion accumulation time
5 s at AS 40 with different CEs. The intensity of the precursor ion [C,,H;;N + H]*, is
observed in product ion mass spectrum at CE 40 V, is significantly reduced at CE
50 V and completely fragmented at CE 60 V. The use of higher collision energy
with the optimised positive ion ESI FT-ICR MS/MS method can be useful in
revealing structural information. This is specifically true for N, containing
compounds with higher DBE value such as the precursor ion [C,sH,sN + H]*with
DBE value of 13.5. This precursor ion passes through the used quadrupole
isolation at m/z 340 + 0.5 in Figure 86. The rational for using high CE, at 50 and
60 V, is that precursor ions with high DBE value are more aromatic and hence
more stable. Thus, the use of high CE in the collision cell should result in low m/z
fragment ions in the product ion mass spectrum. These low m/z fragments can

be in the elucidation of structure of N, containing compounds.
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Figure 86 Product ion mass spectra at different CEs for m/z 340 = 0.5 of crude

oil-2. lon accumulation 5 s. AS 40.
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N, even and odd electron ion fragments that are observed in Figure 86 product
ion mass spectra at CE 40 V, 50 V and 60 V, related to precursor ions [C,,H;;N +
H]* and [C,sH,sN + H]*, can be plotted using DBE versus carbon number plots.
Figure 87 shows 3 DBE versus carbon number plots at CE 40 V, 50 Vand 60 V. In
CE 40 V plot even and odd electron ion fragments for two N, precursor ions are
observed, [C,,H;;N + H]* and [C,sH,sN + H]*. In CE 50 V plot these precursor ions
are still observed but at much lower intensity compared to the fragment ions. In
CE 60 V precursor ions, [C,,H;;N + H]* and [C,sH,sN + H]*, are completely
fragmented due to the use of high CE. In Figure 86 losses of CH,, H', and 2H are
observed for precursor ions [C,,H;,N + H]* and [C,sH,sN + H]* at DBE value of 6.5
and 13.5 respectively. For precursor ion [C,,H;;N + H]*with a DBE value of 6.5
losses of CH, are observed at DBE 6.5, the same DBE value as the precursor ion.
The lowest CH, loss m/z fragment is observed in CE 40 V, 50 V and 60 V plots at
carbon number 11, different from the precursor ion [C,,H;,N + H]* by (CH,),.
Therefore, increasing the CE energy for precursor ion [C,,H3,N + H]* with DBE
value of 6.5 is not needed. This is because it did not result in observing lower
m/z fragments. However, the other precursor ion, [C,sH,sN + H]* with DBE value of
13.5, the use of high CE at 50 V and 60 V resulted in observing lower m/z
fragments that are not observed at CE 40 V. In Figure 87 CE 40 V plot the lowest
m/z fragment for precursor ion [C,sH,sN + H]*, corresponds to CH, losses, is at
carbon number 18 which is different from the precursor ion by (CH,),. However, at
CE 50 and 60 V plots the lowest m/z fragment for precursor ion [C,sH,sN + H]* is
at carbon number 17. This is one less CH, loss at DBE 13.5 for precursor ion
[C,sHysN + H]* at CE 50 V and 60 V plot compared to CH, loss observed in CE 40 V
plot. Thus, the identified carbon 17 fragment ion at DBE 13.5, even electron ion
fragment of C,,H,(N", is closer to the core structure of the precursor ion with a
DBE value of 13.5 in CE 50 V and 60 V plots. CH, losses form the precursor ion
can be viewed as a delakylation of the precursor ion because there is no change

in its DBE value.
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Figure 87 DBE versus carbon number plots showing N, even and odd electron ion

fragments for precursor ions that pass through quadrupole isolation of
m/z 340 += 0.5 for crude oil-2.
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Figure 87 showed the DBE versus carbon number plots for N, even and odd
electron ion fragments at m/z 340 + 0.5. However, the product ion mass spectra
should be presented for fragment ions with low m/z values. This is because low
m/z fragment ions can be used to suggest the core structure of the precursor ion.
Figure 88 shows expanded m/z for crude oil-2 product ion mass spectra at CE 40
V, 50 Vand 60 V. The even electron ion fragment at m/z 242.0961 is assigned an
elemental formula of C,;H,,N* with DBE value of 13.5. This fragment ion is the
result of only CH, losses from the precursor ion of [C,sH,sN + H]* with DBE value of
13.5. The product ion mass spectra show that the intensity of this fragment is
higher at increased CE of 50 V and 60 V.
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Figure 88 Expanded m/z for crude oil-2 product ion mass spectra at different CEs
for m/z 340 = 0.5. lon accumulation 5 s. AS 40.

However, the fragment ion in Figure 88 is not the lowest observed m/z fragment
in the product ion mass spectra that corresponds to CH, losses from precursor
ion [C,sH,sN + H]*. Figure 89 shows even electron ion fragment, C,;H,(N*, that is
probably losses of (CH,), from the precursor ion of [C,sH,sN + H]*. This fragment
ion is only observed in Figure 89 product ion mass spectra at CE 50 V and 60 V.
No further CH, losses from the precursor ion of [C,sH,sN + H]* were observed
beyond fragment ion of C,;H,(N* in product ion mass spectra of CE 40 V, 50 V and
60 V. This suggests that fragment ion C,,H,,N*might corresponds to the

dealkylated core aromatic structure of precursor ion [C,sH,sN + H]*. Two core
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structures for this precursor ion are suggested in Figure 89. The alkyl chain,

(CH,);, for the molecule can be substituted on any position of the aromatic rings.
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Figure 89 Expanded m/z between 228.06 - 228.11 for crude oil-2 product ion
mass spectra at different CEs for precursor ion m/z 340 + 0.5. lon

accumulation 5 s. AS 40.

Figure 87 showed even and odd electron ion fragments that are related to
precursor ions [C,,H;,N + H]* and [C,sH,sN + H]*. All fragments retained the
nitrogen in the structure. The fragments were divided into 3 main categories, loss
of CH,, loss of H* and loss of 2H. Each change in DBE value which corresponds to
H and 2H losses are accompanied by horizontal losses of (CH,),. However, other
losses are observed for precursor ion [C,sH,sN + H]* in Figure 86 product ion mass
spectra when m/z is expanded at certain m/z values. Figure 90 shows expanded
m/z at 254 for crude oil-2 product ion mass spectra at CE of 40 V, 50 V and 60 V.
The intensity scale is at 6 x 10° for all product ion mass spectra. The intensity of

the even electron ion fragment C,,H,,N* with DBE value of 14.5 is significantly
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increased in product ion mass spectrum at CE 60 V. The structure of C,,H,,N*with
DBE value of 14.5 is suggested in Figure 90. This fragment ion is related to the
precursor ion [C,sH,sN + H]* with a DBE value of 13.5. This means that this
fragment ion, C,,H,,N", has lost (CH,); and 2H compared to its precursor ion
[C,sH,sN + H]*. The suggested structure for C,,H,,N* in Figure 90 has a double

bond in the alkyl chain to reflect the loss of 2H from the precursor ion.
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Figure 90 Expanded m/z between 254.05 - 254.27 for crude oil-2 product ion
mass spectra at CEs 40, 50 and 60 V for precursor ion m/z 340 + 0.5.

Figure 91 shows expanded m/z at 227 for crude oil-2 product ion mass spectra,
acquired using positive ion ESI FT-ICR MS/MS at m/z 340 + 0.5 with CE40 V, 50 V
and 60 V. m/z 227.0858 is only observed at CE 60 V with elemental formula of
CisH,,* and DBE value of 13.5. The first observation is that this fragment ion has
lost the nitrogen. The hypothesis is that this process of N-expulsion from the
aromatic ring is through loss of HCN from fragment ion C,;H,,N* in Figure 90 to
give fragment ion C,;H,;*at CE 60 V. It should be noted that N-expulsion fragment
ion, C,sH,,*, in Figure 91 is only observed in CE 60 V product ion mass spectrum.

This is because this fragment ion is related to the precursor ion [C,sH,sN + H]*

170



Chapter 5 - Results & Discussion (Structure elucidation)

with a DBE value of 13.5. The core structure was suggested for this precursor ion
in Figure 89, has 4 six membered aromatic ring and one 5 membered aromatic
ring. Thus, a high CE at 60 V was required to observed N-expulsion from the
aromatic ring at C,sH,,* for precursor ion [C,;H,sN + H]*. One of the six membered
aromatic ring of precursor ion [C,H,sN + H]* was suggested to be pyridine in
Figure 89. The suggested N-expulsion from the aromatic ring from C,,H,,N* in
Figure 90 to C,;H,,* in Figure 91 through loss of HCN supports this suggestion.
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Figure 91 Expanded m/z between 227.06 - 227.20 for crude oil-2 product ion

mass spectra at different CEs for m/z 340 + 0.5. lon accumulation 5 s. AS 40.

Not only N-expulsion from the aromatic ring through loss of HCN from C,,H,,N* in
Figure 90 to C,sH,,* in Figure 91 is suggested in product ion mass spectra of
precursor ion [C,sH,sN + H]*. The loss of CH;CN from C,,H,,N* in Figure 92 to give
CioH,,* in Figure 93 is as well suggested. The intensity of the fragment ion C,,H,,N*
is increased with increasing the collision energy from CE 40 V to 60 V. At CE60 V
the fragment ion C,;H,,N* is the base peak ion in its product ion mass spectrum.

(See Figure 86 product ion mass spectrum at CE 60 V). The structure of fragment
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ion C,H,,N*is suggested in Figure 92, related to its precursor ion [C,sH,sN + H]*.
The differences from the precursor ion are losses of CH, and the formation of two

double bonds through loss of 4H.
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Figure 92 Expanded m/z between 279.9 - 280.7 for crude oil-2 product ion mass

spectra at different CEs showing C,,H,,N* fragment for precursor m/z 340 + 0.5.

The intensity scale of fragment ion C,sH,,* in Figure 91 is at ~ 5 x 10° and it is
only observed in CE 60 V product ion mass spectrum. However, the other N-
expulsion fragment ion from the aromatic ring is C,,H,,* in Figure 93 with
intensity of ~ 1 x 10° and ~ 2.5 x 10° for CE 50 V and 60 V respectively. The
differences in intensity between the two fragment ions, C,;H,;*and C,;H,,*, might
be due to the stability of these fragment ions. This suggests that fragment ion
C,sH,,*with DBE value of 14.5 is more stable compared to fragment ion C,;H,,*
with a DBE value of 13.5, shown in Figure 93 and Figure 91 respectively. Another
reason for differences in ion intensities of C,sH,,*and C,;H,," might be related to
the intensity of the fragment ion from which the N-expulsion was hypothesised.
C,:H,,* with intensity of ~ 5 x 10° in Figure 91 CE 60 V was suggested to be
resulted from loss of HCN from C,,H,,N* with intensity of ~ 5 x 10° in Figure 90 CE
60 V. However, for C,;H,,* with intensity of ~ 2.5 x 10° in Figure 93 CE 60 V was
suggested to be resulted from loss of CH,CN from C,,H,,N* with intensity of ~ 1.5
x 107 in Figure 92 CE 60 V. Thus, the reason behind C,;H,,* being more intense
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than C;zH,,*in Figure 91 might be related to the intensity from which the loss of
nitrogen had occurred.
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Figure 93 Expanded m/z 239.02 - 239.20 for crude oil-2 product ion mass
spectra at different CEs for precursor m/z 340 + 0.5 showing N explusion

fragment ion, C,;H,,".

In conclusion, two precursor ions, [C,,H;;N + H]* and [C,sH,sN + H]* were isolated
at m/z 340 + 0.5 with DBE value of 6.5 and 13.5 respectively. Fragments of
precursor ion with DBE of value 6.5 were mentioned but not discussed in details.
The discussion of N, DBE 6.5 fragments ions is undertaken in the following
section at different isolation windows of the homologous series. For the other
precursor ion, [C,sH,sN + H]* with DBE value of 13.5 many conclusions were
suggested. First precursor ion with high DBE such as N, precursor ion with DBE
value of 13.5 value required a high CE at 50 V and 60 V to observe low m/z
fragments that are used to suggest the core aromatic structure. Further, fragment
ions, related to N-expulsion from the aromatic ring were observed at CE 50 V and
60 V but not at CE 40 V for precursor ion [C,sH,sN + H]* with DBE value of 13.5.
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5.4 Homologous series experiment for N, precursor ion at DBE 6.5 and
13.5

A tandem MS method in positive ion ESI FT-ICR MS/MS was developed using ion
accumulation time of 5 s with AS 40 at an analysis time of 4.5 min. The
developed method was used for the purpose of structure elucidation of precursor
ions of crude oil-2 at m/z 340 + 0.5. Two precursor ions that are related to the N,
class were isolated at m/z 340 + 0.5, [C,,H3;N + H]* and [C,sH,sN + H]* at DBE value
of 6.5 and 13.5 respectively. The elucidation of structure for N, precursor ion at
DBE value of 13.5 and the need for high CE were shown. The structure elucidation
of N, precursor ion which passes through m/z 340 + 0.5, [C,,H;,N + H]* with DBE

value of 6.5 will be undertaken in this part.

Each DBE value for the N, class has a homologues series. For example, the
previously discussed N, class precursor ion with DBE of 6.5 that passes through
the quadrupole isolation at m/z 340 + 0.5 have a homologous series. In the
homologous series each precursor ion is different from the other precursor ion by
the exact mass of CH,. However, it is not clear that these differences in CH, in a
homologous series are sequential addition of CH, on the same alkyl chain or
branching of the alkyl chain is occurring. The use of Tandem MS might be useful
and offer further clarification on how CH, is added in a homologous series. In this
study the homologous series of N, class of DBE value of 6.5 and 13.5 were
investigated from m/z 172 to 354. Figure 94 shows 14 overlaid mass spectra of
crude oil-2 using quadrupole isolation in positive ion ESI FT-ICR MS. The most
intense homologous series of precursor ions identified in the overlaid mass
spectra are N, precursor ions with DBE of 6.5. The N, precursor ions with DBE
value of 13.5 are as well isolated but their intensities are less compared to N,
precursor ions with DBE value of 6.5. Thus, not all precursor ions can be
visualised in Figure 94 overlaid mass spectra. However, the homologous series of
N, precursor ions with DBE value of 13.5 will be discussed as well. Further, the
core aromatic structure of N, precursor ion with DBE value of 6.5 will be
suggested. Please note that the core aromatic structure of N, precursor ion with
DBE value of 13.5 was suggested in the previous section. In this section all
tandem MS experiments were undertaken at only CE 40 V. This is because the

purpose of this section is to follow a homologous series. Further there is no need
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for high CE with N, precursor ion with DBE value of 6.5 to observed low m/z

fragments.

However, high CE was needed for more aromatic precursor N, precursor ion at
DBE value of 13.5 where its structure was suggested in the previous section. This

is because more aromatic structure is more stable.
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Figure 94 14 mass spectra are overlaid for crude oil-2 using quadrupole isolation
at different m/z values at isolation window of m/z + 0.5. AS 5, ion

accumulation time 5 s, CEO V.

In Figure 94 the labelling of homologous series of N, precursor ions with DBE
value of 6.5 is undertaken as following; at m/z 354.3132 the elemental formula is
written as protonated molecule [C,sH3sN + H]*; then the labelling is undertaken
using the carbon number for each CH, reduction. Thus, at m/z 172.1123 labelled
as C,, corresponds to [C,,H,;N + H]* with DBE value of 6.5. For each quadrupole
isolation in Figure 94 a product ion mass spectrum was acquired at CE 40 V using
CID in positive ion ESI FT-ICR MS/MS.

Figure 95 shows 7 product ion mass spectra from precursor ions isolation at m/z
354 to 270. The product ion mass spectra were acquired using CE 40 V in the
collision cell. Similar fragment ions were observed at different m/z values. The

data interpretation will be undertaken using DBE versus carbon number plots.
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However, first some key observation can be made using the product ion mass

spectra at m/z expanded of Figure 95 product ion mass spectra.
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Figure 95 Product ion mass spectra of crude oil-2 at different m/z £ 0.5 isolation
of precursor ion, CE 40 V, AS 40, ion accumulation time 5 s, isCID 40
V.

Figure 96 is expanded m/z of Figure 95 from m/z 156.04 - 156.11. Figure 96
shows even electron ion fragment of C,;H,,N* at DBE value of 7.5, is different by
one DBE from the corresponding precursor ion at DBE 6.5. This suggests the
formation of a double bond in the fragment ion at DBE value of 7.5. It should be
noted that the fragment ion of C,;H,,N* in Figure 96 is the result of losses of
different numbers of CH, as each precursor ion is different in each product ion
mass spectrum by only the number of CH,. In Figure 96 C,,H,(N* has a different
intensity in each product ion mass spectrum. C,,H,(N* intensity is at ~ 10°in
product ion mass spectra at isolation of m/z 354 and m/z 340. This is despite the
fact that at this isolation window the intensity of the corresponding precursor
ions, [C,sH3N + H]* and [C,,H5;N + H]* are the highest compared to other isolated
precursor ions in the homologous series. (See Figure 94). The reason can be
viewed that to reach fragment ion C,;H,,N*the intensity of the precursor ion with

more alkylation is consumed with more losses of CH,, H and 2H. But for
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precursor ions with less alkylation these losses are less till reaching C,;H,,N*. This

is probably why in Figure 96 C,,H,,N*has intensity of ~ 10° for m/z 326 to 270

product ion mass spectra but intensity of ~ 10° for m/z 354 and 340. The interest

in C,;H,,N*is that this fragment ion could lose HCN through N-expulsion from the

aromatic ring to give C,,H,*. However, this fragment ion is not observed when m/z

is expanded at 128.45 - 129.65 for N, precursor ions homologous series isolated
from m/z 354 to 270.
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Figure 96 m/z is expanded from 156.04 - 156.11 of Figure 95.
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Figure 97 Product ion mass spectra of crude oil-2 from precursor ion m/z 256 to
172 in decrement of m/z 14 at CE 40 V, AS 40, ion accumulation time
5 s, isCID 40 V.

Figure 97 shows 7 product ion mass spectra from precursor ions isolation at m/z
256 to 172. The product ion mass spectra were acquired using CE 40 V in the
collision cell. The data interpretation will be undertaken using DBE versus carbon
number plots at later stage. The discussion around Figure 95 and Figure 96 can
be applied to Figure 97, Figure 98 and Figure 99. Even electron ion fragment
C,;H,(N* is observed in Figure 98 product ion mass spectra and its intensity is
increased for precursor ion with less alkylation. This means that the intensity of
C,.H,oN* is more for precursor ions that pass through the isolation window at m/z
200, 186 and 172, has an intensity of ~ 107. This despites that these precursor
ions which are labelled as C,,, C;; and C,, in Figure 94 are the least intense in the
N, homologous series at DBE 6.5. As mentioned previously that more alkylated
precursor ions have less intense characteristic low m/z fragments because the
intensity of the precursor ion is consumed with losses of CH,. The conclusions

made using Figure 96 matches those made using Figure 98.
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The process of N-expulsion from the aromatic ring is suggested through loss of
HCN from C,,H,,N* in Figure 98 to C,(H," in Figure 99. It should be noted that the
intensity of C,(H,"is significantly increased for m/z 242 to 172 product ion mass
spectra compared to m/z 256. (See Figure 99). The increase in intensity of C,(Hy*
could be related to the intensity from which HCN loss is suggested, C,;H,,N* in
Figure 98. C,;H,,N*has a higher intensity for precursor ions with less alkylation.
C,oHs," fragment could be as well coming directly from the precursor ion. In CID
experiment fragment ions could be from the precursor ion and/or fragments of
fragments. In this case the data is suggesting that the main route for N-expulsion
is through fragments of fragments. This is because C,(H,* was not observed for N,
DBE 6.5 precursor ions of homologous series isolated from m/z 354 to 270. This
is despite that the corresponding precursor ions are the most intense in the N,
homologous series of precursor ions with DBE value of 6.5. (See Figure 94).
Further, the intensity of C,,H,(N*in Figure 96 is on the scale of 10° but in Figure
98 is on the scale of 107 for corresponding precursor ions with less alkylation.
Thus, C,,Hs*was only observed in Figure 99 where C,,H,(N*had higher intensity of
107in Figure 98 for precursors ions from C,, to C,,. C,, precursor ion corresponds
to [C,,H;N + H]* with DBE value of 6.5.

In conclusion, the approach used to observe low m/z characteristic fragments for
N, precursor ion with DBE value of 6.5 was different from N, precursor ion with
DBE value of 13.5. To clarify, at quadrupole isolation of m/z 340 + 0.5 both N,
precursor ions at DBE 6.5 and 13.5 were isolated. However, at quadrupole
isolation of m/z 340 + 0.5, N, precursor ion at DBE 13.5 is less alkylated and
more aromatic compared to N, precursor ion at DBE 6.5. Thus, there are fewer
CH, losses to reach the core aromatic structure for N, precursor ion at DBE 13.5

compared to N, precursor ion with DBE value of 6.5.

Low m/z fragment ions such as N-expulsion were not observed for N, DBE 6.5
precursor ion isolated at m/z 340 + 0.5 with CE at 40 V. This is probably because
the isolated precursor ion has a long alkyl where many CH, losses are occurring
until reaching the fragment ion from where N is expulsed from the ring. However,
low m/z fragment ions such as N expulsion can be observed for N, DBE 6.5
precursor ion if the isolation of the precursor ion was undertaken at low m/z
value in the homologous series which has reduced number of alkyl chains such as
m/z 172 + 0.5 instead of m/z 340 + 0.5.
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Figure 100 Fragment ions for N, precursor ions at DBE 6.5 and 13.5 are plotted

for crude oil-2 at CE 40 V using DBE versus carbon number plots.
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Figure 101 Fragment ions for N, precursor ions at DBE 6.5 and 13.5 from m/z

270 to 200 in decrement of CH,, m/z 14 are plotted for crude oil-2 at

CE 40 V using DBE versus carbon number plots.
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Figure 102 Fragment ions for N, precursor ion at DBE 6.5 is plotted for crude oil-2

at CE 40 V using DBE versus carbon number plots.

N, even and odd electron ion fragments in product ion mass spectra of Figure 95
and Figure 97 are plotted using DBE versus carbon number plots in Figure 100,
Figure 101 and Figure 102. Two N, precursor ions of the same nominal mass are
observed in Figure 100 DBE versus carbon number plot at quadrupole isolation of
m/z 354, [C,sH;oN + H]* at DBE 6.5 and [C,6H,;N + H]* at DBE 13.5. Fragment ions
that are related to these precursor ions were previously discussed in details.
However, these fragment ions are mainly CH,, H- and 2H losses. In Figure 100,
the next plot is DBE versus carbon number of m/z 340 which is different from the
previous plot m/z 354 plot by CH,. Thus, the N, precursor ions that are observed
in m/z 340 plot are one CH, less compared with N, precursor ions in m/z 354
plot. Further, the fragment ions that are observed for N, precursor ions in

m/z 340 plot are different from m/z 354 plot by one CH,. This observation
extends to all plots in Figure 100 where the difference between plots are in the
number of CH, of the isolated precursor ions. The data in Figure 100, Figure 101
and Figure 102 suggest that the CH, is added to N, DBE 6.5 and 13.5 precursor
ions sequentially on the alkyl chain. However, in Figure 100 uneven intensities are
observed within the homologous series of CH, fragment ions and these could be
attributed of multiple R groups on the aromatic structure. N, even and odd
electron ion fragments for N, precursor ion at DBE 13.5 is observed till isolation
m/z 256 DBE versus carbon number plot. (See Figure 101). In m/z 242 plot no
fragment ions are observed for N, precursor ion at DBE value for 13.5. From m/z
242 plot and onward fragment ions are only observed for N, precursor ion with

DBE value of 6.5. (See Figure 101). In the quadrupole isolation at m/z 242 + 0.5
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no N, precursor ion at DBE of 13.5 was observed. (See Figure 94). This can be due
to that the starting point of N, homologous series with DBE of 13.5 is at m/z 256.
Further, it could be that there is N, precursor ion with DBE 13.5 at m/z 242 but its
signal intensity is below S/N ratio of 3:1. Regardless of the reason the resulted
product ions mass spectra from quadrupole isolation at m/z 242 + 0.5 and
onward is simpler due to the presence of N, fragment ions that is related to one
N, precursor ion, N, precursor ion with DBE value of 6.5. Thus, the confidence in
the assignment of fragment ions that is related to N, precursor ion with DBE value
of 6.5 is increased.

The MS/MS data in Figure 100, Figure 101 and Figure 102 suggest that the alkyl
chain for the different N, precursor ions with DBE value of 6.5 and 13.5 could be
straight chains. This is because fragment ions that corresponds to CH, losses are
sequential. Further, the presence of isomers should be considered. The
fragmentation of N, precursor ions involve the loss of CH,, H and 2H. (See Figure
100). Thus, isolating the precursor ion with the same DBE value but at lower
degree of alkylation results in simpler product ion mass spectra as there are
fewer losses of CH,, H and 2H. (See Figure 102 for N, fragment ions for N,
precursor ion at DBE 6.5). Further, characteristic fragment ions such as N
expulsion and the dealkylated molecule were observed for N, precursor ion with
DBE value of 6.5 with less degree of alkylation such as at quadrupole isolation
m/z172 = 0.5.

Figure 103 shows quadrupole isolation at m/z 172 + 0.5 of crude 0il-2 using
positive ion ESI FT-ICR MS. Only one N, precursor ion at DBE 6.5 is isolated at m/z
172 £ 0.5, [C,,H5N + H]*. This will result in a simpler product ion mass spectrum
as can be observed in Figure 104. This is because at isolation of m/z 172 = 0.5
the N, precursor ion with a DBE value of 6.5 has an alkyl chain length of CH,(CH,),
which results in fewer CH, losses across the different DBE losses of 2H and H".
This can be clearly observed when comparing fragment ions of N, precursor ion
at DBE 6.5 in m/z 172 DBE versus carbon number plot in Figure 102 against m/z
354 plot in Figure 100.
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Figure 103 Quadrupole isolation of precursor ion nominal m/z 172 + 0.5 for 0.5
mg/mL crude oil-2. AS 5, CE 0 V. Expanded m/z 171.2-173.6.

Figure 104 shows the product ion mass spectrum for quadrupole isolation at
nominal m/z 172 + 0.5 with CE at 40 V. The precursor ion that was observed at
this isolation window in Figure 103 at m/z 172.1123 with elemental formula of
[Ci,HisN + H]* is completely fragmented in the product ion mass spectrum at CE
40 V in Figure 104. The first observed fragment ion in the product ion mass
spectrum in Figure 104 is an odd electron ion fragment with elemental formula of
C,;H:;N*. This fragment ion is the result of loss of H* from the precursor ion
which makes its DBE value at 7. Subsequent loss of CH, is observed in the product
ion mass spectrum at the same DBE value of 7. This fragment ion is observed at
C,:H;;N* which is the result of CH, loss from fragment ion C,,H,;N* and/or results
directly from the precursor ion, [C,,H,;N + H]*. Loss of 2H from precursor ion
[C,,H\sN + H]* is observed in the product ion mass spectrum in Figure 104 at
C,,H,;N* with DBE value of 7.5. C,,H,,N* can be as well originate from loss of H"
from C,,H,;N* fragment ion. C,,H,,N*has a DBE value of 7.5, different from
precursor ion [C,,H;;N + H]*with DBE value of 6.5 by one DBE. This indicates that
in C;,H,,N* a double bond was formed which is probably on the alkyl chain or a
ring. (See the suggested structure for C,,H,,N* in Figure 104). C,,H,,N*could lose
CH, to give C,,H,(N*, the base peak ion in the product ion mass spectrum. C;,H;(N*

fragment ion could as well originate directly from the precursor ion [C,,H;;N + H]*
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or from C,,H,;N* fragment ion by loss of H and CH,. (See Figure 105 for

schematic representation of fragment ions for precursor ion [C,;H;;N + H]*)

The discussion around N, fragment ions with DBE value of 7 and 7.5 can be
extended to other fragment ions that are observed in the product ion mass
spectrum in Figure 104, fragment ions with DBE value of 8 and 8.5. Further, the
discussion can be extended to fragment ions for other precursor ions such as N,
with DBE of 13.5 that its fragment ions are observed in Figure 100 and Figure
101. This is because similar losses are observed which are losses of CH, which
have the same DBE value as the precursor ion, losses of H' and losses of 2H. For
each loss that results in change of DBE value, loss of H* or 2H, of the fragment
ions there are losses of CH,for this DBE value. Not all fragment ions that are
observed in Figure 104 are characteristic fragment ions. Characteristic fragment
ions can be used to suggest the core aromatic structure of the molecule as the
remainder is the alkyl chain, attached to the aromatic ring. It could be as well that
these fragments are formed through ring and double bond formation as part of
the fragmentation.

In Figure 104 C,H;N* with DBE value of 6.5 is a characteristic even electron ion
fragment which has the same DBE value as the precursor ion, [C,,H,;N + H]* with
DBE value of 6.5. This suggests that C;H;N* is the result of only losses of CH,.
CsHsN* is suggested to be the core aromatic structure of precursor [C;,H;;N + H]*
as a quinoline type structure and/or could be isoquinoline. (See Figure 104 for
C,HsN*proposed structure which is then used to propose the precursor ion
structure [C,,HsN + H]Y).
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Figure 104 Quadrupole isolation of precursor ion at m/z 172 + 0.5 for 0.5 mg/mL
crude oil-2. AS 40, CE 40 V. isCID 40 V. Structures shown are
suggested based on MS/MS data and oil industry knowledge.

The further confirmation of quinoline type structure for the precursor ion in
Figure 104 is the observation of fragment ions that are related to N expulsion
from the aromatic ring through losses of HCN and CH;CN. For example, C,,H,*
and C,H,* could result through loss of HCN and CH;CN respectively from C,;H,,N".
CioHs," and C,H,* fragment ions could as well originate directly from the precursor

ion.
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Figure 105 Schematic of fragment ions of precursor ion [C,,H,;N + H]* with
suggested structures. Odd electron ion fragments were proposed to be

distonic ions.
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Figure 106 Quadrupole isolation of 50 ng/mL solution (6:4 toluene:methanol) of
2-butylquinolin-T-ium ion at m/z 186 + 0.5 using positive ion ESI FT-
ICR MS. CEO V. AS 5.

In Figure 106 shows the positive ion ESI FT-ICR mass spectrum of a model
compound, 2-butylquinoline. In Figure 106 the precursor ion is isolated using
quadrupole isolation at m/z 186 + 0.5. m/z 186.1277 is the protonated molecule
of [C,;H,sN + H]* at DBE value of 6.5 and its product ion mass spectrum is shown
in Figure 107 (A) at CE 40 V. Previously, in Figure 104 product ion mass spectrum
fragment ions were observed for precursor ion [C,,H,;N + H]* with DBE value of
6.5. [C,,H,sN + H]* precursor ion is different from 2-butlyquinolin-1-ium,

[CisHisN + H]*, by one CH,. However, since N, DBE 6.5 in crude oil-2 is present as
homologous series the quadrupole isolation for the precursor ion could be
undertaken at m/z 186 + 0.5 instead of m/z 172 + 0.5. The product ion mass
spectrum at quadrupole isolation of m/z 186 + 0.5 for crude oil-2 is different
from product ion mass spectrum at m/z 172 + 0.5 by one CH, different for all
fragment ions. (See Figure 102 for N, even and odd electron ion fragments for
m/z 172 and 186 plots respectively). Thus, the same discussion about m/z 172 +
0.5 product ion mass spectrum in Figure 104 could be applied to m/z 186 + 0.5

product ion mass spectrum in Figure 107 (B).

The N expulsion from the aromatic ring that was proposed for fragment ion C;H,*
in Figure 104 is observed in Figure 107 A & B product ion mass spectra. The A
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product ion mass spectrum shows fragment ions of 2-butlyquinolin-1-ium. The
observed fragment ion at m/z 115.0542 in A product ion mass spectrum is
characteristic of quinoline structure where the N is expulsed from the pyridine
ring. The loss of N through expulsion could be directly from the precursor ion
and/or from a fragment ion such as loss of HCN from C,,H;N*. Regardless of the
origin of fragment ion C,H,* its observation in the mass spectrum supports the
suggestion made in Figure 104 that the nitrogen in the precursor ion [C,,H;N +
H]* is pyridinic. This suggestion extends to all the N, homologous series

precursor ions with DBE value of 6.5.
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Figure 107 (A) product ion mass spectrum of 50 ng/mL of 2-butlyquinolin-T-ium
at m/z 186 + 0.5. (B) product ion mass spectrum of 0.5 mg/mL crude
oil-2 at m/z 186 + 0.5. In A and B CE is 40 V, AS 40 and ion

accumulation time 5 s.

Other important information than N expulsion can be deduced from product (A)
ion mass spectrum of 2-butlyquinolin-T-ium in Figure 107. The base peak
fragment ion in product (A) ion mass spectrum is C,,H,N* with DBE value of 7.0.
Further no C,, or C,, fragment ions are observed in product (A) ion mass spectrum
at DBE value of 6.5, 7 and 7.5 from the precursor ion, [C,;H,sN + H]*. The first
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observed fragment ion corresponds to C,,, the base peak fragment ion at C,,H,N*".
On the contrary for B product ion mass spectrum in Figure 107 C,, and C,,
fragment ions are observed such as C,,H,,N* and C,,H,,N* with DBE value of 7.5.
This shows that precursor ion with the same elemental formula, [C,;H,sN + H]*, are
isolated in A and B in Figure 107 but different product ion mass spectra are
observed. This is because in (A) the product ion mass spectrum of 2-
butlyquinolin-T-ium, [C,;H,sN + H]* is observed. However, B product ion mass
spectrum is probably the result of different isomers of [C,;H,sN + H]*, isolated

from crude oil-2 at m/z 186 + 0.5.

The base peak ion in A product ion mass spectrum is odd electron ion at DBE
value of 7.0 while in B product ion mass spectrum is an even electron ion at DBE
value of 7.5. The base peak fragment ion in A product ion mass spectrum,
C,oHsN*", is observed in B product ion mass spectrum but at much lower
abundance. The observation of C,,H,N* in B product ion mass spectrum might
indicate that 2-butlyquinoline is one of the isomer for precursor ion [C;;H,sN + H]*
in crude oil-2. The abundance of C,;H;N* in B product ion mass spectrum suggest
as well that the contribution of 2-butlygquinolin-1-ium to the isomeric mix is low
compared to the other possible isomers of [C,;H,sN + H]*. Another possible
explanation that C,(H,;N* fragment in B product ion mass spectrum could be the
result from losses of another isomeric form of precursor ion [C;H,sN + H]* than 2-
butlyquinolin-1-ium. Regardless of the reason the data of Figure 107 (A) suggest
that if 2-butlyquinolin-1-ium is present in crude oil-2 as a one form of isomers for
[C,sHisN + H]*is going to be at lower abundance compared to the other possible

isomers of [C,sH,sN + HJ*.

The difference observed in fragment ions between A and B product ion mass
spectra suggest that the position of the alkyl chain on the aromatic ring affects
the fragmentation. In B product ion mass spectrum C,, and C,, fragment ions at
different DBEs were observed. These fragments were not observed in A product
ion mass spectrum for the model compound, 2-butlyquinolin-1-ium. Thus for 2-
butlyquinolin-1-ium with elemental formula of [C,;H,sN + H]* the first observed
fragment in A product ion mass spectrum is C,,H,;N*". Fragment ions for 2-
butlyquinolin-1-ium at C,;H,,N* and C,,H,;N*" are not observed in A product ion
mass spectrum which is probably linked to the position of the alkyl chain on the
pyridinium ring. However, in B product ion mass spectrum C,, and C,, fragment
ions are observed at different DBEs, fragments related to precursor ion of
[CisHisN + H]*. These losses of CH, at C,;, and C,, are probably linked to the
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position of the alkyl chain on the suggested quinoline structure of precursor ion
[C,sHsN + H]* with DBE value of 6.5. Losses of CH, are not only observed at m/z
186 + 0.5 for precursor ion [C,;H,sN + H]* in Figure 107 B product ion mass
spectrum but as well for all the homologous series for N, precursor ions with DBE
value of 6.5. (See Figure 100, Figure 101 and Figure 102). Further, the most
abundant fragment ions series for N, precursor ions with DBE 6.5 are even
electron ions at DBE value of 7.5, the formation of a double bond. (See Figure
100, Figure 101 and Figure 102). However, for 2-butlyquinolin-1-ium the most
abundant fragment ion was odd electron ion fragment at 7.0. (See Figure 107 A
product ion mass spectrum). Thus, the data suggest that the position of the alkyl
chain might affect whether the base peak fragment ion is odd or even electron

ion in the product ion mass spectrum.

In conclusion, the comparison between A and B product ion mass spectra in
Figure 107 at quadrupole isolation of m/z 186 + 0.5 for the model compound
and crude oil-2 have pointed many observations. The first observation regarding
2-butlyquinolin-1-ium in Figure 107 A product ion mass spectrum was about m/z
115.0542 fragment ion with elemental formula of C;H,*. C;H,* fragment ion is
suggested to be the result of N expulsion and hence is characteristic of quinoline
containing compounds. C,H,* was observed in crude oil-2 product ion mass
spectra in Figure 107 (B) and Figure 104. This supports the suggestion that the N,
precursor ions with DBE value of 6.5 are quinoline containing compounds. The
second observation is related to the effect of the position of the alkyl chain on
the aromatic ring to the observed fragment ions in the product ion mass
spectrum. (See Figure 107 A and B). Thus, if different isomers of [C,;H,sN + H]*
were commercially available it can offer an understanding about the position of

the alkyl chain on the ring.

In addition, simpler MS/MS spectra of low m/z precursor ion species are observed
such as for the isolation of precursor ion at m/z 186 + 0.5 in Figure 107 B
product ion mass spectrum. This is because the isolation windows will contain
fewer species. Fewer possible combinations of elements, leading to fewer peaks,

fragments, per nominal Da
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5.5 Structure elucidation of N, precursor ions with different DBE values

Many conclusions were made about tandem MS experiments in positive ion ESI
FT-ICR MS/MS. The increase of AS from 300 to 800 showed significant increase in
the detection of fragment ions but at the expense of increasing the analysis time
from 15 minutes to 40 minutes. The increase of ion accumulation time from 50
ms to 5 s at AS 40 offered the advantage of significantly decreasing the analysis
time to 4.5 minutes without sacrificing the S/N of fragment ions. Further, low m/z
low intensity fragment ions were observed in the product ion mass spectrum that
can be used to suggest the core aromatic structure of the precursor ion. The
developed positive ion ESI FT-ICR MS/MS method was used in the structure
elucidation of N, precursor ions at DBE value of 6.5 and 13.5. A CE of 60 V was
required to observe N expulsion fragment ions and the dealkylated molecule for
N, precursor ion with DBE value of 13.5. Whereas a CE of 40 V was enough to
observe N expulsion fragment ions and the dealkylated molecule for N, precursor
ion with DBE value of 6.5. A precursor ion with a higher DBE value is more stable
and thus requires more CE to observe low m/z fragment ions. It should be noted
that quadrupole isolation of N, precursor ion with DBE value of 6.5 is better
undertaken at low m/z value such as m/z 172 + 0.5 instead of m/z 340 + 0.5.
This is because a simpler product ion mass spectrum is observed because of the
short alkyl chain that is attached to the aromatic structure of the precursor ion
resulting in fewer losses of CH,. Further, characteristic fragment ions such as N
expulsion were not observed in the product ion mass spectrum for N, precursor
ion with DBE 6.5 at isolation of m/z 340 + 0.5 but was observed at m/z 172 +
0.5. This is because N, precursor ion with DBE 6.5 isolated at m/z 340 + 0.5 has
long alkyl chain compared to N, precursor ion with DBE 6.5 at m/z 172 + 0.5.
Thus, majority of fragment ions observed in the product ion mass spectrum at

m/z 340 = 0.5 are subsequent losses of CH..

In the following study quadrupole isolation for N, precursor ions at different DBE
values was undertaken. The isolation of the precursor ions was undertaken at low
m/z values for reasons that were previously discussed such as obtaining simpler
product ion mass spectra. Product ion mass spectra were obtained using positive
ion ESI FT-ICR MS/MS at CE 40 V. Table 24 shows the list of N, precursor ions that
were isolated at different DBEs from 3.5 to 10.5 in crude oil-2. A product ion
mass spectrum was obtained for each precursor ion. Note that N, precursor ions
at DBE value of 3.5 and 10.5 are both isolated at m/z 192 + 0.5.
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Table 24 N, precursor ions from DBE 3.5 to 10.5.

DBE value Precursor ion Quadrupole
isolation m/z

+ 0.5
3.5 [CsHN + H] 192
4.5 [CisHisN + H]* 190
5.5 [Ci.H\oN + H]* 202
6.5 [C.,H.,N + H]* 200
7.5 [C.,HisN + H]* 198
8.5 [C.,HsN + H]* 196
9.5 [Ci,H\ N + H]* 194
10.5 [Ci,HoN + H]* 192

The product ion mass spectra for N, precursor ions at DBE value of 7.5, 8.5 and
9.5 are shown in Figure 108 at CE 40 V. For precursor ion [C,,H,sN + H]* at DBE
value of 7.5 the most intense fragment is an odd electron ion fragment, C,;H,,N*
at DBE 9.0. The second most intense fragment ion in the product ion mass
spectrum is C;,H,;N* at DBE 9.0. Thus, one of the most intense fragment ion series
for precursor ion [C,,H,sN + H]* at DBE value of 7.5 are odd electron ion fragments
with DBE value of 9.0. DBE 9.0 fragment ions are the result of losses of H* and 2H
from the precursor ion. However, in the previous section (5.4) the most intense
fragment ion series for N, precursor ions at DBE value of 6.5 and 13.5 were even
electron ion fragments at DBE value of 7.5 and 14.5 respectively. Further, the
base peak ion for the protonated 2-butylquinoline precursor ion at DBE 6.5 was
an odd electron ion fragment at DBE 7.0. Thus, the alkyl chain position on the
pyridinium ring have probably affected the fragmentation and hence the base
peak ion is an odd electron ion. This conclusion might be expandable to the
product ion mass spectrum of precursor ion [C,,H,sN + H]* in Figure 108. This is

because the most intense fragment ion series are odd electron ions at DBE 9.0.
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Figure 108 Product ion mass spectra for N, precursor ions of crude oil-2 at DBE
value of 7.5, 8.5 and 9.5. Data was acquired in positive ion ESI FT-ICR
MS/MS. CE 40 V, AS 40 and ion accumulation time 5 s.
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Different isomers of precursor ion [C,,H,sN + H]* should be considered. However,
the ratio of different isomers might be different. Even electron ion fragments,
CisH;:N* and C,;H,(N* at DBE 8.5 and 9.5 respectively have similar intensity to the
base peak ion fragment, C,;H,,N* at DBE 9.0. (See Figure 108 m/z 198 + 0.5
product ion mass spectrum). This trend in intensity for fragments ions with C,; at
DBE values of 8.5, 9.0 and 9.5 was not observed in product ion mass spectra of
precursor ions [C,,H;;N + H]* and [C,,H,,N + H]* respectively. This trend in
intensity, fragment ions having similar intensity to base peak fragment ion, could
be related to different isomers of precursor ion [C,,H,sN + H]* having similar

ratios. (See Figure 108 m/z 198 + 0.5 product ion mass spectrum)

A schematic of fragment ions for product ion mass spectrum of precursor ion
[CisH\sN + H]"in Figure 108 was suggested in Figure 109. The dealkylated ion is
suggested to be C,;H,,N* with DBE value 7.5 which has the same DBE value as the
precursor ion, [C,,H,sN + H]*, indicating that only losses of CH, have occurred.
(See Figure 109). C,;H,,N*was used to suggest the core aromatic structure of the
precursor ion. Different DBE fragment ions are observed with their CH, losses at
DBE 8.5, 9.0, 9.5, 10.0 and 10.5. The nitrogen in the suggested structure of the
precursor ion is within a pyridine ring. This is supported by the observation of
fragment ion C,,H,* at DBE 7.5. C,;H,* could be the result of N expulsion from the
pyridinium ring through the loss of HCN from fragment ion C,,H,(N* at DBE 8.5.
(See Figure 109). The product ion mass spectrum of precursor ion [C,,H,;N + H]*
at DBE value of 8.5 is observed in Figure 108 at quadrupole isolation of m/z 196
+ 0.5 with CE 40 V. The base peak fragment ion is even electron ion at m/z
180.0815 with elemental formula of C,;H,,N* at DBE value of 9.5. This indicates
the formation of a double bond through loss of 2H in the fragment ion of C,;H,,N*
as the precursor ion has a DBE value of 8.5. Similarly, the base peak fragment ion
for N, precursor ions at DBE value of 6.5 was even electron ion fragment at DBE
value of 7.5. Base peak even fragment ion might be indicative of the position of
the alkyl chain on the proposed quinoline ring structure. A schematic was
proposed in Figure 110 for precursor ion [C,,H,;N + H]* at DBE value of 8.5. The
dealkylated ion was not observed for this precursor ion. Instead the fragment ion
at C,,H,N* at DBE value of 9.0 was used to suggest the core structure of the
precursor ion. N expulsion from the ring structure was observed and could be
through loss of HCN from C,;H,,N* to form C,,H,* at DBE value of 9.5 and 8.5
respectively. (See Figure 110). Distonic ions were proposed for odd electron ion

fragment because they are more stable. (See Figure 110).
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Figure 109 Schematic of fragment ions of precursor ion [C,,H,sN + H]* with
suggested structures. Fragments with alkene side chains could be
illustrated as well as rings. E.g. C,,H,,N*, C;sH,,N*, C,,H,;N*, etc
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Figure 110 Schematic of fragment ions of precursor ion [C,,H,;N + H]* with
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Figure 111 Schematic of fragment ions of precursor ion [C,,H,;N + H]* with

suggested structures.

Fragments ions of precursor ion [C,,H,;N + H]* at DBE value of 9.5 was observed in
Figure 108 at quadrupole isolation of m/z 194 + 0.5. The base peak fragment ion
is odd electron ion fragment, C,,H,N* at DBE value of 11.0. N expulsion from the
ring is observed in the product ion mass spectrum at C,,Hg", C;Ho*, C5H;, Ci Hg"
and C,,H¢". The most characteristic fragment ions that were observed in the
product ion mass spectrum of precursor ion [C,,H,;N + H]*in Figure 108 were
illustrated in Figure 111. The dealkylated ion which represent only losses of CH,
from the precursor ion was not observed in the product ion mass spectrum. Thus
the, suggestion of the core aromatic structure of the precursor ion was based on
C,;sHsN* at DBE value of 10.0. (See Figure 111). The nitrogen of precursor ion
[C..H,;N + H]*is suggested to be pyridinic because N expulsion fragment ions
were observed such as C,;H," at DBE value of 9.5. C,;H,*at DBE 9.5 fragment ion
could be formed through the loss of HCN from C,,H,,N* at DBE 10.5.

The proposed N expulsion fragment ions were observed in product ion mass
spectra for N, precursor ions with DBE values of 6.5, 7.5, 8.5 and 9.5. (See Figure
107 and Figure 108). In Figure 107 quadrupole isolation at m/z 186 + 0.5 was
used to isolate precursor ion of 2-butlyquinolin-1-ium and the precursor ion in
crude oil-2. m/z 115 with elemental formula of C;H,* and DBE value of 6.5 was
observed in the product ion mass spectra of 2-butlyquinolin-1-ium and crude oil-
2. The proposed fragmentation pathway is through loss of HCN from C,,HsN* to
form C,H,*. (See Table 25). The same proposed fragmentation pathway can be
observed for N, precursor ions at DBE values of 7.5, 8.5 and 9.5. In theory, if the

observed N expulsion ions in Table 25 for precursor ions with DBE values of 7.5,
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8.5, 9.5 would be reduced to DBE value of 6.5 a fragment ion at m/z 115 with
elemental formula of C;H,* would be observed. Thus, a further confirmation can
be deduced that N in precursor ion with DBE values of 7.5, 8.5 and 9.5 is in a
pyridine ring. This is because the use of 2-butlyquinolin-1-ium ion with DBE 6.5,
suggested that m/z 115 C,H,* is characteristic of quinoline structure. Further, the
N expulsion fragment ions in Table 25 have the same carbon number value as the
dealkylated ion for a given N, precursor ion. For example, C,,H,,N* with DBE value
of 7.5 is suggested to be the dealkylated fragment ion of precursor ion [C,,H,sN +
H]* with DBE value of 7.5. (See Figure 109). C,,H," is suggested to be formed
through loss of HCN from C,,H,,N*. (See Figure 109). C,;H,* has the same carbon
number as the suggested dealkylated fragment ion, C,;H,(N*, at carbon number of
11. The same observation is true for the model compound and crude oil-2 N,

precursor ions at DBE values of 6.5, 7.5, 8.5 and 9.5.

Table 25 Proposed N expulsion fragment ions through loss of HCN for different

N, precursor ions.

Precursor ion DBE Fragment DBE N expulsion DBE
ion fragment
ion
[CisHisN + HI* 6.5 CioHsN* 7.5 CoH;* 6.5
[Ci.HsN + HI* 7.5 Ci,Hi o N* 8.5 C,Hy 7.5
[C]4H]3N + H]+ 8-5 C]3H]0N+ 9-5 C12H9+ 8-5
[C]4H]]N + H]+ 9-5 C:'|4H]()N+ 10.5 C:'|3H9+ 9-5

In the book of Mass Spectrometry of Heterocyclic compounds'* the El
fragmentation of 1- and 3-methylisoquinoline Figure 112 a and b was discussed.
The decomposing sequence is M -H* - HCN. The loss of HCN is suggested to be
from the benzazatropylium cation at m/z 142 to give m/z 115. The fragment ion
at m/z 115 was observed in the positive ion ESI product ion mass spectrum of 2-
butlyquinolin-1-ium. (See Figure 107 A). Further m/z 115 was observed for N,
precursor ion with DBE value of 6.5 for crude oil-2 product ion mass spectra in
Figure 107 B and Figure 104. This suggests that m/z 115 C,H,* for N, precursor
ion at DBE 6.5 is formed through loss of HCN of benzazatropylium cation,
C,oH;:N*. The formation of benzazatropylium cation could be extended to
fragment ion of C,,H,(N*, C;;H,,N* and C,,H,(N* in Table 25.
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Figure 112 Fragmentation of 1- and 3-methylisoquinoline.™®

The core aromatic structure was previously proposed for N, precursor ions with
DBE values of 6.5, 7.5, 8.5 and 9.5. The core structure was proposed either

using the dealkylated ion or low m/z fragments in the product ion mass spectra.
In Table 26 the core aromatic structure is proposed for N, precursor ions from
DBE value of 3.5 to 10.5. The structure was proposed for each N, precursor ion
using the dealkylated ion or low m/z fragments in the product ion mass spectra.
Further, Table 26 lists the most intense fragment ion observed in the product ion
mass spectrum for a particular precursor ion. The most intense fragment ion can
be either an even or odd electron ion fragment. The most intense fragment ion
was even electron ion fragment for N, precursor ions with DBE values of 3.5, 5.5,
6.5, 8.5 and 10.5. Whereas odd electron ion fragments were the most intense for
N, precursor ions with DBE values of 4.5, 7.5 and 9.5. The observation of most
intense odd or even electron ion was suggested to be linked to the position of the
alkyl chain on the ring structure. This is because odd electron ion fragment,
C,oH;N* at DBE 7, was the most intense fragment ion in the product ion mass
spectrum of 2-butlyquinolin-1-ium which has the elemental formula of

[C,H,;N + H]* at DBE 6.5. (See Figure 107 A). Whereas in Figure 107 B, the same
elemental formula was isolated in crude oil-2 at m/z 186 = 0.5, [C,.H,;N + H]*, but
the most intense fragment ion was even electron ion, C,;H,,N* at DBE 7.5. (See
Table 26).
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Table 26 Possible N, core structures at different DBE values for crude oil-2.

Most
Precursor ion Core aromatic DBE intense DBE
structure fragment
ion
®
[c13HZIN + H]+ ':‘l/ 3-5 C]0H]4N+ 4.5
H
= | C10H11N+'
[C13H19N + H]+ \l:l 4.5 6.0
H
Z I C13H16N+
[C]4H]9N + H]+ \N 5.5 6-5
= | (:13H14N+
[C]4H]7N + H]+ \[:j 6.5 7.5
H
N C13H11N+'
[C..H\sN + H]* _ 7.5 9.0
N
H
Q CisHioN*
[C..HsN + H]I* | 8.5 9.5
':-l/
H
I N C'|4H9N+.
[C'|4H'|]N + H]+ ':l/ 9-5 ] ].O
H
g¢
[C..HoN + H]* / | 10.5 11.5
SN
H
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Chapter 6: Conclusions

The solvent composition study in positive ion ESI FT-ICR MS of crude oil-1, 2 and
3 revealed important findings in relation to ionisation response and multimer
formation. Different petroleomics labs use different ratios of toluene:methanol to
dissolve crude oil samples. Further, within the same lab different sample solvent
compositions of toluene:methanol were used to dissolve crude oil samples. The
sample solvent composition has a significant effect on the resultant data.
Therefore, there is a need to standardise sample solvent composition in order to
compare data across different labs. Three different ratios of toluene:methanol at
1:9, 3:7 and 6:4 with and without the addition of 0.1% formic acid were used to
dissolve crude oil-1, 2 and 3. The mass spectra acquired for crude oil-1, 2 and 3
using different toluene:methanol solvent ratios showed different ionisation
responses for N, containing compounds even with the addition of formic acid. For
example, m/z 404.332 with elemental formula [C,H,;N + H]* in crude oil-1, 2 and
3 mass spectra is most intense using toluene:methanol solvent ratio of 1:9 with
0.1% formic acid. However, the ion intensity of m/z 404.332 was affected by
different rates when the toluene content was increased in the sample solvent in
different crude oils. When the toluene content was increased in the sample
solvent, the decrease in ion intensity of m/z 404.332 was less for crude oil-3
compared to crude oil-1 and 2. This effect was not only observed for one ion, m/z
404.332, but as well in the combined N, ion intensity plot for crude oil-1, 2 and 3.
Thus, the solvent composition at toluene:methanol solvent ratio of 1:9 with 0.1%
formic acid should be used to compare the N, class in different crude oils. If the
1:9 toluene:methanol solvent ratio is not used false comparison could be resulted

due to different ionisation responses for N, in different crude oils.

One of the other findings regarding the solvent composition study is the
multimer formation. Multimer formation in N, DBE versus carbon number plots
were not only concentration driven but also solvent composition dependent. The
increase of methanol in the sample solvent reduced multimer formation. Further,
the addition of 0.1% formic acid reduced multimer formation in different solvent
ratios of toluene:methanol. Therefore, using toluene:methanol solvent ratio of 1:9
with 0.1% formic acid has two main advantages. The first is increasing the
ionisation of nitrogen containing compounds allowing their comparison in
different crude oils. The second is reducing multimer formation, probably due to

the increase in the acidity of the sample solvent.
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Nitrogen containing compounds were the most abundant ions in positive ion ESI
mass spectra of crude oil-1, 2 and 3. For ionising other compounds classes in
crude oil such as sulfur and hydrocarbon containing compounds positive ion APPI
FT-ICR MS is used. Similar ion intensities distribution in S, DBE versus carbon
number plots were observed for crude oil-1 and 2. However, for crude oil-3, the
intensity distribution is higher at lower DBE values for the S, class. This could be
related to the type of crude oil-3, classified as a sour crude oil. Further, sulfur and
hydrocarbon containing compounds were observed in positive ion ESI FT-ICR MS
crude oil mass spectrum using toluene:methanol solvent ratio of 1:9 with 0.1%
formic acid. These compounds are not usually observed using ESI. One possible
explanation that the ionisation efficiencies of S, and HC compounds are increased
at toluene:methanol solvent ratio of 1:9, in similar way to the N, containing
compounds. However, only the most intense ions that were observed in the
positive ion APPI HC and S, DBE versus carbon number plots were observed in the

positive ion ESI HC and S, DBE versus carbon number plots.

Crude oil-1, 2 and 3 were analysed using negative ion APPI. The data showed
similar DBE and carbon number distributions for the HC class for crude oil-1 and
3. Whereas crude oil-2 had ion series starting from DBE 6 that were not observed
in crude oil-1 and 3. The negative molecular ion HC-R plot showed major
differences regarding crude oil-3 from DBE 5 to 9 compared to crude oil-1 and 2,
probably related to the fact that crude oil-3 is a light crude oil. Further, crude oil-
3 S, class is significantly more abundant at lower DBE values compared to crude
oil-1 and 2. This is probably related to crude oil-3 being classified as a sour crude
oil. The suitability of using negative ion APPI instead of negative ion ESI was
assessed based on the O, class. The O, class for crude oil-1, 2 and 3 were
compared using negative ion APPI and ESI. The O, combined ions intensities data
were comparable between the two ionisation techniques for crude oil-1, 2 and 3.
This demonstrates that negative ion APPI could be used for the analysis of crude

oil instead of using negative ion ESI.
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The previous conclusions were focussed on characterising the different
compound classes for crude oil-1, 2 and 3. Crude oil-2 had the most abundant N,
containing compounds compared to crude oil-1 and 3. Therefore, it is expected
that catalyst deactivation due to nitrogen containing compounds would be more
significant for crude oil-2. The elucidation of structure of nitrogen containing
compounds might help in designing more effective catalysts for HDN process. In
this work a positive ion ESI FT-ICR MS/MS method was developed for the purpose
of structural elucidation of different N, containing compounds in crude oil-2. In
this method, the analysis time of the positive ion ESI FT-ICR MS/MS experiment
was reduced from 40 min to 4.5 min. This was achieved through increasing the
ion accumulation time from 0.05 s to 5 s while decreasing the average spectra
from AS 800 to 40. Not just the analysis was significantly reduced but
additionally low intensity fragment ions can be observed in the product ion mass
spectrum. The detection of low m/z fragment ions which have low intensities
could be useful in aiding the structural elucidation of the core aromatic structure

of nitrogen containing compounds in crude oil-2.

Another important parameter to consider for structural elucidation is the collision
energy (CE). A CE of 60 V instead of 40 V was needed for precursor ion with high
DBE value such as precursor ion [C,sH,sN + H]* with DBE value of 13.5. A CE of 60
V resulted in observing lower m/z fragments in the product ion mass spectrum of
precursor ion [C,sH,sN + H]* that is not observed when CE 40 V is used. For
example, at CE 60 V fragment ion C,,H,,N* is observed in the product ion mass
spectrum of precursor ion [C,sH,sN + H]* which might correspond to the
dealkylated core aromatic structure. Further at CE 60 V, N expulsion fragment
ions from the aromatic ring are observed in the product ion mass spectrum of
precursor ion [C,sH,sN + H]*. For example, N expulsion fragment ion C;sH,,* is
suggested through loss of HCN from fragment ion C,,H,,N".

However, a CE of 40 V was enough to observe the dealkylated molecule and N
expulsion from the aromatic ring for N, precursor ion with DBE value of 6.5. This
is because N, precursor ion with DBE value of 6.5 is less aromatic compared to N,
precursor ion with DBE value of 13.5 and therefore a CE of 40 V is used. However,
the data showed that isolating the N, precursor ion with DBE value of 6.5 is best
undertaken at lower degree of alkylation in the homologous series. For example,
N expulsion fragment ions were not observed for precursor ion [C,,H;;N + H]* with
DBE value of 6.5. However, N expulsion fragment ions were observed for the less

alkylated precursor ion, [C,,H,;N + H]* with DBE value of 6.5. In the product ion
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mass spectrum of precursor ion [C,,H,;N + H]*fragment ion C,H," at m/z 115 is
observed, probably through loss of HCN from C,,H;N*. This same fragment ion at
m/z 115 is observed in the product ion mass spectrum of 2-butlyquinolin-1-ium.
This suggests that m/z 115, C,H,*, is characteristic of quinoline structure.
Therefore, the nitrogen in crude oil-2 [C,,H,;N + H]*is probably in a pyridine ring.
Similar N expulsion fragment ion from the aromatic ring is observed for precursor
ions in crude oil-2 at DBE values of 7.5, 8.5 and 9.5. Thus, the nitrogen in
precursor ion with DBE values of 7.5, 8.5 and 9.5 is suggested to be in a pyridine

ring.

Further, the core aromatic structure was not only proposed for N, precursor ions
at DBE values of 6.5 and 13.5 but as well from DBE value of 3.5 to 10.5. The
structure was proposed for each N, precursor ion from DBE value of 3.5 to 10.5
using the dealkylated ion or low m/z fragments and further validated using N

expulsion fragment ions in the corresponding product ion mass spectra.
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