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ABSTRACT

Crude oil is a mixture of hydrocarbons so complex that it is predicted to comprise as many
compounds as there are genes in the human genome. Developing methods to not only recover
crude oil from the ground but also to convert crude oil into desirable products is challenging due
to its complex nature. Thus, the petroleum industry relies heavily on analytical techniques to
characterize the oil in reservoirs prior to enhanced oil recovery efforts and to evaluate the chemical
compositions of their crude oil based products. Mass spectrometry (MS) is the only analytical
technique that has the potential to provide elemental composition as well as structural information
for the individual compounds that comprise petroleum samples. The continuous development of
ionization techniques and mass analyzers, and other instrumentation advances, have primed mass
spectrometry as the go-to analytical technique for providing solutions to problems faced by the
petroleum industry. The research discussed in this dissertation can be divided into three parts:
developing novel mass spectrometry-based methods to characterize mixtures of saturated
hydrocarbons in petroleum products (Chapters 3 and 5), exploring the cause of fragmentation of
saturated hydrocarbons upon atmospheric pressure chemical ionization to improve the analysis of
samples containing these compounds (Chapter 4), and developing a better understanding of the
chemical composition of crude oil that tightly binds to reservoir surfaces to improve chemically

enhanced oil recovery (Chapter 6).
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CHAPTER 1. INTRODUCTION

1.1 Thesis Overview

Mass spectrometry (MS) is one of the most powerful analytical techniques for determining
the elemental composition and structure of unknown compounds in mixtures. MS was introduced
at the turn of the 20" century by the physicist J.J. Thomson, who was most famous for his Nobel
Prize winning discovery of electrons.! Thomson, along with Francis Aston (1922 Nobel Prize
winner in Chemistry), built the first mass spectrometer and succeeded in separating and measuring
the masses of charged atoms.! Mass spectrometry has evolved into an essential analytical
technique for addressing numerous scientific challenges including resolving ionic isotopes,’
elucidating the structures of unknown compounds,? and sequencing proteins.®

The principles of mass spectrometry have not changed since its inception. Neutral
compounds cannot be separated with this technique, so analysis by mass spectrometry requires the
evaporation and ionization of compounds. Gas-phase ions can be manipulated and separated based
on their mass-to-charge ratio (m/z) under high vacuum by taking advantage of electromagnetic
fields.* The relative abundances of all the gas-phase ions are plotted as a function of their m/z in a
mass spectrum. In addition to the mass of an ion, an ion’s elemental composition can be determined
with high-resolution mass spectrometers.®> Furthermore, several mass spectrometers can be used
for tandem mass spectrometry (MS") experiments to facilitate the determination of an ion’s
structure.®

The research presented in this dissertation focuses on improving the mass spectrometry
analysis of mixtures of saturated hydrocarbons and crude oil. Chapter 2 of this thesis provides an
overview of mass spectrometry as well as the ionization techniques and mass spectrometers

utilized in this research. Chapter 3 describes the development of an automated method to obtain

18



precise chemical information for base oils. This new method uses atmospheric pressure chemical
ionization mass spectrometry (APCI MS) with O gas as the sheath/auxiliary gas and isooctane as
the APCI solvent/reagent. Chapter 4 focuses on determining the cause of fragmentation of
saturated hydrocarbons upon APCI via ion-molecule reactions in a linear quadrupole ion trap mass
spectrometer. Chapter 5 discusses the validation of a two-dimensional gas chromatography/
(electron ionization) time-of-flight mass spectrometry method to identify and quantify the linear
saturated hydrocarbons in base oils. Chapter 6 details the characterization of those compounds in
crude oil that are most strongly bound to kaolinite, a clay mineral commonly found in oil reservoirs,

via high-resolution mass spectrometry measurements.
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CHAPTER 2. INSTRUMENTATION THEORY AND OPERATION

2.1 Introduction to Mass Spectrometry

Mass spectrometry (MS) has become an essential analytical tool in many fields of science,
including petroleum research,! biochemistry,? environmental science,® materials science,* forensic
science,® and medicine.® MS has been utilized to determine the chemical structures of unknown
compounds,’*° identify thousands of compounds in complex samples such as crude oil,** and
determine the rates of chemical reactions.'?*® The success of MS and its wide range of applications
are owed to the continuous development of ionization techniques, mass analyzers, and ways to
couple other instrumentation to the MS, such as gas and liquid chromatography.

There are three essential components of every mass spectrometer: 1) an ion source that
converts the sample into gas-phase ions, 2) a mass analyzer that separates gas-phase ions based on
their mass-to-charge (m/z) ratios, and 3) a detector. To generate positive or negative gas-phase ions
from liquid samples, the liquid can either be 1) ionized in the liquid phase first before evaporation
into the gas phase, or 2) evaporated followed by ionization. The former is accomplished with
ionization techniques such as electrospray ionization (ESI) and matrix-assisted laser desorption
ionization (MALDI), while the latter is accomplished with ionization techniques such as electron
impact (EI) ionization and atmospheric pressure chemical ionization (APCI).24-1® Polar polymers
and proteins, for example, are ionized efficiently using ESI or MALDI as these ionization
techniques work well for compounds with ionizable functional groups that decompose when
heated.1"8 Hydrocarbons, on the other hand, are most effectively ionized by APCI as APCI is best
suited for compounds that are not thermally labile.®

After ionization, the ions are separated in the mass analyzer based on their m/z. After this,

they are either detected or subjected to tandem mass spectrometry (MS") experiments to determine
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their chemical structures or to study their gas-phase reactions;?%?2 not all mass spectrometers can
conduct MS" experiments. Typical tandem mass spectrometry experiments involve isolating ions
of a specific m/z in the mass analyzer, accelerating them, and subjecting them to energetic
collisions with a neutral gas in a reaction chamber to produce fragment ions that are characteristic
of the ion’s structure.?® Alternatively, the isolated ions can be subjected to ion-molecule reactions
with a neutral reagent gas. The reaction products and rates of product formation can often be
studied.?*? Product ions generated by either fragmentation or ion-molecule reactions can be
further isolated and subjected to fragmentation and/or ion-molecule reactions in MS" experiments
(n>2). After the last MS" event, product ions are separated based on their m/z in the mass analyzer
and transmitted to the detector.

The data are presented in a mass spectrum that shows relative ion abundances (y-axis) as a
function of the ions’ m/z values (x-axis). As most of this dissertation focuses on interpreting mass
spectra, a brief overview on how to interpret a mass spectrum is presented. Figure 2.1 shows an
example of a low-resolution 70 eV electron ionization (EI) mass spectrum of chlorobenzene; El
will be discussed in greater detail in sections 2.2 and 2.5. A high-resolution mass spectrometer
(capable of highly accurate mass measurements) could be used to assign the elemental
compositions for the ions, however, this type of mass spectrometer was not used to measure this
El mass spectrum. First, the peak at m/z 112 is assigned to correspond to the molecular ion (M™)
as it is the peak with the greatest m/z-value and still reasonable isotope peaks associated with it:
13C peak at m/z 113 and *’Cl peak at m/z 114 with roughly a third of the height of the peak at m/z
112. This ratio is the same as the naturally occurring abundance of the 3'Cl isotope compared to
the 35ClI isotope. Furthermore, a peak of m/z 77 corresponds to an ion that has lost a chlorine atom

from the molecular ion ([M-CI]*) as no 3’Cl isotope peak is observed. A peak at m/z 77 is usually
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indicative of a benzene ring in the compound. The wealth of information that can be obtained from
a mass spectrum demonstrates the strength of mass spectrometry as a powerful technique for

determining the identity and structure of unknown chemical compounds.
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Figure 2.1. Positive-ion mode 70 eV EI low-resolution mass spectrum of chlorobenzene obtained
from the NIST library. Reprinted courtesy of the National Institute of Standards and Technology,
U.S. Department of Commerce. Not copyrightable in the United States.

In this dissertation, APCI and EI were used to generate gas-phase ions. The background
and ionization mechanism of APCI will be described in section 2.2, while EI will be reviewed in
sections 2.2 and 2.5. In the sections following, the theory and operation of the three mass
spectrometers utilized for this work, a linear quadrupole ion trap mass spectrometer (LQIT MS),
an orbitrap mass spectrometer, and a two-dimensional gas chromatograph/electron ionization

time-of-flight mass spectrometer (GCxGC/(EI) TOF MS), will be discussed.
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2.2 lon Generation

One of the early ionization techniques to generate gas-phase ions under vacuum conditions
was electron ionization (EI).% In EI, the sample is first evaporated (usually thermally) and then
transferred into an ion source in vacuum. VVaporized compounds are then bombarded by a beam of
high-energy electrons (70 eV kinetic energy), which results in the ejection of an electron from
them, generating molecular ions (M*™ ions). For many compounds, El causes complete
fragmentation such that no molecular ion is observed in the EI mass spectrum. This makes
determination of the MW and the elemental composition of an unknown analyte challenging.
Therefore, “softer” ionization methods have been developed to ionize compounds without
breaking the original structure. Chemical ionization (Cl) was one of the first soft ionization
techniques.'* It was developed by Talrosen in the 1950°s and made universally applicable in the
1960’s by Munson and Field.2"?® Unlike in El, where a gaseous sample is ionized by an electron
beam, ClI utilizes a reagent gas that is in excess to the analyte by 103-10* times. The reagent gas is
ionized first by electron bombardment, generating reagent ions (molecular ions and/or fragment
ions) that then ionize the gaseous analyte. The selection of the reagent gas influences the type of

product ions formed from the analyte (Scheme 2.1).
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R"+M > R+ M"™ electron abstraction reaction®®
[R+H]" + M = R + [M+H]* proton transfer reaction®
R*+ M = [M+R]* electrophilic addition®!

R*+ M = RH + [M-H]" hydride abstraction reaction®

M+ R > [M+R]" nucleophilic addition®

Scheme 2.1. Gas-phase ionization reactions that can occur between a reagent (R) ion and analyte
(M) upon CI.

Both El and CI are conducted in low-pressure ion sources. In the 1970’s, the development
of new ionization techniques that could operate in atmosphere began for two reasons: 1) the desire
to use a mass spectrometer as the analyzer and detector for online liquid chromatographic (LC)
separations,!* and 2) nonvolatile and thermally labile compounds, such as polymers and
biomolecules, decompose upon thermal evaporation prior to El and Cl. One of the most popular
atmospheric pressure ionization (API) methods developed was APCI.3* The next section delves

into the history and the yet controversial mechanism(s) of APCI.

2.2.1 Atmospheric Pressure Chemical lonization (APCI)

Three common approaches were initially employed for the generation of gas-phase analyte
ions upon API: 1) irradiation by a particles,® 2) irradiation by B particles - traditionally from a
nickel-63 source,®® and 3) electron ionization by a corona discharge.3” The major drawback of
using a particles was that it required radioactive materials. Therefore, this method of ionization is
no longer used. When comparing the ionization efficiency of a nickel-63 source to a corona
discharge, it was determined that a corona discharge generated three times as many analyte ions

as a nickel-63 source.® Additionally, a corona discharge was easier to design and maintain than a
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nickle-63 source.*® Therefore, ionization of gaseous analytes via a corona discharge was the most
popular of these API techniques- this technique is termed APCI.

APCI is essentially the atmospheric-pressure variation of vacuum chemical ionization
(described previously in section 2.2).34 In APCI, a corona discharge is initiated between a stainless
steel needle and a counter electrode to generate a reagent plasma. Gaseous ions formed in the
reagent plasma undergo numerous collisions with neutral particles to initiate a series of ion-
molecule reactions to form reagent ions that ionize gaseous analytes via similar reactions as shown
in scheme 2.1. A diagram of an APCI source, like the one used in this work, is presented in Figure
2.2. Liquid samples are injected into a heated source either with a syringe or via a LC at flow rates
of 3-100 uL/min and 200-2,000 uL/min, respectively. Sample flows through a 0.15 mm inner
diameter (ID) silica tube towards the spray nozzle where it is mixed with a nebulizer gas (nitrogen)
and dispersed into droplets. The nebulizer gas helps direct the flow of sample to the MS inlet as
well as aid in sample evaporation.*®“? The aerosolized liquid then enters the ceramic heater where
it is vaporized at temperatures 150-450 °C. The higher the boiling point of the compound, the
higher the vaporizer temperature needs to be to ensure that all of the compounds are in the gas

phase prior to ionization.
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Figure 2.2 Diagram of an APCI source in the API house box of the LQIT mass spectrometers
used here.

The gaseous sample then enters the “API house” box where the corona needle and the MS
inlet are located. Between the point of the corona needle, kept at £3-5 kV, and the MS inlet, kept
at £0-60 V, is an electric field. At the tip of the needle, where the electric field is the strongest,
high energy electrons collide with neutral molecules in the air and generate atmospheric ions
around the tip of the corona needle; this is referred to as a corona induced plasma, or corona
discharge.*® The ions formed in the corona discharge are the species proposed to be responsible
for initiating the APCI process.

Extensive fundamental studies on APCI have been carried out to understand how ions are
formed by this technique. M. M. Shahin, one of the first scientists to study the APCI mechanism,
analyzed the ions generated in atmosphere by a corona discharge when only nebulizing gases (no
liquid sample) were used.** Interestingly, protonated clusters of water, such as (H20),H*, and other
ionic clusters, such as (H20)n(NO"), where n is 1-8, were detected when air, nitrogen, and oxygen,
each with and without water vapor present, were used. These results were similar to those obtained

in API experiments that utilized a- and p-particles.®* Based on these results, several ion-molecule
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reactions must be taking place between the tip of the corona needle and the mass analyzer.®’
Scheme 2.2 summarizes the ion-molecule reactions proposed to occur when only a nebulizing gas
was introduced into the APCI source. Although Scheme 2.2 shows only nitrogen nebulizing gas,

this scheme was also applied to oxygen nebulizing gas.*

N2 +e > N2™ + 2¢
N2** + H,0> H0™ + N2
H,O* + H,0-> H30* + OH"
HsO* + H,0> H*(H20).

H*(H20)n + H20> H*(H20)n+1

Scheme 2.2 Gas-phase ionization reactions that can occur between nitrogen nebulizing gas and
atmospheric molecules in the presence of a corona discharge.

In the above APCI reaction sequence, nitrogen nebulizing gas is ionized first because it is
the most abundant species present in the corona discharge. When generating positive ions, high
energy electrons bombard nitrogen molecules, ejecting an electron from some of the nitrogen
molecules to form nitrogen molecular ions, N2>™. N2™ ions will then undergo electron abstraction
reactions with neutral atmospheric molecules, such as water, to generate the molecular ions of
water, HoO™. Electron transfer between N> and neutral water is favorable because the ionization
energy (IE) of nitrogen is greater (15.58 eV) than that of water (12.62 eV).*® Next, H,O™* protonates
surrounding neutral water molecules to form H3O™ cations and hydroxy radicals, OH", as shown in
step 3 of Scheme 2.2. This reaction is favorable because hydrogen atom-containing molecular ions
are strong Brgnsted acids.*” Similar to ionization energy for electron transfer reactions, when the

proton affinity of a neutral molecule is greater than that of the conjugate base of a protonated
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molecule, a favorable proton-transfer reaction occurs. Lastly, in step 4, neutral water molecules
solvate protonated water.*®

Introduction of gaseous solvent and analyte molecules into the corona discharge, in
addition to the nebulizing gas, changes the ions observed in the APCI mass spectrum. Protonated
water clusters, for example, are no longer observed in the APCI mass spectrum because
atmospheric water is present in much lower abundances compared to the solvent and analyte.*?
Instead, ions derived from the analyte, and sometimes from the solvent, are observed in the APCI
mass spectrum. Scheme 2.3 shows the general APCI mechanism when solvent and analyte are
introduced through the APCI source; Scheme 2.3 only shows an electron transfer reaction. After
N2 ions are formed from the nebulizing gas, N>" ions are proposed to abstract an electron from
the solvent (R); the solvent is the second most abundant species present in the corona discharge.
Reagent ions (R™) that are not Bronsted acids will undergo electron transfer reactions with analytes
(M) to generate molecular ions (M™); the analyte is the next most abundant species in the corona
discharge. R™ ions that are Bronsted acids will prefer to transfer a proton to the analyte to generate
protonated analytes ([M + H]*).Figure 2.3 depicts the ion-molecule reactions occurring in the

APCI mechanism proposed for all analytes.

N2 +e > Noy™ + 2e
N> +R> R™ + N>

R*+M>R+M"

Scheme 2.3 Electron transfer reaction gas-phase ionization reactions that can occur when
nebulizing gas, solvent (R), and analyte (M) are in the presence of a corona discharge. This is the
major reaction when R™ ions are not Bronsted acids.
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Figure 2.3 Illustration of the APCI mechanism for analyte ion formation via a series of ion-
molecule reactions occurring upon and/or after a corona discharge.

The APCI mechanism presented in Scheme 2.3 can differ depending on the solvent/APCI
reagent. For example, APCI of the solvent carbon disulfide (CS2) generates only molecular ions
(R™) as shown in Scheme 2.3, while APCI of the solvent hexane (C¢H14) primarily generates [R-
H]* ions.®%4 Carroll et al. were the first to propose the APCI mechanism for saturated
hydrocarbons.>® The positive ion mode APCI mass spectrum of hexane (MW = 86 Da) displays an
abundant ion of m/z 85, [R-H]", and several smaller fragment ions separated by 14 m/z units. The

formation of the [R-H]* ion of hexane upon APCI was rationalized by Carroll et al.>® as follows:

N2 +e = No™ + 2e
N>+ R=> R" + N>
R™=> C4Ho* + CoHs'

CsHo™ + R> [R-H]" + C4H1o

Scheme 2.4 lon-molecule reactions proposed to occur upon corona discharge of hexane (R) to
generate [R-H]" ions of hexane.
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In Scheme 2.4, ion-molecule reactions occur between N2™ and neutral hexane to produce
R™ ions of hexane; this is similar to step 2 in Scheme 2.2 and Scheme 2.3. In step 3 of Scheme 2.4,
R™ ions are proposed to dissociate, generating fragment ions of m/z 57, C4Ho", and the neutral
radical, CoHs". Step 3 of Scheme 2.3 (not in the general APCI mechanism) likely occurs because
removing an electron from a saturated hydrocarbon, containing only single bonds, weakens the
bonds in the entire molecule leading to facile fragmentation. In the final step of the proposed APCI
mechanism for saturated hydrocarbons, ions of m/z 57 abstract a hydride from neutral hexane
molecules to generate [R-H]* ions. *° Previous ClI studies on NO* reagent ions led to the proposal
that carbenium ions can abstract a hydride from saturated hydrocarbons to generate [R-H]* ions
and fragment ions.>>* Therefore, hydride abstraction by carbenium ions was proposed to be the
APCI mechanism for saturated hydrocarbons. *°

Fragmentation of saturated hydrocarbons upon APCI is a major obstacle for the MS
analysis of this class of compounds. For example, the fragment ions of hexane in the APCI mass
spectrum (Figure 2.4) could be misinterpreted as [R-H]" ions of pentane ([R-14]%), butane ([R-
29]"), and propane ([R-43]*). Therefore, one could mistakenly conclude from this APCI mass
spectrum that four saturated hydrocarbons, rather than only hexane, are present. Eliminating, or
reducing, saturated hydrocarbon fragmentation upon APCI is a major focus of this dissertation and

is detailed in Chapter 4.
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Figure 2.4 Positive ion mode APCI mass spectrum of hexane measured on the LQIT used in this
dissertation.

2.3 Introduction to Linear Quadrupole lon Trap (LQIT) Mass Spectrometers

In this dissertation, gas-phase ions generated by APCI were studied using a Thermo
Scientific LTQ two-dimensional, or linear, quadrupole ion trap (LQIT) mass spectrometer (MS).
Invented in 2002 by Schwartz et al., the LQIT MS is the upgraded version of the three-dimensional
quadrupole ion trap (QIT) as it can trap a greater number and wider mass range of ions. %°* An
additional advantage is that ions trapped in the LQIT are ejected through two sides of the ion trap
for detection in two electron multipliers, unlike in QIT wherein the ions are only detected using
one electron multiplier.>® Furthermore, the LQIT design enables easier coupling to other
instrumentation, such as a high-resolution orbitrap MS.% The four parts of the LQIT MS that will
be discussed in detail in the following sections are: 1) the API house box, 2) the ion optics, 3) the

linear quadrupole ion trap (LQIT) - the mass analyzer, and 4) the detectors.
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2.3.1 API House Box and API Stack Regions

Figure 2.5 displays the parts of the API house box and API stack, and the pressures in each
region. Two external connections on the outside of the box (green) provided sheath and auxiliary
gas (nebulizing gas) to the APCI source, while two additional connections provided voltages to
the APCI source and the corona needle. The downhill pressure gradient between the API house
box and API stack (760 torr to 1 torr) helped draw ions into the mass spectrometer. Two Edwards
E2M30 rotary-vane mechanical pumps (650 L/min) maintained the 1 torr pressure in the API stack;
the pressure was constantly monitored by a convectron gauge. The API stack contained the ion
transfer capillary tube, tube lens, and skimmer. DC voltages applied to the ion transfer capillary
tube, £ 0-60 V, and the tube lens, £10-100 V, positive voltage for positive ions and negative voltage
for negative ions, decelerated and focused ions into the center of the ion transfer capillary tube,
while opposite polarity ions collided into its sides and got neutralized. The greater the magnitude
of the DC voltages, the better the focusing of larger ions; however, this may cause undesired
fragmentation.

A downhill potential gradient existed between the tube lens and the narrow opening of the
skimmer that was held at 0 V. This assisted in drawing ions further into the mass spectrometer in
a controlled manner. Furthermore, the skimmer was positioned offset from the axis of the ion
transfer capillary tube and tube lens, causing neutral molecules to crash into the walls of the

skimmer. In this manner, only ions made it through to the ion optics.
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Figure 2.5 Profile view of the API house box and API stack region with the pressures in each
section (red).

2.3.2 lon Optics

The purpose of the ion optics section of the LQIT MS was to control the injection of ions
into the mass analyzer. When ions entered the higher vacuum regions of the mass spectrometer
from atmosphere, they underwent thermal expansion. This means that the ions’ position and
trajectory changed dramatically from the original path in the ion transfer capillary after they passed
into the API stack and ion optic regions. Without any means of focusing ions back into the center
and controlling their movement, they could not be successfully analyzed.

Figure 2.6 shows the different multipoles, lenses, and pressures in the ion optics region.
Three multipole ion guides: two square-rod quadrupoles, Q00 and QO, and one round octupole,
Q1 were part of this region. The combination of square quadrupoles and a round octupole allowed

for a wide mass range of ions to have stable trajectories.®® Additionally, this combination of
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multipoles enabled high ion transfer efficiency between each successive region of the ion optics.
The optical lenses focused the ions toward the center as well as acted as vacuum baffles between
each multipole. Applied to each of the three multipoles and four lenses (lens 0, lens 1, gate lens,
and front lens), was a DC voltage of opposite polarity to that of the ions. For positive ions, negative
voltages were applied. The negative DC voltage applied to each multipole and lens became greater
in magnitude as the ions travelled through. In this way, an increasing negative potential gradient
was established along the center of the mass spectrometer (z-direction) that pulled the ions toward

the ion trap. Figure 2.7 depicts the potential gradient that existed between the APCI source and the

front lens.
Multipole IM LensO IMLens 1 FrontLens
QOO / |
| —
Jro— K |
Multipole QO Gate Multipole Q1
Lens
1 x 1073 Torr 1x 10“ Torr 1x 10° Torr
25 L/sec 300 L/sec 400 L/sec

Triple-Port Turbomolecular Pump

Figure 2.6 Schematic of the ion optics portion of the LQIT MS with the different pressure
regions indicated (red).
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Figure 2.7 Diagram indicating the DC voltages that were applied to the different multipoles and
lenses of the ion optics to create the downhill potential gradient.

lons had to be focused in the x-and y-directions to avoid collisions with the sides of the
rods or lenses. Therefore, a radio frequency (RF) voltage with the same amplitude and phase was
applied to opposite rods but one that was 180° out-of-phase was applied to adjacent rods to
accomplish this task. Figure 2.8 shows a plot of the oscillating RF voltages where the y-axis is the
amplitude of the RF voltage and the x-axis is time. The RF voltage oscillates in a characteristic
sine wave where when one set is positive, the other is negative, and vice versa over time. Positive
ions will be attracted towards the rods with negative voltages applied to them while they will be
repelled by the rods with positive voltages applied to them. Since the polarity of the voltages
applied to adjacent rods is alternating rapidly, the ions approach each rod without colliding into

them. The ions’ motion through the RF field is best described as resembling a corkscrew.
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Figure 2.8 Representative graph of the RF voltages applied to opposite pairs of rods of the
multipoles. “A” shows the polarity of the voltages applied to the x- and y-pair of rods at some
point in time, while “B” shows the point in time when these pairs of rods have a voltage with the
opposite polarity applied to them than that applied at time “A.”

2.3.3 Linear Quadrupole lon Trap

The ion trap mass analyzer was held at a pressure of 107 torr to facilitate the manipulation
of ions. It was made up of four precision-machined and precision aligned hyperbolic rods, two x-
rods and two y-rods. Each rod had a front, middle, and back section (Figure 2.9). The pair of x-
rods had slits in the middle section that ions were ejected through to the detector. Through a
combination of DC and RF voltages as well as an inert buffer gas, this mass analyzer can be used
to store, isolate, fragment and detect ions. The principles that govern these functions of the ion trap

will be elaborated on in the following four parts.

36



Back

Front
\'%
Z.

Figure 2.9 Schematic of the ion trap showing the three different sections and the slit in x-rods
where ions exited to the detector.
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2.3.3.1 lon Storage

lons were stored in the middle section of the ion trap before being ejected out for ion
isolation or detection. This was achieved by using a combination of DC and RF voltages and a
buffer gas. For positively charged ions, negative DC voltages of equal magnitude were applied to
the front and back sections of the ion trap. These two voltages were lower in magnitude (less
negative) than the DC voltage applied to the middle section. In this manner, the DC voltages
created a potential energy well in the z-direction.®® Figure 2.10 depicts the potential energy well
that was generated by the DC voltages applied to the three parts of the ion trap. As ions traveled
through the front and middle section of the ion trap due to the downhill potential gradient, they
encountered an uphill potential gradient between the middle and back sections. This prevented the
incoming ions from exiting the trap. The ions then cycled back and forth in the z-direction between
the front and back sections, colliding with helium buffer gas and cooling down (explained in the

last paragraph of this section), thus remaining confined to the middle of the trap.
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Figure 2.10 The potential energy well that formed by lowering the DC voltage applied to the
center section below that of the front and back sections. lons were confined to the middle of the
trap after collisions with the helium buffer gas because they do not have enough kinetic energy to
exit via the front and back sections.

The RF voltages prevented ions from colliding with the sides of the hyperbolic rods.
Similar to the RF voltages in the ion optics, these RF voltages oscillated the ions in the x- and y-
dimensions. This was accomplished by applying RF voltages of the same magnitude, phase and
frequency to opposite pairs of rods but voltages that were180° out-of-phase to adjacent rods in all
three sections; this RF voltage will be referred to as the main RF voltage throughout the rest of
section 2.3. The main RF voltage applied to all four hyperbolic rods generated a quadrupolar field
that influenced the radial (side-to-side) motion of ions in the trap.®>” In a quadrupolar field, the
force exerted by the electric potential on an ion increases as it travels further away from the center
of the trap. This restoring force focused the ions into the center, thus enabling easier manipulation
of the ions for isolation, excitation, and detection.®®

Lastly, the buffer gas assists in storing and detecting ions by cooling them down, which
locates them into the center of the middle section. When ions collided with the buffer gas, they
transferred some of their kinetic energy into the gas. The more collisions the ions underwent, the
lower were their kinetic energies, i.e., the ions were located in the center of the trap in a smaller

volume. Helium gas is typically used as the buffer gas for three reasons: 1) it has low chemical
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reactivity, 2) it is a small atom, and 3) it is relatively inexpensive.>® The benefit of using this inert
gas is that collisions between ions and helium do not lead to unwanted reaction product ions or
fragment ions. Figure 2.11 depicts the position of the ions in the ion trap with and without buffer

gas.

Without He Buffer Gas

With He Buffer Gas

¥ 2

Figure 2.11 Two images of the ion trap comparing the spatial distribution of the ions in the trap
when helium buffer gas is not present (top) to when it is present (bottom).

Without above three conditions, DC and RF voltages and helium buffer gas, ions could not
be stored in the ion trap. However, the size of the ion trap as well as the magnitudes of the DC
voltage and amplitude of the RF voltage limit the number and the mass range of the ions that can
be successfully stored. In other words, there is a maximum number of ions within a defined mass

range that can be stored in the ion trap.
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2.3.3.1.1 lon Trajectory

As briefly eluded to in the above section, the position of the ions in the middle of the ion
trap was influenced by the electric potential that was created by the RF voltages applied to all four
hyperbolic rods. To successfully store ions, it was important to understand the relationship between
the strength of the electric field and the trajectory of the ions in the trap. The Matthieu differential
equation is used in quadrupole mass spectrometry to accurately describe the trajectory of an ion’s

motion.>® The Matthieu differential equation is shown below:

d?u

TS + (a, + 2qycos28)u =10 (Equation 2.1)

where u is a single coordinate (x, y, or z), & is a term proportional to time by & = 2t/2, where 0 is
the angular frequency of the main RF voltage, and ay and gy are dimensionless Mathieu parameters
that are related to the DC voltage and the amplitude of the main RF voltage, respectively. The
Mathieu parameters, a, and qu, describe an ion’s motion in the ion trap based on the different
regions of the Mathieu stability diagram as shown in Figure 2.12. Any ion whose trajectory lies
within the stability region of the diagram is predicted to be confined in the ion trap, while other
ions outside the stability region will collide with the rods or exit the trap. The relationship between
the Mathieu parameters and DC voltage and amplitude of the main RF voltage are more clearly

depicted in the following equations:

a, =ay =(-)a, = % (Equation 2.2)
4zeV .
Qu = qx = (—)qy = m:gegz (Equation 2.3)

where m is the mass of the ion, z is the charge of the ion, ro is the radius of the ion trap, U is the

applied DC voltage, and V is the amplitude of the applied RF voltage. It is evident from these
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equations that as the magnitude of the DC voltage and the amplitude of the main RF voltage
increase, values of the Mathieu parameters increase as well. Additionally, a and q are related to
the reciprocal of m/z; therefore, for the same change in the DC voltage or the main RF amplitude,
large ions will have a small change in their Mathieu parameters, while small ions will have a large

change in their Mathieu parameters.

0.24 Unstable
Unstable

Stability
Region Unstable
a
Stability Unstable
Region
Unstable
. Unstable

Figure 2.12 Mathieu stability diagram. The y- and x-axes are the Mathieu stability parameters, a
and g, respectively. A g value of 0.908 indicates the trajectory where ions become unstable on
the x-axis. Three ions of different m/z ratios, purple, orange, and green, are depicted where their
a and g values would lie in the stability region. Since the green ion is the smallest ion, it has the
highest g value, while the largest ion, purple, has the lowest g value.

Furthermore, changing the magnitude of the applied DC voltages and amplitude of the
applied main RF voltage would greatly impact the mass range of the ions that have stable motions

in the ion trap. To store the widest mass range of ions, the Mathieu parameter a, was usually set to
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zero. Therefore, the amplitude of the main RF voltage influenced the mass range of ions that could
be successfully confined in the ion trap. The widest three mass ranges that can be achieved with
the LQIT MS were m/z 15-200 (low-mass range), m/z 50-2000 (normal-mass range), and m/z 100-

4000 (high-mass range).

2.3.3.2 Automatic Gain Control

An automatic gain control, or AGC, a feature of the LQIT mass spectrometer, helped to
determine the optimal amount of time to allow ions to enter the ion trap from the ion optics. The
AGC controlled the length of time the gate lens in the ion optics was “open” or allowed ions to
travel through the gate lens; this is referred to as the ion injection time (IT). The gate lens was
“open” when the DC voltage applied to it was more negative than the voltage applied to lens 1 and
was “closed” when the DC voltage applied to the gate lens was more positive than the voltage
applied to lens 1 (see Figure 2.13). The optimal IT was determined by first measuring the number
of ions that entered the ion trap in one ms “open” time; this is referred to as the pre-scan. Next, the
maximum number of ions that could be successfully stored in the ion trap, typically 30,000 ions,
was divided by the number of ions that were measured during the pre-scan - this value is the IT

(Equation 2.4):

IT (how long the gate lens is open) = Target Value (30,000) (Equation 2.4)

Number of ions measured during pre—scan
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Figure 2.13 Diagram showing the voltages to the gate lens when it was “open”, i.e., has a lower
voltage than lens 1 applied to it, vs when it was “closed”, i.e. had a higher voltage than lens 1
applied to it.

The AGC improved the quality of the mass spectrum that was measured by ensuring that
the ideal number of ions entered the trap. If an excess number of ions entered the ion trap, the
density of ions per unit area in the middle section would be too large, resulting in space charging.®°
This phenomenon is due to closely packed ions of the same charge repelling one another and
causing their positions in the ion trap to be displaced from the center. This leads to a decrease in
the mass resolution and mass accuracy.?® On the other hand, if too few ions were in the ion trap,
the total ion current measured could vary tremendously due to small deviations in the number of
ions in the trap. This inconsistency would result in irreproducible mass spectra as well as

difficulties detecting ions present in low abundances.
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2.3.3.3 lon Manipulation

2.3.3.3.1 lon Ejection

After ions were stored and any manipulation had been completed, they were scanned out
through the slits of the x-rods of the middle section of the ion trap for detection. lons were separated
by m/z as they were ejected; this was conducted via mass selective instability scanning with
resonance ejection.® In this type of scan, the amplitude of the main RF voltage was linearly
increased, thus increasing the g-value for all ions. Although ion ejection is possible when an ion’s
g-value exceeds 0.908, the stability limit, ejecting ions like this at the stability limit can lead to
poor mass resolution and mass accuracy.*® Therefore, a second RF voltage was applied to only the
x-rods of the ion trap to improve ion ejection.

The second RF voltage was called the resonance ejection frequency voltage.>® The
frequency of this supplemental RF voltage is the same as an ion’s secular frequency when the ion
has a g-value of 0.880, near the Matthieu stability boundary. It is important to note that the secular
frequency of the motion of every ion is the same when their g-value is the same. The secular
frequency, wu,0, Of the motion of an ion is defined as the frequency at which an ion oscillates in an
electric field.>® The following three equations show how an ion’s secular frequency is influenced

by the amplitude of the main RF voltage:

Wy o = — (Equation 2.5)

2

where Q is the angular frequency of the main RF voltage and By, known as the Dehmelt

approximation, is related to the Mathieu parameters by:

2 1
Bu = (ay + q;”ﬁ (Equation 2.6)
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When ay is zero and qu is represented by Equation 2.3, the secular frequency of an ion can be

rewritten as:

Wyo = 22 (Equation 2.7)

d nuim

Based on Equation 2.7, as the amplitude of the main RF voltage increases, an ion’s secular
frequency increases; therefore, an ion’s secular frequency is proportional to q.

During mass selective instability scanning with resonance ejection, when an ion’s g-value
was equal to 0.880, the ion’s secular frequency came into resonance with the frequency of the
resonance ejection frequency voltage. This caused the ions to gain Kinetic energy and increased
the ions’ motion in the x-direction. lons were able to overcome the restoring force and were ejected
through the slits on the x-rods. Since secular frequency is inversely proportional to m/z, lighter
ions were ejected first followed by heavier ions. The lower the scan rate, i.e., the rate at which the
amplitude of the main RF voltage was increased, the better the mass resolution.®* However, ion
abundance may decrease when using low scan rates.5! Therefore, scan rates were adjusted to

maximize resolution while minimally sacrificing ion abundance.

2.3.3.3.2 lon Ejection for lon Isolation

One of the main advantages of the LQIT was that it can be used for multiple-stage tandem
mass spectrometry experiments (MS"; n>2). These experiments can be used to obtain further
information for the structure of an unknown ion and differentiate isomers.®? In the ion trap, ions
of a specific m/z can be selectively excited and ejected by using two RF voltages to isolate an ion
of interest via ejection of all other ions. To accomplish this, an ion isolation waveform voltage was
applied to the x-rods of the ion trap. The frequency of the ion isolation waveform voltage was

swept through frequencies corresponding to the secular frequencies of the ions in the trap, except
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for the ion to be isolated. In this manner, the trajectories of all ions, except for the isolated ion,

became unstable and the ions were ejected. The isolation waveform is visualized in Figure 2.14.

Isolation waveform voltage

g axis -|< -‘--(:)-I(:\ .908

5 kHz > e _ 500 kHz
Secular frequencies

q axis ‘ l
.908

Isolated ion

Figure 2.14 A distribution of frequencies between 5 and 500 kHz, comprising the secular
frequencies of all ions except that of the ion to be trapped, was applied to the x-rods. All ions
except the ion of interest (red) were removed from the trap.

The software for the LQIT allowed the user to define the ion isolation “window”. The value
of the isolation window informed the software which frequencies to remove from the ion isolation
waveform voltage. The more frequencies were excluded from the isolation waveform voltage, i.e.,
the larger the isolation window, the larger the total ion signal for the isolated ion of interest.
However, large isolation windows may result in isolating unwanted ions, in addition to the ion of
interest. For example, if ions of m/z 499, 500, and 501 were present in the ion trap, isolating only

ions of m/z 500 would likely require a small isolation window, £0.5 m/z units, rather than a typical
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isolation window of =1 m/z units. If an isolation window of 500+1 m/z units was used, then all

three ions would most likely be isolated.

2.3.3.3.3 Collision-activated Dissociation (CAD) in the lon Trap

Excitation (acceleration) of isolated ions for CAD in the ion trap was achieved by applying
a resonance excitation voltage to the x-rods of the ion trap. The frequency of this voltage was
typically set equal to the ion’s secular frequency of motion when the ion had a g-value of 0.250.
The g-value at which the ions are resonantly excited can be changed by using the LQIT software;
the higher the isolated ion’s g-value, the higher the low m/z-cutoff for the product ions, i.e., some
of the lower mass fragment ions may not be detected. The amplitude of this voltage was not great
enough to cause isolated ions to overcome the restoring force and exit the trap. However, the
resonance excitation voltage supplied the stored ions with enough kinetic energy that when they
underwent multiple collisions with the helium buffer gas, the isolated ions usually fragmented.
The reason why ions fragment upon collisions with the buffer gas is similar to why an egg breaks
when thrown against a hard surface. When the egg is thrown, it has kinetic energy. After colliding
with a hard surface, its kinetic energy is converted into internal energy and it fragments. Similarly,
the kinetic energy of the accelerated ions is converted into internal energy as they collide with the
buffer gas; this internal energy may be large enough to cause the bonds in the ions to break,
resulting in the production of fragment ions. The longer the ions underwent CAD (0.03 ms to
10,000 ms) - or the greater the ion acceleration, the greater the abundance of the fragment ions.
Additionally, the formation of different fragmentation products may occur.®® The isolated ions and

fragment ions are ejected for detection in the same way as described in section 2.3.3.3.1.
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2.3.3.3.4 CAD in the lon Optics

CAD in the ion trap was a tandem mass spectrometry experiment because an ion with a
specific m/z was isolated and then fragmented. Another important technique for fragmenting ions
called in-source CAD is not a tandem mass spectrometry experiment because in this technique, no
ion isolation occurs and hence, all of the ions formed in the ion source are fragmented. In the LQIT
MS, in-source CAD was accomplished by increasing the DC voltages on the multipoles and lenses
in the ion optics (see Figure 2.6 and Figure 2.7) to create a steeper than normal potential gradient.
This resulted in the ions to gain more kinetic energy than under normal conditions, which caused
them to fragment upon collisions with atmospheric particles. The ions that entered the ion trap
were a mixture of pre-cursor ions and their fragment ions. In-source CAD experiments were useful,
for example, for distinguishing isobaric analytes,®* analyzing inorganic explosives,®® and

determining the location of heteroatoms in polyaromatic compounds in complex mixtures.5®

2.3.3.3.5 lon-Molecule Reactions inan LQIT

Gas-phase ion-molecule reactions conducted in the ion trap were useful for differentiating
isomeric ions that cannot be differentiated using CAD.®"%° Furthermore, these reactions were
useful for exploring the fundamental chemical properties of ionic reactive intermediates, including
charged radicals and carbenes, and improving the understanding of the fundamental aspects of
ionization methods.224886% |n most ion-molecule reaction experiments, a neutral molecule was
introduced into the ion trap through an external reagent mixing manifold”® and allowed to interact
with isolated ions stored in the trap for 0.03 - 10,000 ms before scanning out all ions for detection.

Developed in 1977 by John Brauman and co-workers, the Brauman double-well potential
energy surface model was widely used to understand as well as predict what product ions would

be generated upon ion-molecule reactions (Figure 2.15).”* Based on this model, the ion-molecule
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reaction began when the two reactants formed a reactant complex due to ion-dipole or ion-induced
dipole attractive forces. These forces provide additional kinetic energy to the reactants in the
complex that is transformed into rovibrational energy - this extra energy is referred to as the
solvation energy. Once the two reactants formed this complex, they either reacted to form new
product ions and neutral molecules or they separated and reformed the reactants. A reaction can
proceed to generate a product complex if the solvation energy was large enough to overcome any
barriers along the reaction pathway and overcoming the barrier was entropically favorable. Once
over the transition state, a product complex formed, and the reaction may continue to form the

separated products if the total reaction is exothermic.
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Figure 2.15 Diagram of the Brauman double-well potential energy surface model. The lines
above the reactants and the transition state represent the rovibrational energy levels; their spacing
Is indicative of the relative “tightness” of each transition state.
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Generally, the rate at which above reactions occur depends on difference between the total
energy of the system (potential energy and extra rovibrational energy gained upon solvation) and
the barrier height (potential energy) of the transition state. The greater the energy difference, AE,
the faster the reaction. However, for endothermic reactions, the potential energy of the products is
larger than that of the reactants, and no matter how large the AE is, the reaction will not occur. In
certain cases, even exothermic reactions may not lead to products. When transition states are
“tight,” the ions and neutral molecules must be in a specific orientation and position to form
products. Therefore, despite having enough energy to overcome the transition state, it is
entropically (number of accessible energy states) more favorable for the reaction to go back to the
separated reactants than to the products. This restriction is called an entropy constraint, the smaller
the number of accessible energy states, the lower the entropy. Under these circumstances, the
reaction will progress slowly if at all. On the other hand, the “looser” the transition state, the greater
the number of accessible energy states and the greater the entropy. Consequently, the reaction
proceeds faster.

Figure 2.16 displays the different parts of the manifold that were required to help introduce
gaseous neutral compounds into the ion trap. First, neutral compounds were introduced into the
manifold by using a syringe pump at a flow rate of 2-5 pL/hr. The neutral compounds were diluted
with helium gas, flow rate of 100-500 mL/min, in a region of the manifold that was held at 70 °C
to ensure evaporation of the compounds before entering the ion trap. A Granville-Phillips leak
valve acted as the injector for the neutral compounds from the manifold into the ion trap. As the
neutral compounds entered the ion trap, the pressure of the vacuum chamber fluctuated up from
its typical pressures of 0.6-1.0x107 torr. To maintain a constant pressure between these values, a

gas-flow regulator was utilized to vary the concentration of the neutral compounds in the helium
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gas; this was accomplished by directing some of the mixture to waste. After ion-molecule reaction
experiments were completed, the manifold was baked out at 200 °C and under vacuum. This was
done to prevent contamination of any residual neutral compounds in the manifold. To avoid
contamination, the boiling points of the neutral compounds must be below 200 °C; this was a major

limitation of the method.
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Figure 2.16 The setup utilized to introduce neutral compounds in a controlled manner into the
ion trap of the LQIT to study ion-molecule reactions.

2.3.3.3.6 lon Detection

After ions were ejected through the two slits in the x-rods, they were attracted towards the
detectors - each included a conversion dynode and a channel electron multiplier (Figure 2.17). The
conversion dynode consisted of a metal surface in the shape of a crescent moon that had a potential
of -15 kV applied to it when detecting positive ions and +15 kV applied to it when detecting
negative ions. The charge on the conversion dynode attracted the incoming beam of ions of
opposite charge to its surface. After an individual ion struck the conversion dynode, one or more
secondary particles were knocked off. These secondary particles were electrons when a positive

ion struck, and positive ions when a negative ion struck. The number of particles ejected from the
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metal surface was proportional to the number ions that collided with it. The trajectories of the
secondary particles were then focused in the direction of the electron multiplier by the curved
surface of the conversion dynode. They were accelerated toward the electron multiplier by a

voltage gradient.
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Figure 2.17 A conversion dynode and an electron multiplier makeup the two detectors for the
LQIT. lons (green) strike the conversion dynode, releasing secondary particles that accelerate
into the electron multiplier, hit its surface and eject electrons from its surface. A measurable
current reaches the anode and an electric signal is sent to the data system.

The electron multiplier consisted of two parts, a cathode and an anode. The cathode was
shaped like a funnel, while the anode was designed like a small cup, and was placed at the exit of
the cathode funnel. First, secondary particles from the conversion dynode hit the inner walls of the
cathode with enough energy to eject electrons. The ejected electrons were attracted further into the
cathode funnel by the increasingly positive potential gradient. The electrons collided with the inner
wall of the cathode, releasing more electrons. These electrons then hit the opposite side of the

funnel, generating a cascade of electrons. After multiple collision events with the walls of the
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cathode, a significant number of electrons were produced that resulted in a measurable current
when they reached the anode cup. The number of electrons detected by the anode cup was
proportional to the number of secondary particles that collided with the cathode. Therefore, the
measured current was related to the number of ions ejected from the ion trap. Lastly, this signal

was transferred from the anode cup to the data system where the mass spectrum was generated.

2.4 Orbitrap Mass Spectrometer

As previously mentioned, one of the advantages of the LQIT was that it can be coupled to a
high-resolution orbitrap mass analyzer. The LQIT provided unit resolution for all ions, which made
it incapable of differentiating isobaric ions - ions of the same nominal m/z but different elemental
compositions. The orbitrap mass spectrometer had a maximum resolution of 100,000 for ions of
m/z 400 and mass accuracies as low as ~0.01 ppm. At such high resolution and mass accuracy, the
orbitrap mass spectrometer can be used to provide reliable elemental compositions as well as the
number of double-bonds and/or rings for many ions. High-resolution mass spectra were highly
valuable for the analysis of complex mixtures such as crude oil and base oils, which will be
highlighted later in this dissertation.*0"2

The fundamental principles that govern an orbitrap mass spectrometer were first
experimentally tested by K.H. Kingdon in 1923.” The Kingdon trap, as it was later called,
consisted of a thin metal wire positioned in the center of a large metal cylinder that was closed off
at the ends. A DC voltage, opposite charge from that of the ions entering the trap, was applied to
the thin wire, while the metal cylinder was held at ground (0 V), creating a DC potential gradient
between them. Interestingly, ions that were accelerated into the Kingdon trap did not collide with
the wire, but rather spiraled around it. The initial kinetic energy of the ions was large enough to

keep them in an orbit around the wire- hence the name orbitrap. This phenomenon is similar to
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why the Earth remains in an orbit around the sun despite the sun’s large gravitational field; the
Earth is orbiting with sufficient velocity to prevent it from being pulled into the sun. Although the
Kingdon trap did not generate mass spectra, this concept led to the invention of the commercial
orbitrap mass spectrometer in 2005 by Thermo Fisher Scientific.’

The orbitrap mass spectrometer was maintained at ultrahigh vacuum at 10° torr by three
turbopumps; the higher resolution of the orbitrap compared to that of the LQIT was partially due
to its lower pressure. Figure 2.19 shows the schematic of the LQIT-orbitrap mass spectrometer
that was utilized in this dissertation for high-resolution measurements. Similar to the Kingdon trap,
the orbitrap consisted of an outer barrel shaped electrode (30 mm inner diameter) and an inner
spindle shaped electrode in the center of it (12 mm inner diameter) (Figure 2.18). As ions of
different m/z oscillated axially around the spindle electrode, they separated from one another. The
ions with the same m/z-values formed coherent packets as they moved from one end of the spindle
to the other. lons were separated within the orbitrap because ions of each m/z have their own unique

axial frequencies that were defined by:
Wg = (5) k (Equation 2.8)

where ma is the axial frequency of oscillation of the ions, z is the charge of the ions, m is their mass

in Da, and k is a constant related to the potential difference between the outer and inner electrodes.
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Figure 2.18 Schematic of the two electrodes of the orbitrap mass analyzer and the ion motion
between them.

lons entered the orbitrap from the ion trap via a transfer octupole and a C-trap. First, ions
stored in the ion trap were accelerated via a DC voltage potential gradient through the back of the
trap into the transfer octupole. Next, the ions entered a curved shape quadrupole with ion trapping
lenses on either side called the C-trap. The C-trap was filled with N2 gas at ~1 mTorr of pressure
to cool the incoming ions. Nitrogen gas was used instead of helium gas because it was better at
removing kinetic energy from the ions.” lons were then focused into the center of the C-trap via
a combination of DC and RF voltages. Finally, the ions were orthogonally ejected as a tight group

from the C-trap through a small opening into the orbitrap mass analyzer.
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Figure 2.19 Schematic of the LQIT coupled to an orbitrap mass spectrometer.

Unlike the LQIT where ions were separated in the ion trap and then ejected for detection,
the orbitrap was designed to both separate and detect ions. lon detection was accomplished via
amplification of the image current produced by the ions on the outer electrode.” In an orbitrap,
the image current was changing as different packets of ions moved along the inner electrode;
therefore, different currents were detected. The signals were Fourier transformed into a
frequency/magnitude spectrum followed by conversion into a mass spectrum. In this manner, the

orbitrap was both a mass analyzer and a detector.

2.5 Introduction to Gas ChromatographyxGas Chromatography/Time-of-flight Mass
Spectrometry

Coupling chromatography instrumentation with a mass spectrometer enabled on-line
separation of compounds prior to ionization and mass analysis. Gas chromatography (GC) is a
common chromatography technique that is utilized for the analysis of volatile compounds that do
not decompose upon vaporization caused by heating.”®"® To separate very complex mixtures, a
GCxGC technique was used in this thesis research. The stationary phase used here was a polymer

that coated the inside of a borosilicate capillary column, while the mobile phase was helium gas.

56



The primary oven temperature ranged from room temperature to 300 °C, while the secondary oven
temperature ranged from room temperature to 330 °C.

The introduction of two GC columns connected to one another (GCxGC), each with a
different polarity, by Zaiyou Liu and John Phillips in 1991, demonstrated significant
improvements in the separation of complex mixtures.8® Compared to 1D GC, the GCxGC
technique has superior resolution and greater sensitivity and a greater number of compounds can
be detected.®? In normal phase GCxGC, the primary column was functionalized with nonpolar
compounds, while the secondary column was functionalized with polar compounds. Normal phase
GCxGC was primarily used for the separation of compounds that have a wide range of polarities,
as for example, crude oil 2 soil extracts,®* and wastewater.®®> On the other hand, reversed phase
GCxGC has the opposite configuration where the first column was functionalized with mostly
polar compounds, while the second column was functionalized with nonpolar compounds. This
column configuration was useful for separating mixtures that primarily contain nonpolar
hydrocarbons including base oils and jet fuels; this geometry was used in this dissertation.¢¢7

When coupled with a mass spectrometer (GCxGC/MS), a powerful analytical instrument
is created.®® Time-of-flight (TOF) mass spectrometers with electron ionization (EI) sources were
perfect for coupling with GCxGC due to their high scan speeds (100-500 Hz) and medium-high
resolution (25,000-75,000). Figure 2.20 and Figure 2.21 display a schematic of the two-
dimensional gas chromatograph/(electron ionization) time-of-flight mass spectrometer
(GCxGC/EI TOF MS) utilized in this research and a typical GCxGC/EI TOF MS total ion current
chromatogram measured for a base oil, respectively. In Figure 2.21, the x-axis is the primary
column elution time (s) and the y-axis is the secondary column elution time (s). Each black dot in

the 2D-chromatogram indicates the apex of a chromatographic peak from both columns and
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represents a single compound in the base oil. An El mass spectrum was measured for each
compound after it eluted from the secondary column to identify unknown compounds (see section
2.5.3 for more details).

The level of difficulty for developing a suitable GCxGC MS method for the analysis of an
unknown sample can vary drastically; the more complicated the mixture, the longer it takes to
optimize the method. Selection of the columns and carrier gas, programming the GCxGC oven
temperatures, adjusting the modulator conditions, and controlling the TOF MS settings were all
critical for method development. In the following sections, the theory and operation of GCxGC/EI

TOF MS, similar to the one used for the experiments in this dissertation, will be discussed.

N 2D- GCxGC TOF-MS

Primary oven Secondary oven

=n e

t 4

| |
Polar primary column Nonpolar secondary column

Figure 2.20 Schematic of a GCxGC/EI TOF MS. The GCxGC consists of two columns and the
modulator, while the TOF MS consists of the El source, the TOF mass analyzer, and the
detector.
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Figure 2.21 Reversed phase 2D-GCxGC/EIl TOF MS total ion current chromatogram of a base
oil. Each black dot represents a single compound that has eluted from both columns and was
detected by the TOF MS.

2.5.1 Sample Preparation and Injection

Samples must be diluted in a suitable solvent prior to injection into GCxGC. An
appropriate solvent should dissolve all the compounds in the sample and have the lowest boiling
point of all compounds in the mixture. The sample concentration must be large enough so that all
of the compounds in the sample can be detected and identified but low enough to prevent column
overloading — sample remains on the column from the previous experiment. Additionally, if the
sample concentration is too high, compounds can co-elute, resulting in lower resolution and less

confident identification of unknown compounds. For a mixture with an unknown concentration of
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compounds, a heavily diluted sample is injected first to determine the ideal concentration for
sample analysis.

When many similar samples need to be analyzed, an autosampler is commonly used to
automatically inject the samples onto the GCxGC. The autosampler utilized for the experiments
in this dissertation was an Agilent 7693. It had 16 slots available for sample vials, two slots for
solvent vials, and three slots for waste vials. Before sample injection, the 10 uL syringe attached
to the autosampler was programmed to draw up a full volume of solvent and deposit it into the
waste vial three to five times to clean out any residual sample from previous measurements. Next,
the syringe would draw sample from the sample vial. The draw speed of the syringe depended on
the viscosity of the sample, i.e., the more viscous the sample, the slower the draw speed to avoid
air bubbles in the syringe. Finally, the syringe was lowered through a septum into the GCxGC

inlet to inject 1 — 10 uL of the diluted sample.

2.5.2 Development of a GCxGC Method

After sample injection, the helium gas (the mobile phase) carried a portion, or all, of the
sample onto the primary column — this was referred to as a splitless injection. In splitless injection
mode, the entire volume of the sample was injected into the GCxGC. This mode was preferred
when the concentrations of the compounds in the sample were very low. When using split injection
mode, the user defines the amount of sample that will be injected into the column and the amount
that will be directed to waste. For example, a 99 split ratio for 10 pLL of sample means that 9.9 uL
were directed into the waste, while 0.1 uL were injected into the GCxGC. The rate of the flow of
the helium gas that was perpendicular to the entrance to the primary column changed based on the
selected split ratio; the greater the split ratio, the higher the gas flow. Typically, the complexity of

the sample and the concentrations of the different compounds in it dictated the optimal split ratio.
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Regardless of the sample’s concentration, the helium gas flow into and through the columns was
held constant at 1-1.25 puL/min.

The oven temperature program for both the primary (polar) and secondary (nonpolar)
columns was one of the most important parameters for determining the success of separation of
the compounds in a sample. The starting temperature in the primary oven is commonly set several
degrees below the boiling point of the compound in the sample with the lowest boiling point.
Conversely, the highest temperature of the primary oven is set to be greater than the boiling point
of the compound with the highest boiling point in the sample. The difference of the temperatures
between the primary and secondary ovens (offset temperature) also matters. For example, if the
temperature range in the primary oven was 40- 240 °C, and the secondary oven offset temperature
was +30 °C, then the temperature range in the secondary oven was 70-270 °C. The greater the
offset temperature, the faster the compounds eluted through the secondary column; this led to
sharper peaks. However, the hotter the temperature in the second column, the closer the peaks
appear to one another. Figure 2.22 compares the second-dimension retention times for three
compounds when using three different secondary oven offset temperatures. This figure
demonstrates that as the offset temperature increases, the faster the compounds elute off the
secondary column but the closer to each other they elute.

Additionally, optimization of the temperature ramp rate between the lowest and highest
temperatures is critical to achieve ideal separation. While a lower temperature ramp rate will yield
better separation, peak sharpness will suffer, i.e., wider peaks are produced in the GCxGC

chromatogram.
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Figure 2.22 Three GCxGC/EI TOF MS total ion current chromatograms that show how the
secondary column retention times for three highlighted peaks decrease as the secondary oven
offset temperature increases from 5 “C (left), to 15 °C (middle), and to 30 °C (right).

2.6.2.1 Development of a Modulator Method

A major contribution to the superior separation of compounds in 2D-GC compared to 1D-
GC is the inclusion of a modulator.®® The modulator has two main functions: 1) cryo-focus eluate
exiting the primary column and 2) heating and injecting the cryo-focused eluate into the secondary
column. The first function of the modulator preserves the separation achieved with the primary
column before injecting compounds into the secondary column. For the Agilent 7890A GCxGC
used in this research, a quad-jet dual stage thermal modulator (Figure 2.23) was used to accomplish
this task. The use of this modulator was broken up into two stages where each stage consisted of a
hot and a cold jet. Each jet shot out nitrogen gas to either stop the eluate from moving (cold jet) or
to inject the eluate into the next stage (hot jet). For a description of how the cold and hot jets work

in the modulator, refer to Figure 2.24.
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Figure 2.23 Schematic of the quad-jet dual stage thermal modulator. Each stage consists of a hot
jetand a cold jet.

Three programmed cold and hot jet combinations were used during the modulation period
- the length of time the eluate is in the modulator before injection onto the secondary column.
Figure 2.24 shows the four phases of the hot and cold jet pulses. In the first phase, the cold jet
pulse was turned on in the first stage, allowing chilled nitrogen gas to cryo-focus eluate exiting the
primary column. In the second stage of the first phase, the hot jet pulse was turned on, allowing
hot nitrogen gas to inject compounds into the secondary column that had escaped the first stage
and entered the second stage. Next, in the second phase, the hot jet was turned on in the first stage
to move the cryo-focused eluate from the first stage into the second stage, where the cold jet was
turned on to cryo-focus the compounds. For the third phase, the cold jet was turned on in the first
stage to prevent additional eluate from travelling to the second stage, while the second stage
maintained the cold jet to generate a tighter packet of eluate for injection into the secondary column.

In the fourth phase, the modulation period has come to a full circle where the cold jet was turned
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on in the first stage and the hot jet was turned on in the second stage. In this manner, the eluate of

the primary column that was cryo-focused was injected into the secondary column.

Modulation Period

Modulator
Compounds Compounds
from the Stage 1 Stage 2 injected into the
primary column secondary column
Cold on Hot on
Hot on Cold on
Cold on Cold on
Cold on Hot on
Phase 4

Figure 2.24 The four phases of hot and cold jet pulses over the course of one modulation period.

Purple circles represent compounds that are in the gas phase, while blue circles represent cryo-

focused compounds. The arrows represent the direction in which the compounds travel starting
from the primary column, through stage 1 of the modulator, to stage 2 of the modulator, and

finally into the secondary column.

The length of time of the modulation period and the duration of the hot and cold jet pulses
greatly affect peak sharpness and compound separation. As previously mentioned, the length of

the modulation period was the same as the maximum elution time of compounds from the second
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column. Therefore, compounds that took longer than the modulation period to elute from the
secondary column remained on the secondary column when the next eluate was injected into the
modulator; this leads to the phenomenon known as wrap around. If wrap around has occurred, the
second-dimension elution time of compounds will be shorter than it should be and can lead to
coelution with eluates from the following modulation period. Wrap around can be corrected by
either increasing the modulation period or increasing the secondary oven offset temperature.
Figure 2.25 demonstrates how the secondary column elution time changes for two compounds
when the modulation period is increased. Intuitively, the longer the modulation period, the greater
the amount of time the eluate has to exit the secondary column before the next eluate is injected.
However, if the modulation period is too long, one risks losing separation in the first dimension
and secondary column overload. For instance, compounds that were separated on the first column
may recombine with one another in the modulator if the modulation time is too long. On the other
hand, the hotter the secondary offset temperature, the less the eluate interacts with the secondary
column, and thus the faster it moves through the column. However, as previously discussed,
increasing the secondary oven offset temperature can cause loss of separation in the second

dimension.
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Figure 2.25 Three 2D-GCxGC/EI TOF MS total ion current chromatograms that show how the
secondary column retention times for three highlighted peaks change as the time of the
modulation period increases from 1 s (left), to 2 s (middle), and to 8 s (right).

The modulation period is broken up into two parts between each stage. Figure 2.26 depicts
the breakdown of the hot and cold jet times in each stage based on the overall modulation period.
A long hot jet time was ideal for rapidly evaporating cryo-focused compounds in the modulator.
If the duration of the hot jet was too short, some of the heavier compounds may not get injected
into the secondary column. Contrary to this, if the hot jet duration was too long, the cold jet pulse
time may be too short to cryo-focus the more volatile compounds in the sample, thus resulting in

the loss of their first-dimension separation.
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Figure 2.26 Flow chart of the different times the hot and cold jets are turned on in each stage
given a 4 s modulation period and 0.5 s hot pulse time.

2.5.3 Development of an EI MS Method

As individual compounds eluted from the secondary column, they were directed through a
transfer line into the EI source where the compounds were ionized. In El, a metal filament heated
with electric current released a beam of electrons. The electrons were accelerated to high kinetic
energies (14-70 eV) by a potential gradient. The separated compounds exiting the transfer line
from the GCxGC travelled perpendicular to the beam of electrons. Upon bombardment of the
neutral compounds by the high energy electrons, an electron was sometimes ejected from a neutral
compound, generating molecular ions and fragment ions. 70 eV was the kinetic energy chosen for
the electron beam because this energy was large enough to ionize any organic compound in a
reproduceable manner. To facilitate identification of ionized compounds, the measured mass
spectra can be compared to 70 eV El mass spectra collected for over 200,000 compounds in a data
base established by the National Institute of Technology and Standards (NIST). Figure 2.27

displays two EI mass spectra: the measured EI mass spectrum for an unknown compound in a
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lubricant base oil and the closest matching EI mass spectrum obtained from the NIST library. A
user can program the software (ChromaTof) to list up to 10 possible predictions for an unknown
compound made based on a comparison of the measured mass spectrum to the EI mass spectra in
the NIST library. A similarity score was assigned for each prediction - the higher the similarity
score the more accurate the prediction of the identity of the unknown compound. However, if the
EI mass spectrum of the unknown compound was not present in the NIST library, or the molecular
ion of the analyte was not present in the measured EI mass spectrum, then incorrect predictions by

the software were possible (see Chapter 5).
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Figure 2.27 Positive-ion mode EI mass spectrum measured for an unknown compound (top) that
was predicted to be pentadecane based on the closest match with an EI mass spectrum in the
NIST library (bottom). The NIST library mass spectrum has a 93% similarity match with the

measured EI mass spectrum.

To preserve the life-span of the filament, the acceleration grid of the El source was
commonly programmed to turn on after the solvent had eluted through the transfer tube. Since the
solvent was in excess, ionization of the solvent can overload the EI source and can cause the El

filament to break. Therefore, a filament delay time was implemented. To determine the filament
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delay time, gas in the headspace of a vial of solvent that the sample was dissolved in was injected
onto the instrument. The time it took the vapors of the solvent to elute from both columns was
recorded. The filament delay time implemented in the method was several seconds longer than the
time it took for the vapors of the solvent to be detected.

In this research, a folded flight path TOF MS was utilized to measure the ions generated
by the EI source. In this design, ions were orthogonally injected into the “flight chamber,”
consisting of four sections called periodic ion lenses (Figure 2.28). As the ions flew through the
first lens, they were redirected by a gridless mirror through the second lens and so on. The kinetic

energy (KE) of each ion can be described by Equation 2.8:

KE=2zV = %mv2 (Equation 2.9)

where KE is ion kinetic energy, z is ion charge, V is the acceleration potential, m is the ion mass,
and v is the ion velocity. If we take the path length of the folded flight path, L, and the time it takes

for any given ion to travel thought it, T, Equation 2.9 can be rewritten as:

T=L |[—*— (Equation 2.10)

Therefore, ions were separated from one another based on the time they took to travel the length
of the flight tube. The smaller ions struck the detector (electron multiplier) first followed by the
heavier ions. Medium-resolution (~25,000) and high-resolution (~50,000) EI mass spectra can be
collected with the folded flight path design by varying the total distance the ions must travel before
striking the detector. Specifically, ions are made to travel through the folded flight path once (20

m) for medium resolution but twice (40 m) for high resolution.
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Figure 2.28 Picture of the folded flight path of ions in the TOF MS employed here. lons travel in
a zig-zag motion between the gridless mirrors and through the periodic ion lenses from the first
section into the last section and then back to the first section where they strike the detector.
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CHAPTER3. ANAUTOMATED METHOD FOR CHEMICAL
COMPOSITION ANALYSIS OF LUBRICANT BASE OILS BY USING
ATMOSPHERIC PRESSURE CHEMICAL IONIZATION MASS
SPECTROMETRY

Adapted with permission from Manheim, J.; Zhang, Y.; Viidanoja, J.; Kenttdmaa, H. I. J. Am.
Soc. Mass Spectrom. 2019, 30, 2014-2021. Copyright 2019 American Chemical Society.

3.1 Introduction

Base oils are petroleum products manufactured from crude oil after it has been distilled,
hydrogenated, and hydrocracked.! Base oils comprise 90% of lubricants that are used in motor
vehicles and industrial machinery.? The key performance qualities of a lubricant base oil, such as
viscosity, thermal stability, and volatility, are dictated by the chemical composition of the base
oil.> Base oils are primarily comprised of large (more than 15 carbon atoms) branched, cyclic and
linear saturated hydrocarbons. Petroleum companies have the potential to improve the physical
attributes of base oils by modifying their refinery methods to change the base oil’s chemical
composition.* However, determining the accurate average molecular weight, range of the number
of carbons, and relative amounts of each saturated hydrocarbon class in base oils is extremely
difficult. This makes improving the quality of base oils challenging.

A plethora of analytical techniques are currently used by the petroleum industry to
characterize the chemical composition of base oils. 3C NMR spectroscopy and infrared
spectroscopy are utilized to provide bulk information, such as the presence of impurities.>®
However, these techniques are limited as neither one can probe the identities of the individual
saturated hydrocarbons in base oils. On the other hand, electron ionization mass spectrometry
coupled to gas chromatography (GC/EI MS) can be used to determine the molecular weights and

some structural information for individual saturated hydrocarbons in low viscosity base oils.” As
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discussed in Chapter 5, two-dimensional gas chromatography coupled with a mass spectrometer
(GCxGC/MS) can also be used to identify many of the compounds in base oils.® The major
downside to these techniques is that it takes several hours to optimally separate the hundreds of
saturated hydrocarbons in base oils. Even still, many of the compounds cannot be identified after
optimal separation because EI often completely fragments saturated hydrocarbons upon ionization,
thus eliminating molecular weight information. Furthermore, middle and high viscosity base oils
cannot be analyzed with most GC columns because the columns degrade at temperatures required
to evaporate the saturated hydrocarbons in these base oils.” For these reasons, field ionization (FI)
MS is commonly used in the petroleum industry to characterize samples containing large saturated
hydrocarbons. FI can be used to analyze saturated hydrocarbons with a wide mass range with
minimal fragmentation.® Another benefit of FI is that it generates only one type of ions, the
molecular ions (M*®), for each different analyte.’®!' However, FI MS suffers from sample
carryover, poor reproducibility, variable levels of fragmentation for large saturated hydrocarbons,
and tedious maintenance.’®' Therefore, this technique cannot use used to provide quick and
reliable data on the chemical composition of base oils.

Recent research performed to improve the analysis of base oils or large saturated
hydrocarbons by mass spectrometry has focused on ionization methods. In general, saturated
hydrocarbons are difficult to ionize without breaking their structure because they lack ionizable
functional groups.'? Derivatization of saturated hydrocarbons with heteroatom containing groups
has been attempted to facilitate their ionization. These studies include oxidation upon desorption
electrospray ionization®® and nitrogen atom insertion during paper spray ionization.}* Although
insignificant levels of fragmentation were reported, all of these methods produce multiple ion types

for each different analyte, complicating the interpretation of the mass spectra.

79



Currently, the most promising ionization technique is atmospheric pressure chemical
ionization (APCI). Several studies have utilized APCI to analyze mixtures of large saturated
hydrocarbons.'>° For instance, a method was presented that generates only one type of ions per
analyte, [M-H]* ions (carbenium ions), from saturated hydrocarbons in base oils upon direct
injection (+)APCI with O, gas as the sheath/auxilliary gas and hexane as the solvent/reagent.!!
Although fragment ions were generated, similar semi-quantitative chemical information as FI MS
for the same base oils was obtained with this method. Most importantly, the APCI/O2/hexane
method was demonstrated to have many advantages over FI MS including more stable ion signals,
longer lifetime of the ionization source, and easier maintenance. However, like FI MS, this method
causes some fragmentation and sample carryover from experiment to experiment.

The goal of the work discussed in this chapter was to automate the (+)APCI/O/saturated
hydrocarbon solvent mass spectrometry method to improve its speed and accuracy when it is
implemented in base oil analysis. Before automating the method, a model compound study was
conducted to determine the solvent/APCI reagent that generated the lowest amount of
fragmentation and the least amount of ionization bias for the different classes of saturated
hydrocarbons. This was proceeded by sample carryover tests to minimize the time required to
collect the base oil mass spectrum and to clean the instrument. Finally, the precision of the
automated method was evaluated for different classes of saturated hydrocarbons in three base oils

with varying viscosities.

3.2 Experimental Section

Chemicals. The solvents/APCI reagents n-pentane, n-hexane, n-heptane, n-decane, n-dodecane,
2,3-dimethylbutane, 2-methylpentane, isooctane, methylcyclopentane, and methylcyclohexane

(all with purity >99%) were purchased from Sigma Aldrich (St. Louis, MO). Model compounds
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tetracosane (99%), hexacosane (99%), octacosane (99%), dotriacontane (97%), 5-a-cholestane
(>97%) and squalane (98.5%) were also purchased from Sigma Aldrich (St. Louis, MO). Pristane
(95% purity), a branched saturated hydrocarbon, was purchased from TCI America. All
compounds were used without further purification. Three base oil samples, each with a different
viscosity, were provided by Neste, Finland. Ultrapure oxygen gas (99.993%) was used for the
nebulizing gas and was purchased from Praxair, Inc. Helium (99.999% purity) was purchased from

Indiana Oxygen and was used as the buffer gas in the ion trap.

Sample Preparation. The solvent used to dissolve all three base oils was isooctane (see section
3.3 for explanation). Sample concentration for the low and middle viscosity base oils was 10
mg/mL in isooctane. Sample concentration for the heavy viscosity base oil was 20 mg/mL in
isooctane. The higher concentration for the heavier base oil was necessary to achieve the best total
ion signal. Spiked base oil samples were prepared by first dissolving 1 mL of an 8 mg/mL solution
of pristane in isooctane in 1 mL of a 20 mg/mL solution of the middle viscosity base oil in isooctane.
The final concentration of pristane and the middle viscosity base oil was 4 mg/mL and 10 mg/mL,
respectively, in isooctane; this solution served as the stock solution. The 2 mg/mL spiked pristane
solution was prepared by taking 1 mL of the 4 mg/mL spiked solution and dissolving it in a 10
mg/mL solution of the middle viscosity base oil in isooctane. Four more spiked pristane solutions
were prepared by dissolving half the volume of the previously made solution in a 10 mg/mL
solution of the middle viscosity base oil in isooctane. In total, six spiked base oil samples were
prepared with the following concentrations of pristane: 4.0 mg/mL, 2.0 mg/mL, 1.0 mg/mL, 0.5

mg/mL, 0.3 mg/mL, and 0.1 mg/mL.
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Instrumentation. Direct infusion and automated positive-ion mode APCI experiments were
conducted on a Thermo Fisher Scientific LTQ XL linear quadrupole ion trap (LQIT) mass
spectrometer. Model compound mixtures (sample preparation is discussed in section 3.3) were
directly injected using a 500 pL Hamilton syringe at a flow rate of 10 pL/min through
polyetheretherketone (PEEK) tubing into the APCI source. For automated experiments, spiked and
nonspiked base oil samples were injected into the APCI source by using a Thermo Scientific
isocratic pump and an autosampler (Dionex UltiMate 3000 series). 10 puL of each sample were
introduced into the ion source through stainless steel tubing and mixed with neat isooctane that
flowed at a rate of 20 pLL/min. After each sample was injected, the syringe was automatically rinsed
with five 25 pL portions of isooctane to remove any residual sample. For all samples, the APCI
conditions were: sheath and auxiliary gas (O2) flow rates, 60 and 30 arbitrary units, respectively;
corona needle, ion transfer capillary tube, and tube lens voltages, 3.5 kV, 10 V, and 30 V,
respectively; vaporizer temperature, 150 °C; and ion transfer capillary tube temperature, 50 °C.
The operating conditions for cleaning the APCI source were similar except that the vaporizer
temperature was set at 250 °C, and the sheath and auxiliary gas flow rates were set at 10 and 5
arbitrary units, respectively. Lower temperatures were used for cleaning because of the safety
concerns regarding the use of oxygen gas; lower flow rates were used to save the amount of
expensive ultrapure oxygen used (~$200 for a 100 L cylinder).

The Dionex UltiMate 3000 series isocratic pump and autosampler were synchronized to
the LQIT via a peripheral control connection. Xcalibur 4.0 and Chromeleon Chromatography Data
System (CDS) were used to setup the experimental sequence for automated experiments. Each
nonspiked base oil sample was injected for two minutes (see section 3.3). All mass spectra were

acquired and processed using Xcalibur 4.0 software. lon abundances were monitored over the
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whole experiment and the averaged mass spectra measured for the nonspiked base oil samples

were used for chemical analysis.

Precision Measurements. The precision of all measurements was expressed as the relative
standard deviation (RSD). Within day, between day, and total precision were determined for each
saturated hydrocarbon class in each base oil by using the relative ion abundances observed in
individual mass spectra. Three mass spectra were collected each day for six days for each
nonspiked base oil for a total of 18 mass spectra per sample. Equation 3.1 was used to calculate

the within day precision:

N
Within Day Precision (RSDwp) = /W (Equation 3.1)

where N is the number of days during which individual mass spectra were collected (6) and K is

the RSD for the kth day. Equation 3.2 was used to calculate the between day precision:

2
Between Day Precision (RSDgp) = \/(RSDL%M - RSD%) (Equation 3.2)

where RSDpw is the RSD of the six-day averages measured.?’ Finally, the total precision was
calculated using equation 3, which takes into account the within day and between day precision

values.

Total Precision = \/RSDZ,, + RSDZ,, (Equation 3.3)

3.3 Results and Discussion

The main objective of this study was to improve the direct infusion (+)APCI/O2/hexane

method for the analysis of base oils. By implementing an isocratic pump and autosampler for
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sample and wash solvent injections, sample carryover, a major drawback of the method, can be
eliminated. Additionally, with 96 slots for 2 mL vials, the automated method has the ability to
collect mass spectra for 95 different base oils (one vial must contain the wash solvent).
Furthermore, the possibility of minimizing fragmentation and ionization biases of APCI was
explored by testing ten different saturated hydrocarbon solvents/APCI reagents. After determining
the best solvent/APCI reagent, the precision of the automated method to provide semi-quantitative

information for the different saturated hydrocarbon classes in each base oil was evaluated.

3.3.1 Selection of the Solvent/APCI Reagent for Automated Experiments

As previously mentioned in Chapter 2, section 2.2, fragmentation of saturated
hydrocarbons upon APCI complicates the interpretation of these mass spectra. According to the
APCI mechanism proposed in literature for saturated hydrocarbons dissolved in saturated
hydrocarbon solvents (see Chapter 2, section 2.2), carbenium ions generated from the APCI
solvent/reagent abstract a hydride from neutral saturated analyte hydrocarbons (M) to generate
[M-H]" carbenium ions and fragment ions. Therefore, carbenium ions generated from the APCI
solvent/reagent were proposed to be responsible for ionization of saturated hydrocarbon analytes
(this will be discussed in more detail in Chapter 4). Therefore, the choice of the solvent should
influence the extent of fragmentation of saturated hydrocarbons. In order to test this hypothesis,
ten different saturated hydrocarbon solvents/APCI reagents, including linear, branched, and cyclic
saturated hydrocarbons, were studied to identify the optimal reagent for ionization of base oils.
However, of the ten compounds studied, only three, namely n-hexane, isooctane, and
methylcyclohexane, resulted in high quality APCI mass spectra (as defined by the observation of
a near Gaussian ion distribution) for the middle viscosity base oil tested (data not shown). These

three solvents/APCI reagents were selected for further model compound studies.
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The reagent ions that caused the ionization of analyte saturated hydrocarbons were
assumed to be the most abundant ions generated from neat n-hexane, isooctane, and
methylcyclohexane upon APCI. For example, the most abundant ions formed upon (+)APCI/O;
of neat isooctane were the fragment ions of m/z 57 ([M-CsHo]"; tert-butyl cation), while the most
abundant ions for neat n-hexane and methylcyclohexane were [M-H]" pseudo-molecular ions of
m/z 85 and m/z 97, respectively (data not shown).

Three 2 mM equimolar mixtures consisting of tetracosane, hexacosane, octacosane,
dotriacontane, 5-a-cholestane, and squalane dissolved in each of the three selected solvents were
prepared to assess the performance of each reagent ion. APCI of these solutions generated [M-H]*
ions for each of the six model compounds in each sample, albeit with different relative abundances
(Figure 3.1). In all three mass spectra, the branched and cyclic saturated hydrocarbons had
significantly higher relative abundances than the linear saturated hydrocarbons. This was most
likely due to the presence of tertiary carbon atoms in the branched/cyclic structures of squalane
and 5-a-cholestane; more stable (tertiary) carbenium ions can be generated from these compounds
without rearrangement than from the four linear saturated hydrocarbons studied. This result agreed
with previous literature findings on hydride transfer between carbenium ions and saturated analyte
hydrocarbons in a pulsed ion cyclotron resonance mass spectrometer.?* Furthermore, hydride
abstraction from tertiary carbons in alkanes by carbenium ions has been reported to be more
exothermic, and therefore, more favorable than hydride abstraction from primary and secondary
carbon atoms. Curiously, the relative abundances of the [M-H]" ions of squalane were lower than
those of the [M-H]" ions of cholestane when dissolved in isooctane but greater when dissolved in

n-hexane and methylcyclohexane. At this time, this finding is not well understood. Due to the
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ionization biases present in all three mass spectra, regardless of the solvent, the APCI method can

only be semi-quantitative.
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Figure 3.1 Direct-infusion positive-ion mode APCI/O. mass spectra of a 2 mM equimolar
saturated hydrocarbon mixture dissolved in hexane (A), methylcyclohexane (B), and isooctane

(©).

The level of fragmentation in all three mass spectra is low. As expected, the lowest level

of fragmentation was observed for the model compound mixture dissolved in isooctane as the

reagent ion m/z 57 is the least reactive reagent ion (Figure 3.1).22 The relative abundance of the

most abundant fragment ions in the isooctane solution was 4%, while they were 8% for the n-

hexane and methylcyclohexane solutions. To determine which saturated hydrocarbon model

86



compounds produced fragment ions upon APCI, mass spectra were measured for each individual

compound in isooctane. Analysis of the mass spectra revealed that only the branched and cyclic

saturated hydrocarbons produced abundant fragment ions (Figure 3.2); only low relative

abundances of fragment ions (below 1%) were observed for linear saturated hydrocarbons.

Therefore, the most abundant fragment ions observed in the 2 mM equimolar mixture mass spectra

(Figure 3.1) were those formed from ionized squalane and 5-a-cholestane.
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Figure 3.2 Direct-infusion positive-ion mode APCI/O, mass spectra of each neat saturated
hydrocarbon model compound dissolved in isooctane. The most abundant fragment ions are

present in the squalane and 5-a-cholestane mass spectra.
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Based on previous studies, four different ion-molecule reactions have the potential to give
rise to fragment ions upon APCI of saturated hydrocarbons (M): M + 02", M + NO*, M + H30",
and M + R* where R is a reagent carbenium ion.?® lon-molecule reaction experiments for all four
reactions have shown that they are all exothermic and can lead to the formation of saturated
hydrocarbon fragment ions.?*2® However, ion-molecule reaction experiments between different
reagent carbenium ions (R*) and neutral saturated hydrocarbon analytes were demonstrated to not
generate fragment ions.** Therefore, it is unlikely that hydride abstraction by the reagent ions was
the cause of fragmentation observed for the compounds in the equimolar mixture; this finding is
elaborated on in Chapter 4. Nevertheless, isooctane was selected as the APCI reagent for the

automated method.

3.3.2 Sample Carryover and Linear Dynamic Range Tests

Sample carryover and linear dynamic range experiments were conducted to evaluate the
performance of the automated APCI/Oz/isooctane method. Table 3.1 shows the sequence used to
assess carryover for each base oil dissolved in isooctane. After mass spectra had been collected for
each base oil for two minutes, neat isooctane was injected into the APCI source using cleaning
conditions. The extent of carryover was determined based on mass spectra measured between base
oil samples for the neat isooctane under the same conditions as used for the samples. The first
experiment began with a 12 minute cleaning time because, in combination with the two minute
sample measurement time, the total analysis time (14 minutes) was similar to that of FI MS
experiments. After the 12 minute cleaning, the neat isooctane mass spectrum showed no ions
derived from saturated hydrocarbons in the base oils. However, after a two minute cleaning time,
ions due to saturated hydrocarbons in the base oils were observed in the neat isooctane mass

spectrum (data not shown). Therefore, since no ions of saturated hydrocarbons were detected after
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a three minute cleaning after analysis of all base oils, this time was determined to be the ideal
cleaning time. The total analysis time for each sample, regardless of the base oil’s viscosity, was

determined to be five minutes.

Table 3.1 Experimental sequence for evaluating base oil carryover and determining the shortest
cleaning time required between sample measurements.

Sample name Method (m-li_r:rt?tees) Injection Volume (uL)
Blank Sample 2 10
Base Oll Sample 2 10
Wash Wash 12 10
Blank Sample 2 10
Base Ol Sample 2 10
Wash Wash 11 10
Blank Sample 2 10
Base Ol Sample 2 10
Wash Wash 3 10

Next, the linear dynamic range of the automated APCI/O2/isooctane method was assessed.
Pristane was selected as the model compound for these experiments for two reasons: 1) it is a
branched saturated hydrocarbon, like many compounds found in base oils® and 2) its molecular
weight is 268 Da, which falls outside the mass range of the saturated hydrocarbons in the middle
viscosity base oil.}* Although the [M-H]" ion (m/z 267) of pristane did not overlap with any [M-
H]* ions of saturated hydrocarbons in the mass spectrum measured for the middle viscosity base
oil, it did overlap with a fragment ion (data not shown). Therefore, fragment ions of saturated
hydrocarbons in the middle viscosity base oil and ions of pristane contributed to the intensity of

the ions of m/z 267.
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APCI/Oz/isooctane mass spectra were measured for the six spiked base oil samples (see
preparation of spiked samples in section 3.2). Figure 3.3 shows a linear relationship between the
total ion abundance of the [M-H]" ions (m/z 267) of pristane (and a fragment ion) and the

concentration of pristane when the concentration was between ~0.25 mg/mL and ~3.0 mg/mL.

1.40E+06

1.20E+06
y = 258536x + 250338
R2 =0.9802

1.00E+06
8.00E+05

6.00E+05

Total lon Intensity

4.00E+05

o ®
2.00E+05

0.00E+00
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Spiked concentration mg/mL

Figure 3.3 Total ion intensity of the [M-H]" ions of pristane and fragment ions of saturated
hydrocarbons in base oils (ions of m/z 267) dissolved in isooctane after spiking the middle
viscosity base oil with six different amounts of pristane.

Based on this finding, six new middle viscosity base oil solutions with pristane concentrations
ranging from 0.3 mg/mL to 3.0 mg/mL (in isooctane) were prepared and measured on three
separate days to evaluate the reproducibility of the linear relationship. Figure 3.4 shows an overlay
of the three plots of the relative abundances of ions of m/z 267 versus pristane concentration.

Excellent linearity was observed as all R? values were greater than 0.996.
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Figure 3.4 Triplicate measurements of the relative abundances of the [M-H]" ions (m/z 267) of
pristane and fragment ions of saturated hydrocarbons in base oils (ions of m/z 267) dissolved in

isooctane as a function of the concentration of pristane in the middle viscosity base oil. A linear
relationship was observed between 0.3 mg/mL and 3.0 mg/mL.

3.3.3 Analysis of Base Oil Mass Spectra Measured by Using the Automated
(+)APCI/O2/1sooctane Method

Mass spectra of each nonspiked base oil (low, middle, and heavy viscosity) in isooctane
were collected three times a day for six days. Figure 3.5 shows an individual (not average)
(+)APCI/Oq/isooctane mass spectrum measured for each base oil. Based on previous analysis of
these base oils,!! the first distribution of ions represented the fragment ions (denoted in Figure 5),
while the second distribution represented the [M-H]" ions of the saturated hydrocarbons. The
greatest relative abundance of fragment ions was observed in the mass spectrum of the low
viscosity base oil; the lowest relative abundance of fragment ions was observed in the mass
spectrum of the heavy viscosity base oil. This finding suggests that a greater amount of branched
and cyclic saturated hydrocarbons may be present in the low viscosity base oil since these classes

of compounds generate the most abundant fragment ions.
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Figure 3.5 Individual (not averaged) positive ion mode APCI/Oz/isooctane mass spectra of the
low, middle, and heavy viscosity base oils after injection using the automated method.

Determination of the range of the number of carbon atoms in the saturated hydrocarbons
in the base oils can only be approximated due to the presence of fragment ions. Based on the
bimodal distributions of the [M-H]" ions and fragment ions in the mass spectra measured for each
base oil, the approximate ranges for the number of carbons were: 16-29 for saturated hydrocarbons
in the low viscosity base oil, 26-43 for saturated hydrocarbons in the middle viscosity base oil, and
29-53 for saturated hydrocarbons in the heavy viscosity base oil. Furthermore, fragmentation
presents some complications for semi-quantitative measurements: 1) small ions generated from

saturated hydrocarbons in the base oils may be excluded because they overlap with the fragment
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ion region, and 2) the relative abundances of the [M-H]* ions of saturated hydrocarbons may
appear to be too low because some of them have fragmented. Table 3.2 displays the average
distribution of the different classes of saturated hydrocarbons determined for the three base oils
and their respective standard deviations; these values were determined based on 18 mass spectral
measurements for each base oil. The six classes of saturated hydrocarbons in each base oil were
identified in a previous study by using a LQIT equipped with a high-resolution orbitrap detector.
The low and middle viscosity base oils had similar saturated hydrocarbon class distributions:
acyclic saturated hydrocarbons were the most abundant class followed by mono-, bi-, tri-, tetra-,
and pentacyclic saturated hydrocarbons in that order. On the other hand, the saturated hydrocarbon
distribution measured for the heavy viscosity base oil was different as the mono-, bi-, and tricyclic
saturated hydrocarbons were the most abundant, followed by the tetracyclic, acyclic and

pentacyclic saturated hydrocarbons.

Table 3.2 Saturated hydrocarbon class distribution percentages for each base oil determined
based on the average of 18 positive-ion mode APCI/Ox/isooctane mass spectra.

Hydrocarbon class Low viscosity 1 Middle viscosity i High viscosity
Pentacyclic saturated 5.1% + 0.3% 28%+01% |  85%+0.4%
hydrocarbons 5
Tetracyclic saturated 5
8.6% + 0.3% 5.8% + 0.1% : 14.5% £ 0.4%
hydrocarbons i
vl g
ricyclic saturated 14.7% + 0.4% 11.4% £02% |  20.1% +0.3%
hydrocarbons :
Dicyclic saturated 20.2% + 0.2% 195% £0.2% | 22.1% +0.3%
hydrocarbons ;
Monocyclic saturated §
21.5% £ 0.4% 21.2% +0.1% 20.0% = 0.5%
hydrocarbons g
Acyclic saturated ;
25.1% + 1.3% 33.3% +0.6% 14.9% + 0.6%
hydrocarbons E

Table 3.3 shows the within day, between day, and total precision results for the saturated

hydrocarbon class distributions in each of the three base oils. Less than 5% within day and between
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day precision values were achieved for all saturated hydrocarbon classes in each base oil. For all
base oil samples, the pentacyclic saturated hydrocarbon class had the highest (the worst) total
precision; 6.2% for the low viscosity, 4.9% for the middle viscosity, and 5.2% for the heavy
viscosity base oil. Since ions generated from the pentacyclic saturated hydrocarbons have the
smallest abundances of all six saturated hydrocarbon classes, minor changes in the ion abundances
for this class will have a greater influence on the total precision than a similar abundance change
for ions with greater abundances. On the contrary, the best total precision (most precise)
measurement was made for the bicyclic saturated hydrocarbons in the low and heavy viscosity
base oils (0.8% and 1.4%, respectively), while the best total precision measurement was made for
the monocyclic saturated hydrocarbons in the middle viscosity base oil (0.5%). Overall, the total
precision values were extremely low, suggesting that the automated (+) APCI/O2/isooctane method

was reproduceable.

Table 3.3 Within day, between day, and total precision for the automated (+)APCI/O-/isooctane
method to determine the saturated hydrocarbon class distribution percentages in each base oil.

Low viscosity Middle viscosity High viscosity

Hydrocarbon class | - popy RSDso Total RSDewo RSDso Total RSDrwo RSDso Total
precision precision precision

Pe":fycdyrf)";f;::]’:‘ed 4.2% 4.6% 6.2% 3.9% 3.0% 4.9% 35% 38% | 52%
mf;dyfo"ccafkf;“;:‘ed 3.0% 2.6% 4.0% 1.9% 13% 23% 21% 21% | 30%
Tr:]%i'c‘;;f;f:fd 2.2% 1.8% 2.8% 15% 11% 1.9% 11% 14% & 17%
D‘gg:‘gc:;”;ﬁ‘:d 0.7% 0.4% 0.8% 07 % 0.6 % 0.9% 12% 06% | 14%
o o | 14%  11%  18% | 04% = 02%  05% | 18%  20% = 27%
e oonbone. | 39% 34% | 52% | 15%  12% | 19% | 16% | 35%  39%

Nevertheless, the stability of the ion signals in the mass spectra of the base oils collected

on the same day and between days were evaluated. Figure 3.6 demonstrates that consistent and
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stable total ion signals were measured, regardless of the day and time, for the middle viscosity
base oil by using the automated APCI/O>/isooctane method. This was a major advantage over Fl
MS as the ion signals measured by FI MS were unstable and fluctuated between sample
measurements.® Furthermore, FI MS mass spectra measured for the same middle viscosity base oil
showed variations in total ion signal, leading to inconsistent distributions of the different classes

of saturated hydrocarbons.!!

Total ion current Middle viscosity base oil
407

Day 5 Experiment #1

0.0 05 10 15 2.0
Time (min) m/z 407

Day 5 Experiment #2

00 05 10 15 20
Time (min)

Day 6 Experiment #1

00 05 10 15 20
Time (min)

m/z

Figure 3.6 Three positive ion mode APCI/O/isooctane mass spectra measured on the same day
(right; top and middle mass spectra) and on different days (right; top and middle mass spectra vs.
bottom mass spectrum) for the middle viscosity base oil by using the automated method. Total
ion chromatograms (left of the mass spectra) end at two minutes due to the two minute sample
analysis time.
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The individual ion abundances in replicate mass spectra were carefully examined to assess
the consistency of ionization, i.e., how similar the relative ion abundances for the same ionized
saturated hydrocarbon were between replicate mass spectra, for the different saturated
hydrocarbons in the three base oils. The ranges of ion abundances observed for ions generated
from different types of saturated hydrocarbons in the low, middle and heavy viscosity base oil
samples are displayed in Figure 3.7 - Figure 3.9. Figure 3.8 shows that none of the error bars
(standard deviations) determined for the average ion abundances for the saturated hydrocarbons in
the middle viscosity base oil overlap, suggesting consistent ionization of each saturated
hydrocarbon. However, for the low viscosity base oil, in Figure 3.7, the error bars for some of the
saturated hydrocarbons in the monocyclic and acyclic class overlap suggesting that ionization of
monocyclic and acyclic saturated hydrocarbons may not be consistent between measurements.
Furthermore, Figure 3.9 shows many overlapping error bars for the ion abundances for the mono-,
bi-, tri-, tetracyclic, and acyclic saturated hydrocarbons in the heavy viscosity base oil suggesting
that the ionization may not be consistent. However, in Figure 3.10, the ion abundance distributions
as a function of the number of carbons from 36 up to 46 for the mono-, bi-, tri- and tetracyclic and
acyclic saturated hydrocarbon classes in the heavy viscosity base oil are similar for all 18 mass
spectra. The consistent distributions of the ion abundances for these five classes that shows
overlapping error bars in Figure 3.9 suggests that consistent mass spectra were measured in

different days.
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Figure 3.7 lon abundance plotted as a function of the number of carbons for the six saturated
hydrocarbon classes in the low viscosity base oil in isooctane. lon abundances are an average of
those measured in 18 mass spectra. Error bars represent the range of ion abundances for each
carbon number.

5.00%

450%
Average

standard deviation (+)

4.00%

—— Pentacyclicgy

350% —— Tetracyclicgy,

§3-00% —— Tricyclicgy
S

g 250% Dicyclicgy 001

2 ) oo Monocyclicg, 0.02

1.50% —— Acyclicsy 0.02

1.00%

SH= Saturated Hydrocarbon

0.50%

0.00%
25 27 29 31 33 35 37 39 41 43 45

Carbon Number

Figure 3.8 lon abundance plotted as a function of the number of carbons for the six saturated
hydrocarbon classes in the middle viscosity base oil in isooctane. lon abundances are an average
of those measured in 18 mass spectra. Error bars represent the range of ion abundances for each

carbon number.
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Figure 3.9 lon abundance plotted as a function of the number of carbons for the six saturated
hydrocarbon classes in the heavy viscosity base oil in isooctane. lon abundances are an average
of those measured in 18 mass spectra. Error bars represent the range of ion abundances for each

carbon number.
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Figure 3.10 lon abundances plotted as a function of m/z values ions generated from the mono-,
di-, tri- and tetracyclic and acyclic saturated hydrocarbons with 36-46 carbon atoms in the heavy
viscosity base oil in isooctane.
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3.4 Conclusions

Automation of the APCI/O2/isooctane MS method for the analysis of base oils was
demonstrated to yield a highly reproducible method that requires minimal instrument cleaning
time. Additional benefits of the method are that it only generates one type of ions, [M-H]" ions,
for each different type of saturated hydrocarbon studied, fragmentation was minimal, and base oils
of different viscosities could be analyzed very fast. Additionally, the insignificant variability in the
saturated hydrocarbon class distribution percentages measured for each base oil suggested that the
method is capable of generating reproducible semi-quantitative data. Compared to FI MS, the
automated APCI1/O./isooctane method is superior and should help oil refineries to better evaluate
their methods for converting crude oil into desired products.

Further improvements in determining the range of the number of carbons in the saturated
hydrocarbons and the relative amounts of each saturated hydrocarbon class could be achieved by
reducing, or eliminating, fragmentation caused by the APCI technique. Chapter 4 details
experiments conducted to better understand the mechanism(s) of APCI of saturated hydrocarbons

in order to advance the analysis of samples, such as base oils, that contain these compounds.
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CHAPTER 4. PROTON TRANSFER REACTIONS CAUSE
FRAGMENTATION OF SATURATED HYDROCARBONS UPON
ATOMOSPHERIC PRESSURE CHEMICAL IONIZATION

4.1 Introduction

Accurate characterization of the saturated hydrocarbons in complex mixtures would help
facilitate breakthroughs in many fields of science including petroleum research,! forensic science,?
evolutionary biology,® and food science.* For instance, a better understanding of the chemical
composition of mixtures of saturated hydrocarbons would enable faster and more environmentally
beneficial processes to achieve desired end-products in crude oil refining.®> Unfortunately, modern
analytical techniques have limited success in characterizing this class of compounds; section 3.1
of Chapter 3 highlights the drawbacks of current instrumentation. Of the numerous techniques
discussed, atmospheric pressure chemical ionization (APCI) mass spectrometry has the greatest
potential to accomplish these analyses.5’

Discussed in Chapter 3, APCI with O as the sheath and auxiliary gas primarily generates
[M-H]* ions from saturated hydrocarbons with various saturated hydrocarbon solvents.” The
advantages of the APCI/Oz/isooctane method are that it’s reproduceable, quick, easy to conduct,
and provides semi-quantitative information on the saturated hydrocarbon class distributions.’
Although this method was only applied to the analysis of base oils, the APCI/O>/isooctane method
can be used to characterize other complex mixtures of saturated hydrocarbons. The major
drawback of this method is the undesirable production of fragment ions from saturated
hydrocarbons, which complicate the mass spectrum. For example, fragmentation makes it difficult
to determine the exact range of the number of carbon atoms in the compounds in the mixture.

Additionally, fragmentation can exacerbate semi-quantitative measurements.
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To reduce, or eliminate, the fragmentation of large saturated hydrocarbons in complex
mixtures caused by APCI, it is imperative to understand the mechanism(s) involved in their
ionization. Previously discussed in Chapters 2 section 2.2 and Chapter 3 section 3.3, APCI of
saturated hydrocarbons involves multiple ionization steps. In the final step of the proposed APCI
mechanism of saturated hydrocarbons, carbenium reagent ions generated from saturated
hydrocarbon solvents abstract a hydride from analyte molecules to form analyte-derived [M-H]*
ions.®1° Therefore, the extent of saturated hydrocarbon fragmentation upon APCI is expected to
be due to the exothermicity of the hydride abstraction reaction. However, such proposals have not
been considered in previous studies. On the other hand, several groups have proposed that the
fragmentation of saturated hydrocarbons upon APCI was caused by highly exothermic electron
abstraction reactions by N>™, N4** and/or O>" ions (generated upon corona discharge of N2 or O
gas in the atmosphere).®'* However, fragmentation of saturated hydrocarbons via electron
abstraction reactions have never been experimentally investigated.

The goal of this study was to determine the reasons for the fragmentation of saturated
hydrocarbons upon APCI. APCI of saturated hydrocarbons was modelled by studying ion-
molecule reactions between neutral saturated hydrocarbons and reagent ions in a linear quadrupole
ion trap mass spectrometer (LQIT MS). Additionally, a modified APCI source was built to test

whether analyte interactions with the corona discharge in APCI caused fragmentation.

4.2 Experimental Section

Chemicals. n-Butylcyclohexane (99% purity), isooctane (>99% purity), n-hexane (>99% purity),
formaldehyde (38% w/w in water), cyclohexane (99.5% purity), and cyclohexane-di> (99.6%
purity) were purchased from Sigma Aldrich (St. Louis, MO) and used as received. The lubricant

base oil sample was provided by Neste, Finland; this base oil is the same as the middle viscosity
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base oil studied in Chapter 3. Nitrogen gas was obtained from the boil-off of liquid nitrogen and

ultrapure oxygen (99.995% purity) was purchased from Praxair, Inc.

Atmospheric Pressure Chemical lonization (APCI) Mass Spectrometry. Positive-ion mode
direct infusion APCI experiments were conducted on a Thermo Fisher Scientific LTQ XL linear
quadrupole ion trap (LQIT) mass spectrometer. A Hamilton 500 uL syringe was used to inject
liquid samples at a flow rate of 10 - 20 uL/min through PEEK tubing with an inner diameter of
0.005 inches into the APCI source. Faster flow rates prevented complete evaporation of the sample
and led to the formation of unwanted adducts, while slower flow rates resulted in low,
irreproducible total ion signals. APCI source conditions were optimized for ionization of saturated
hydrocarbons as reported in Chapter 3.” The APCI conditions were: sheath and auxiliary gas (either
nitrogen or oxygen); 60 and 30 arbitrary units, respectively; vaporizer temperature, 150 °C;
capillary tube temperature, 50 °C; capillary voltage, 10 V; and tube lens voltage, 30 V. These

optimized parameters provide the greatest total ion signal and the lowest amount of fragmentation.

lon-Molecule Reactions in the lon Trap. lons produced via APCI were transferred into the ion
trap. Reagent ions were isolated by ejecting all unwanted ions from the ion trap (see Chapter 2,
section 2.3.3.3.2). The isolation window for each reagent ion varied and was selected based on the
largest total ion signal that could be achieved without isolating nearby ions. Therefore, only
reactions between the isolated reagent ions and neutral saturated hydrocarbons were studied.
Neutral saturated hydrocarbons were introduced into the ion trap via a home-built manifold that
was discussed in Chapter 2 section 2.5.*2 Neat, liquid saturated hydrocarbons were introduced into

the manifold via a syringe drive at a flow rate of 5 uL/hr. The neutral saturated hydrocarbons were
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diluted with helium and leaked into the ion trap at a flow rate of 2 mL/min. Evaporation of the
saturated hydrocarbons into the helium flow was accomplished by heating the manifold to 70 °C
by using heating tape. Isolated reagent ions and neutral saturated hydrocarbons were allowed to
react in the ion trap for a variable time from 0.03 to 500 ms. Product ions, if any, generated from

these reactions were scanned out of the ion trap and detected by the electron multipliers.

lon Trap Collision-Activated Dissociation. Several product ions formed via ion-molecule
reactions were isolated and subjected to collision-activated dissociation (CAD) to determine their
structures. Discussed in chapter 2 section 2.3.3.3.3, these ions were accelerated via RF voltages
and allowed to collide with the helium buffer gas. Precursor and fragment ions were scanned out

of the ion trap to the electron multipliers for detection.

Stainless Steel Tube (SS) lon Source Designs. The Jonathan Amy facility in the Chemistry
Department at Purdue University modeled and built a new APCI source to help test whether
saturated hydrocarbon interactions with a corona discharge caused fragmentation. The entire SS
ion source had an inner diameter of approximately ~10 mm. A corona needle was situated inside
the SS ion source that pointed 16 mm from the exit of the stainless steel tube (Figure 4.1A).
Between the stainless steel tube and metal insert was a piece of peek that provided insulation. A
voltage source supplied the corona needle, stainless steel tube, and metal insert with their own
voltages that can be controlled independently from one another. The optimized voltages were
corona needle, +6 kV; stainless steel tube, +3 kV; and metal insert, +1.5 kV. The SS tube was
housed in a brass tube that was attached to a steel plate the size of the front window of the Thermo

Scientific API house box (Figure 4.1B). When positioned inside the API house box, the SS tube
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ion source was 12 mm from the entrance of the ion transfer capillary tube and positioned directly
underneath the ceramic heater of the APCI source (Figure 4.1C). As shown in Figure 4.1C, the
metal nozzle of the APCI source was removed for these experiments to prevent contact between
the SS tube and APCI ion sources. The SS tube ion source could not be moved closer because

otherwise it would block the opening of the APCI source and put a strain on the ceramic heater.

Profile of the Stainless Steel Tube lon Bird’s Eye View of

A Sourc_e and Commercial APCI Source Stainless Steel Tube lon Source
in the APl Max House Box

C N, sheath <«——— Commercial
Voltage applied and auxiliary gas, APCI source
to corona needle solvent without corona needle
and sample
Voltage applied to

stainless steel tube \

<

\

N, gas & reagent gas
_—
—_—

A

Diagram of the ,
Stainless Steel Tubelon Source  nsulation  Voltage applied to insert

_/

Figure 4.1 (A) Picture of the positioning of the stainless steel (SS) tube ion source in the API
max house box. (B) Picture of the SS tube ion source. (C) Sketch of the SS tube ion source and
commercial APCI source in the API house box. Voltages applied to the SS tube ion source and

direction of sheath/auxiliary gas (N2), reagent gas and sample flow are indicated on the diagram.

Red, orange, and green dots represent reagent ions generated in the SS tube ion source. Purple

dots represent neutral analyte compounds that come from the APCI source without a corona

discharge needle.

Several gas lines and solvent pumps were externally connected to the SS tube ion source

(Figure 4.2). The nebulizing gas first entered a drying tube to remove atmospheric moisture. The
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gas then flowed into three locations: the APCI source and the two gas flow regulators. Isooctane
(solvent) was injected using an injection pump at a flow rate of 1.2 mL/hr. Nebulizing gas mixed
with the isooctane in a region that was heated to ~100 °C by using heating tape. A second solvent
injection pump was set up to test a combination of solvents for ionization, however, it was seldom
used and did not improve, or change, the experimental outcomes. Lastly, solvent and nebulizing

gas were mobilized through the SS tube ion source at a flow rate of 10 L/min.

Heating Tape

Nebulizing
gas to APCI

source
Saturated hydrocarbon

solvent (main injection
pump)

Solvent and
gas vapors to
SS tube ion
source

Drying tube

Second solvent
(optional injection
pump)

Nebulizing
gas from tank

Valve to introduce
gas to the second
solvent

Figure 4.2 Photograph of the arrangement and connections of the equipment used to introduce
gaseous solvent through the SS tube ion source.

Atmospheric ions were generated via corona discharge of the nebulizing gas and reagent
gas at the tip of the corona needle inside the SS tube ion source. Positive ions formed inside the
SS tube ion source were repelled by the positive-charged walls of the tube and metal insert and
carried into the API house box by the nitrogen nebulizing gas. These ions underwent reactions

with saturated hydrocarbon analytes that were introduced through the commercial APCI source
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(Figure 4.1A). In this manner, saturated hydrocarbon analytes were solely ionized by the ions

generated inside the SS tube ion source.

4.3 Results and Discussion

The goal of this work was to identify reagent ions that upon reactions with saturated
hydrocarbons in the ion trap reproduced the fragmentation pattern observed for saturated
hydrocarbons upon APCI. A necessary first step was to investigate the extent of fragmentation for
an individual saturated hydrocarbon upon APCI. If the level of fragmentation in the APCI mass
spectrum of an individual saturated hydrocarbon could be reproduced in the ion-molecule reaction
mass spectrum between the neutral saturated hydrocarbon and the isolated reagent ion, then this
reaction was a potential cause of fragmentation upon APCI. n-Butylcyclohexane was chosen as
the model saturated hydrocarbon for several reasons: 1) it is a cyclic saturated hydrocarbon, which
are abundant in complex mixtures of saturated hydrocarbons, 2) APCI of n-butylcyclohexane
generated abundant fragment ions, and 3) it’s boiling point is below the 200 °C threshold of the
manifold. Furthermore, nitrogen gas was selected as the nebulizing gas as this was the most
commonly used nebulizing gas in APCI and it was less expensive than ultrapure oxygen gas (used

in Chapter 3).%1316

4.3.1 Fragmentation of n-Butylcyclohexane Dissolved in Isooctane upon APCI

To examine the fragmentation pattern of n-butylcyclohexane upon APCI, the positive-ion
mode direct infusion APCI mass spectrum was measured for n-butylcyclohexane dissolved in
isooctane at a concentration of 10 mg/mL (Figure 4.3, top). In this mass spectrum, [M-H]" ions of
isooctane, m/z 113, and of n-butylcyclohexane, m/z 139, were observed in addition to many

fragment ions. To determine which fragment ions came from which saturated hydrocarbon, APCI
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mass spectra of neat n-butylcyclohexane (Figure 4.3, middle) and isooctane (Figure 4.3, bottom)
were measured. Fragment ions of m/z 97 and 83 were most abundant in the APCI mass spectrum
of neat n-butylcyclohexane (Figure 4.3, middle) and were also observed in the APCI mass
spectrum of n-butylcyclohexane dissolved in isooctane (Figure 4.3, top). However, these two ions
were not observed in the APCI mass spectrum of neat isooctane (Figure 4.3, bottom)
demonstrating that these fragment ions form exclusively from n-butylcyclohexane. Similarly,
fragment ions of m/z 111, 99, and 71 form exclusively from isooctane as these ions were not
present in the APCI mass spectrum of neat n-butylcyclohexane. Interestingly, the relative
abundance of the most abundant fragment ion of n-butylcyclohexane, m/z 83, was similar in both
the APCI mass spectra of neat n-butylcyclohexane and n-butylcyclohexane dissolved in isooctane
(Figure 4.3, top, zoomed-in mass spectrum). With the APCI fragmentation pattern of n-
butylcyclohexane identified, the causes for its fragmentation could then be investigated by using

ion-molecule reactions.
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Figure 4.3 (A) Full and zoomed-in direct-infusion (+)APCI mass spectra of n-butylcyclohexane
(MW 140 Da) dissolved in isooctane. The [M-H]" and fragment ions of n-butylcyclohexane and
isooctane are blue and red, respectively. (B) (+)APCI mass spectrum of neat n-butylcyclohexane.
(C) (+)APCI mass spectrum of neat isooctane.

4.3.2 lon-Molecule Reaction Experiments Between Neutral Saturated Hydrocarbons and
lons Proposed to Cause Their Fragmentation

As previously discussed, reactions between radical cations, N2™, N4™, and/or O.", and
saturated hydrocarbons were proposed to be the cause of saturated hydrocarbon fragmentation
upon APCI.*! Unfortunately, nitrogen molecular ions (N2™) and nitrogen-solvated nitrogen
molecular ions (N4™) could not be observed in APCI experiments (explained in Chapter 2 section
2.2), and therefore, these reagent ions could not be studied in these experiments. On the other hand,
02" ions were observed in the APCI mass spectrum when only oxygen nebulizing gas was
introduced through the ion source (data not shown). The bottom of Figure 4.4 displays the ion-
molecule reaction mass spectrum measured for reactions of ions of m/z 32 (O2™) with n-

butylcyclohexane after 0.03 ms reaction time. The [M-H]" ions of n-butylcyclohexane were not
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observed in the mass spectrum, but rather the molecular ions (m/z 140), M™, of n-butylcyclohexane.
Furthermore, the most abundant fragment ion in this mass spectrum was a fragment ion of m/z 82.
A comparison between the ion-molecule reaction mass spectrum (Figure 4.4, bottom) to the direct-
infusion APCI mass spectrum of neat n-butylcyclohexane (Figure 4.4, top) revealed that the
relative abundances of the fragment ions of m/z 82 were much lower in the direct-infusion mass
spectrum. This result suggests that electron abstraction of n-butylcyclohexane by O2™ radical
cations were not the major cause of saturated hydrocarbon fragmentation upon APCI.

Since the ionization energies of O2 (12.1 eV) and N2 (15.6 eV) are both very large, the
extent of saturated hydrocarbon fragmentation upon reactions with molecular ions derived from
these gases is expected to be similar. Furthermore, since N2™, N4™, and O>™ ions are all even-mass
radical cations, reactions between these ions and saturated hydrocarbons most likely produce
similar types of fragment ions. Therefore, we hypothesized that the even-mass ions observed in
the APCI mass spectra of saturated hydrocarbons (see Figure 4.3) were produced from the
reactions between even-mass ions and neutral saturated hydrocarbons. Of all the ion-molecule
reactions measured, the reactions between O2™ ions and neutral n-butylcyclohexane was the only
one to produce even-mass fragment ions; all other reactions (discussed in the following sections)
generated odd-mass fragment ions. However, the low relative abundances of the even-mass
fragment ions compared to the odd-mass fragment ions implied that even-mass, radical cations

were not the main species responsible for saturated hydrocarbon fragmentation.
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Figure 4.4 (A) Direct-infusion (+)APCI mass spectrum of neat n-butylcyclohexane. (B) lon-
molecule mass spectrum measured after 0.03 ms reaction between molecular ions of m/z 32 with
neutral n-butylcyclohexane in the ion trap. The [M-H]" ions of n-butylcyclohexane are colored
blue, the M™ ions of n-butylcyclohexane are colored red, odd-mass fragment ions of n-
butylcyclohexane are colored , and even-mass fragment ions are colored purple.

lon-molecule reactions with carbenium reagent ions, the species proposed to abstract a
hydride from neutral saturated hydrocarbons in the APCI mechanism, were studied next. lon-
molecule reactions between ions of m/z 57 (the carbenium reagent ion generated from corona
discharge of isooctane) and neutral n-butylcyclohexane (Figure 4.5) were conducted first. In
Figure 4.5B, only [M-H]" ions of n-butylcyclohexane, m/z 139, were observed, no fragment ions.
It was considered, however, that the ions of m/z 57 gained excess energy during the APCI process
(Scheme 2.3) and this excess energy lead to fragmentation upon their reactions with n-

butylcyclohexane. This prospect was tested by supplying kinetic energy to the ions of m/z 57 in
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the ion trap by applying a small “tickle” RF voltage; this voltage was the same voltage used to
induce CAD (section 2.3.3.3.3). The RF voltage excited the isolated ions, without fragmenting
them, and they collided with n-butylcyclohexane in the ion trap. Despite the increased energy of
the ions of m/z 57, the level of fragmentation of n-butylcyclohexane was significantly lower than
what was observed in the APCI mass spectrum of neat n-butylcyclohexane (Figure 4.5C and Figure
4.5D). The less abundant carbenium ions generated upon corona discharge of isooctane, including
ions of m/z 71 and 99, were also tested; these reactions did not produce [M-H]" ions or fragment
ions (Figure 4.6). Together, these results suggest that hydride abstraction reactions between

carbenium ions and saturated hydrocarbons cannot account for the fragmentation of saturated

hydrocarbons upon APCI.
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Figure 4.5 Direct-infusion (+)APCI mass spectrum of neat n-butylcyclohexane (A). lon-molecule
mass spectra measured after 500 ms reaction between the most abundant fragment ion of
isooctane of m/z 57 and n-butylcyclohexane at normalized CAD energies of (B) 0, (C) 0.1, and
(D) 4.0 (arbitrary units). CAD greater than 4 resulted in a poor signal. The [M-H]" ion of n-
butylcyclohexane is colored blue and the fragment ions of n-butylcyclohexane are colored

. Overlap between the isolated ion of m/z 57 and product fragment ions of m/z 57 from n-
butylcyclohexane is unlikely because the more abundant fragment ions of m/z 83 and 97 are not
observed.
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Figure 4.6 Direct-infusion (+)APCI mass spectrum of neat n-butylcyclohexane (A). The [M-H]*
ion of n-butylcyclohexane is colored blue and the fragment ions of n-butylcyclohexane are
colored . lon-molecule mass spectra measured after 1000 ms reaction between the minor
fragment ions of isooctane of m/z 71 (B) and m/z 99 (C) and n-butylcyclohexane.

4.3.3 New lon Source Experiments

The high-energy plasma formed at the corona discharge needle initiates ion-molecule
reactions in the APCI technique.!” As reactions proposed in the literature to cause fragmentation
of saturated hydrocarbons were experimentally proven incorrect, analyte interactions with the
corona discharge may be the problem. The stainless steel (SS) tube ion source was built to test this
possibility. In this design, vaporized analytes introduced through a commercial APCI source were
ionized by reagent ions generated inside the SS tube; analytes never came into contact with the
corona discharge needle. The middle viscosity base oil (see Chapter 3) was ionized with both the

SS tube ion source as well as the commercial APCI ion source, and the extent of fragmentation
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observed in their respective mass spectra were compared. The total ion intensity measured for the
SS tube ion source mass spectrum for the middle viscosity base oil (Figure 4.7, bottom) was an
order of magnitude lower than that of the commercial APCI source mass spectrum (Figure 4.7,
top). This was most likely due to the distance of the corona needle from the ion source - 2 mm in
the commercial APCI source vs 28 mm in the SS tube ion source. Most importantly, the level of
fragmentation in both mass spectra was the same, implying that saturated hydrocarbon contact

with the corona discharge in APCI was not the cause of fragmentation.
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Figure 4.7 (A) Direct-infusion (+)APCI mass spectrum of the middle viscosity base oil dissolved
in isooctane. (B) Direct-infusion (+)SS tube ion source mass spectrum of the middle viscosity
base oil dissolved in isooctane.
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4.3.4 lon-Molecule Reaction Experiments Between Neutral Saturated Hydrocarbons and
lons Generated from Air

As all above experiments failed to account for the fragmentation of n-butylcyclohexane
upon (+)APCI, reactions between ions formed from air upon APCI and saturated hydrocarbons
were next considered. Previously described in Chapter 2, the most abundant species measured
from a corona discharge in air were water ion clusters (i.e. H30*-H20n).*® In agreement with past
observations, the (+)APCI mass spectrum of only N2 nebulizing gas primarily displayed
protonated dimers (m/z 37) and trimers (m/z 55) of water (Figure 4.8, top). lon-molecule reactions
between these ions and n-butylcyclohexane at the maximum reaction time of 10 s did not reveal

any [M-H]" or fragment ions (data not shown).
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Figure 4.8 (A) Direct-infusion (+)APCI mass spectrum measured for N2 gas without accelerating
voltages. (B) Direct-infusion (+)APCI mass spectrum measured for N2 gas with 100 V
accelerating voltages.
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Discussed in Chapter 2 section 2.2, water cluster ions were not the first species generated
upon a corona discharge. lons formed in the corona discharge have been previously measured by
increasing the DC voltages on the multipoles and lenses of the ion optics; the most abundant ions
observed were ions of protonated water (m/z 19) and m/z 29 - this ion was hypothesized to be
protonated nitrogen.** Similarly, when the DC voltages of the ion optics of the LQIT MS were
increased, abundant ions of m/z 19 and 29 were observed (Figure 4.8, bottom). Traditionally,
increasing these voltages was done to perform in-source CAD (Chapter 2 section 2.3.3.3.4), which
fragments ions. However, its application here was not to fragment, but rather to prevent reactions
between the ions produced by the corona discharge and atmospheric water; therefore, the increase
in these voltages was referred to as “acceleration voltages.” The success of acceleration voltages
to reveal ions formed at the corona discharge region was hypothesized to be due to the increased
kinetic energies of the ions travelling from the corona discharge to the ion trap. lons with
sufficiently high Kinetic energies cannot form reaction complexes with neutral molecules long-
lived enough to proceed towards products.'® Therefore, it was proposed that ions of m/z 19 and 29
were generated before the ion optics region of the LQIT MS and reactions between these ions and
saturated hydrocarbons may result in fragmentation.

lon-molecule reactions between n-butylcyclohexane and ions of m/z 19, HzO", could not
be conducted, as protonated water could not be isolated regardless of the isolation window, most
likely due to its proximity to the low mass cutoff of the LQIT (m/z 15). On the other hand, the ion-
molecule reaction mass spectrum could be measured for the reactions between ions of m/z 29 and
n-butylcyclohexane (Figure 4.9, bottom). Surprisingly, the direct-infusion APCI mass spectrum of
n-butylcyclohexane (Figure 4.9, top) was similar to the ion-molecule reaction mass spectrum

(Figure 4.9, bottom). In both mass spectra, the most abundant ions are the fragment ions of m/z 83
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followed by the [M-H]" ions of m/z 139. Additionally, smaller fragment ions including ions of m/z
97, 81, 69, and 57 were present in both mass spectra. There are two differences between these
mass spectra: 1) some of the fragment ions in the ion-molecule reaction mass spectrum (Figure
4.9, bottom) have higher relative abundances and 2) even-mass fragment ions are only observed

in the APCI mass spectrum (Figure 4.9, top).
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Figure 4.9 (A) Direct-infusion (+)APCI mass spectrum of neat n-butylcyclohexane. (B) lon-
molecule mass spectrum measured after 0.03 ms reaction between ions of m/z 29 and neutral n-

butylcyclohexane. The [M-H]" ion of n-butylcyclohexane is colored blue and fragment ions of n-
butylcyclohexane are colored . Both mass spectra are zoomed-in on the m/z range 55-150.

Despite these two differences, this reaction warranted further investigation as this was the
only ion-molecule reaction thus far that produced products similar to those in the direct-infusion
APCI mass spectrum of neat n-butylcyclohexane. Although ions of m/z 29 have been proposed to

be N2H* ions, this prediction was never experimentally confirmed.!! Based on the elemental
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composition of the atmosphere, 78% nitrogen, 21% oxygen, and trace amounts of carbon dioxide,
nitrous oxide, and water,?® and with the assistance of the NIST database,?* ions of m/z 29 could be
one of four cations: CH2NH™, C2Hs*, COH*, and N2H". To determine the identity of the ions of
m/z 29, a bracketing experiment, which takes advantage of the different proton affinities of the
conjugate bases of these four cations, was conducted by using ion-molecule reactions. For these
experiments, the observation of a proton transfer reaction between ions of m/z 29 and a neutral
base indicates that the proton affinity of the neutral base is greater than that of the conjugate base
of the ions of m/z 29. Table 4.1 lists the proton affinities (PA) of the four conjugate bases of the
ions of m/z 29 and the neutral bases. For example, if a proton transfer reaction was observed
between ions of m/z 29 and hexafluorobenzene (PA= 155 kcal/mol), than ions of m/z 29 were either
COH* or N2H" because the PAs’ of the conjugate bases of these ions were lower (139.6 kcal/mol
and 118.3 kcal/mol, respectively) than that of hexafluorobenzene. Figure 4.10 displays a diagram
of the potential outcomes for the proton transfer reactions and the identities of the ions of m/z 29

based on these results.
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Table 4.1 Proton affinities for the potential conjugate bases of the ions of m/z 29 and the neutral
molecules selected for bracketing experiments.

Molecule Proton Affinity (kcal/mol) | Reference/Level of Theory
CH,N’ 172 B3LYP/6-311++G(d,p)
CoNy 163 NIST
CO 140 NIST
\ P 118 NIST
Benzene, CgHg 179 NIST
2,2,2-Trifluoroethanol,

C,HAF-0 167 NIST
Hexafluorobenzene, CgFg 155 NIST
CoO, 131 NIST
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Reactions of m/z29 with benzene

(PA= 179 kcal/mol)

Proton transfer No proton transfer

Control experiment;
no conclusion; Experiment does not
work

Reactions of m/z29
with 2,2,2-
trifluoroethanol
(PA= 167 kcal/mol)

Proton transfer No proton transfer

m/z 29 is C,Hs*, COH*, _
or N,H* m/z 29 is CH,NH™*

Reactions of m/z 29
with
hexafluorobenzene
(155 kcal/mol)

Proton transfer No proton transfer

m/z 29 is COH* or N,H* .
m/z 29 is CoHs*
Reactions of m/z29
with carbon dioxide
(131 kcal/mol)

Proton transfer No proton transfer

m/z 29 is N,H* m/z 29 is COH*

Figure 4.10 Flow chart demonstrating the possible identities of ions of m/z 29 from proton
transfer reactions.

Figure 4.11 shows the mass spectra measured for three of the four ion-molecule reaction
experiments conducted with ions of m/z 29. First, a peak of m/z 19, H3O", was observed in all three
mass spectra most likely due to protonation of water (PA= 167 kcal/mol) that was present in the
ion trap by ions of m/z 29. This observation eliminates CH>NH"" as the identity of ions of m/z 29
as its proton affinity is greater than waters. Interestingly, protonated benzene (Figure 4.11; top,
m/z 79), protonated hexafluorobenzene (Figure 4.11; middle, m/z 187), and protonated carbon
dioxide (Figure 4.11; bottom, m/z 45) were all observed in their respective ion-molecule reaction
mass spectra. These results imply that the PA of the conjugate base of ions of m/z 29 was lower

than that of all three neutral bases. The only cationic species acidic enough to protonate these three
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species was protonated nitrogen, NoH™. Although ions of m/z 29 were confirmed to be protonated

nitrogen, the mechanism by which NoH* reacts with n-butylcyclohexane to generate [M-H]" and

fragment ions required stringent examination.
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Figure 4.11 lon-molecule mass spectra measured after 0.03 ms reaction between ions of m/z 29
with (A) benzene, (B) hexafluorobenzene, (C) carbon dioxide. Protonated product ions were

4.3.5 Determination of the

observed in all three mass spectra.

lon-Molecule Reaction Mechanism Between Protonated

Molecules and Saturated Hydrocarbons

The preceding results demonstrate that NoH™" ions protonate a variety of neutral molecules,

however, upon reacting with n-butylcyclohexane, ions of m/z 141 (protonated n-butylcyclohexane)

were not observed, but rather [M-H]" ions and fragment ions. Although hydride abstraction

reactions by ions of N2H" were considered, protonation of saturated hydrocarbons by strong acids
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have been observed. For example, reactions between super acids and saturated hydrocarbons were
observed to form [M-H]* ions after the loss of gaseous H,.2? Also, Cl of saturated hydrocarbons
by protonated methane produce [M-H]* ions and fragment ions.?® Furthermore, the mechanism of
acid-catalyzed hydrocracking of saturated hydrocarbons proposes the formation of intermediate
carbonium ions (CRs") followed by fragmentation to give neutral saturated hydrocarbons and
fragment ions.?* Additionally, protonation reactions in the gas phase are barrierless, and therefore,
were expected to occur extremely fast compared to hydride abstraction reactions.? The extremely
fast reaction between N2H™ ions and n-butylcyclohexane (Figure 4.9, bottom; 0.03 ms) versus the
slow reaction between ions of m/z 57 and n-butylcyclohexane (Figure 4.5, B-D; 500 ms) suggests
that the former reaction is most likely a protonation reaction. Therefore, it was hypothesized that
protonation reactions are the cause of saturated hydrocarbon fragmentation upon APCI.
Hydronium ions of m/z 19 (H3O"; generated by APCI as described above) were also
expected to transfer a proton to saturated hydrocarbons, however, these ions could not be isolated.
Therefore, reactions that take place between protonated formaldehyde and n-butylcyclohexane
were studied instead as formaldehyde has a proton affinity of 170.4 kcal/mol, which is slightly
greater than but similar to that of water (165.1 kcal/mol). Figure 4.12 compares the direct-infusion
APCI mass spectrum of neat n-butylcyclohexane (top) to the ion-molecule reaction mass spectrum
measured between ions of m/z 31 and neutral n-butylcyclohexane (bottom). Similar to the reactions
with N2H" ions, ion-molecule reactions between protonated formaldehyde and n-butylcyclohexane
produced [M-H]" ions and fragment ions. However, the fragment ions in both mass spectra of
Figure 4.12 have similar relative abundance ratios. The lower relative abundance of the fragment
ions in this ion-molecule mass spectrum compared to the one between protonated nitrogen and n-

butylcyclohexane (Figure 4.9, bottom) may be due to the lower exothermicity of the reaction (see
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section 4.3.6). Additionally, since the PA of formaldehyde is larger than that of waters, these
results imply that protonated water can also react with n-butylcyclohexane to generate [M-H]* ions

and fragment ions.
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Figure 4.12 (A) Direct infusion (+)APCI mass spectrum of neat n-butylcyclohexane. (B) Full and
zoomed-in ion-molecule mass spectra measured after 0.03 ms reaction between protonated
formaldehyde (m/z 31) and neutral n-butylcyclohexane. The [M-H]" ion of n-butylcyclohexane is

colored blue and fragment ions of n-butylcyclohexane are colored

Protonated formaldehyde could react with saturated hydrocarbons via protonation or
hydride abstraction. From George Olah’s research on reactions between super acids and methane-
d4, some unreacted methane-d4 had underwent hydrogen-deuterium (H-D) exchange, thus proving
that super acids protonated saturated hydrocarbons. Therefore, mass spectra were measured
following reactions of cyclohexane (MW 84 Da) and completely deuterated cyclohexane
(cyclohexane-di2; MW 96 Da) with protonated formaldehyde (Figure 4.13) as only the proton
transfer reaction should result in H-D exchange. While the mass spectrum measured for

cyclohexane showed only one product ion ([M-H]" ion of m/z 83; Figure 4.13A), the mass
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spectrum measured between protonated formaldehyde and neutral cyclohexane-di» (Figure 4.13B)
resulted in two pseudo-molecular product ions: ions of m/z 94 and m/z 93. lons of m/z 94, [M-D]",
were the only product ions predicted to form if protonated formaldehyde underwent deuteride
abstraction reactions. The formation of ions of m/z 93, [M-D.o+H]", suggests H-D exchange
occurred, and thus protonated formaldehyde transferred a proton to cylcohexane-di2; deuteride
abstraction cannot account for the ions of m/z 93. CAD experiments were performed to confirm
the identities of the two product ions derived from cyclohexane-di».

Figure 4.14 shows the CAD mass spectra of ions of m/z 94 (top) and m/z 93 (bottom).
Fragment ions of m/z 62, (C4D7") were observed in the CAD mass spectrum of ions of m/z 94,
while fragment ions of m/z 62 (C4D7*) and m/z 61 (CsDsH*) were observed in the CAD mass
spectrum of ions of m/z 93. The presence of fragment ions of m/z 61, which are 1 Da greater than
the fragment ions of m/z 62, confirms that the ions of m/z 93 have a hydrogen atom in its structure.
Therefore, the identity of the ions of m/z 93 are [M-D2+H]*. This ion must have formed through
hydrogen-deuterium (H-D) exchange with protonated formaldehyde followed by a net loss of D».
This result unquestionably proves that protonated molecules can protonate saturated

hydrocarbons to produce [M-H]* pseudo-molecular ions and fragment ions.
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Figure 4.13 lon-molecule mass spectra measured after 0.03 ms reaction between protonated
formaldehyde (m/z 31) and cyclohexane (A) and cyclohexane-di2 (B). The [M-H]* ion of
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Figure 4.14 MS/MS/MS CAD mass spectra of the ion of m/z 94 (top) and the ion of m/z 93
(bottom). Mass spectra were measured at normalized collision energy of 20. The [M-D]" ion of
cyclohexane-di. is colored

ion of cyclohexane-ds> is colored blue, and the fragment ions of m/z 93 are colored purple.

, the fragment ion of m/z 94 is colored black, the [M-Do+H]*
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4.3.6 Proposal for the Reduction of Saturated Hydrocarbon Fragmentation Upon APCI

For the first time, saturated hydrocarbon fragmentation upon APCI has been
experimentally tested, and the results suggest that protonated species formed in the corona
discharge are responsible. However, thus far, only reactions with cyclic saturated hydrocarbons
have been studied. Therefore, similar ion-molecule reactions were conducted with isooctane (MW
114 Da), a branched saturated hydrocarbon, and n-hexane (MW 86 Da), a linear saturated
hydrocarbon. Figure 4.15A compares the direct infusion APCI mass spectrum of isooctane with
the mass spectra measured following reactions between ions of m/z 29 and m/z 31 with neutral
isooctane (Figure 4.15B and C, respectively). As expected, fragment ions of isooctane were more
abundant in Figure 4.15B than in Figure 4.15C. Furthermore, fragment ions of m/z 99 were present
when isooctane reacted with protonated nitrogen (Figure 4.15B) but not when it reacted with
protonated formaldehyde (Figure 4.15C). This result is most likely due to differences in the
exothermicities of both reactions — the proton affinity of nitrogen (118.3 kcal/mol) is much lower
than that of formaldehyde’s (171.8 kcal/mol). Therefore, this result suggests that the difference in
proton affinity between the conjugate base of the protonated molecule and the neutral saturated
hydrocarbon influences the extent of fragmentation. The mass spectra measured following
reactions between ions of m/z 29 and m/z 31 with neutral n-hexane support this conclusion. The
fragment ion relative abundances observed in Figure 4.16C are significantly lower than that
observed in Figure 4.16B. These results demonstrate that the relative abundance of fragment ions
of saturated hydrocarbons generated upon APCI depend on the proton affinity difference between

the conjugate base of the protonated species and the saturated hydrocarbon.
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Figure 4.15 Direct infusion (+)APCI mass spectrum of neat isooctane (A). lon-molecule mass
spectra measured after 0.03 ms reaction between the protonated molecule of nitrogen (m/z 29)
with neutral isooctane (B). lon-molecule mass spectra measured after 0.03 ms reaction between
the protonated molecule of formaldehyde (m/z 31) with neutral isooctane (C). The [M-H]+ ion of
isooctane is colored blue and fragment ions are colored . All mass spectra are zoomed-in
on the m/z range 50-140.
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Figure 4.16 Direct infusion (+)APCI mass spectrum of neat hexane (A). lon-molecule mass
spectra measured after 0.03 ms reaction between the protonated molecule of nitrogen (m/z 29)
with neutral hexane (B). lon-molecule mass spectra measured after 0.03 ms reaction between the
protonated molecule of formaldehyde (m/z 31) with neutral isooctane (C). The [M-H]+ ion of
hexane is colored blue and fragment ions are colored . All mass spectra are zoomed-in on
the m/z range 50-140.

Scheme 4.1 shows the newly proposed mechanism for saturated hydrocarbon ionization
upon APCI. Step 4 is the ion-molecule reaction predicted to control the extent of saturated
hydrocarbon fragmentation. Although R is suggested to be N2 or H2O, it is unclear at this time
which species, if either of them, are the main species protonating saturated hydrocarbons in APCI.
Although the direct-infusion APCI mass spectrum measured for nitrogen gas with increased
accelerating voltages showed only N2H"and H3O™" species, this does not exclude the possibility
that other protonated species may be responsible. For instance, it is possible that protonated

nitrogen or protonated water protonate the saturated hydrocarbon solvent that the analyte is
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dissolved in. The protonated solvent, before it releases H> and forms [M-H]" ions, could then
protonate the analyte. Unfortunately, this experiment could not be tested as protonated saturated

hydrocarbon solvents are not stable enough for detection in the ion trap.

+e
(1) Ny + e —> Ny + 2¢

+o +e
(2) N2 + HZO — N2 + HQO

+e
(3) H:O + N —> N2H++ *OH
or

(3) HZO e H,O0 — |—|30 + "OH

(4) é ©+H2+R

R=N, or H,O

Scheme 4.1 The newly proposed APCI mechanism of saturated hydrocarbons.
Methylcyclohexane is used as the example saturated hydrocarbon analyte. Step 4 shows the
formation of [M-H]" product ions; this step also leads to the formation of fragment ions.

It is hypothesized that by controlling the extent of the exothermicity of the proton transfer
reaction between protonated molecules formed in the corona discharge and saturated hydrocarbons
would likely reduce, or eliminate, their fragmentation upon APCI. A logical approach to solving
this problem requires knowledge of the proton affinities of saturated hydrocarbons. Currently, the
proton affinities of methane, ethane, and propane have been experimentally determined as these
protonated species have been observed.?® For larger saturated hydrocarbons like those in complex

mixtures including base oils’ and crude oil,%” determining these PAs are essential for rationally
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reducing their fragmentation upon APCI with the appropriate reagent. One potential method for
determining these PAs is to use bracketing experiments with ion-molecule reactions, similar to
those conducted for determining the identity of the ions of m/z 29. Based on the extent of
fragmentation and the relative abundance of the [M-H]" ions measured in the ion-molecule mass
spectrum following reactions between various protonated species (with known PAs) and saturated

hydrocarbons, an estimate for the proton affinity of the saturated hydrocarbon can be determined.

4.4 Conclusions

Mass spectra measured for the reactions between even-mass, radical cations of the
nebulizing gas and carbenium reagent ions with saturated hydrocarbons did not show similar
fragmentation patterns as the (+)APCI mass spectra of saturated hydrocarbons. Therefore, these
reagent ions were concluded to not cause saturated hydrocarbon fragmentation upon (+)APCI.
Additionally, saturated hydrocarbon interactions with the high-energy plasma of the corona
discharge were also tested and concluded to not induce saturated hydrocarbon fragmentation. lon-
molecule reactions between saturated hydrocarbons and protonated molecules generated both the
[M-H]" ions and fragment ions at similar relative abundances as are observed in the (+)APCI mass
spectrum of saturated hydrocarbons. The mechanism by which [M-H]" ions and fragment ions
were generated was determined to be through proton transfer reactions between the protonated
molecule and the saturated hydrocarbon followed by the loss of H> molecules and neutral saturated
hydrocarbons, respectively.

This hypothesis was further supported by the lower levels of fragmentation observed in the
mass spectra measured following reactions between neutral saturated hydrocarbons and protonated
formaldehyde compared to those measured with protonated nitrogen. Therefore, these results

demonstrate that the extent of saturated hydrocarbon fragmentation is controlled by the
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exothermicity of the proton transfer reaction. If, upon APCI, the difference in proton affinity
between a given saturated hydrocarbon and the conjugate base of the species that protonates it can
be minimized, then fragmentation should be reduced. The first step to achieving this goal would
be to conduct fundamental ion-molecule reactions to determine the proton affinities of saturated
hydrocarbons. In this manner, saturated hydrocarbon fragmentation upon APCI can be rationally
eliminated, thus better enabling the accurate analysis of complex mixtures of saturated

hydrocarbons.
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CHAPTERSS. IDENTIFICATION AND QUANTITATION OF LINEAR
SATURATED HYDROCARBONS IN LUBRICANT BASE OILS BY USING
GCxGC/El TOF MASS SPECTROMETRY

Adapted with permission from Manheim, J.; Wehde, K.; Zhang, W. T. J.; Vozka, P.;
Romanczyk, M.; Kilaz, G.; Kenttdmaa, H. I. J. Am. Soc. Mass Spectrom. 2019, 30(10), 2670-
2677. Copyright 2019 American Chemical Society.

5.1 Introduction

As mentioned in Chapter 3, the ability to characterize the different classes of saturated
hydrocarbons in base oils is paramount for improving oil refinery methods to produce the desired
end products.! Specifically, the structures and abundances of linear saturated hydrocarbons in base
oils is of special interest because this class of compounds is known to be detrimental to the flow
properties of lubricants due to their high pour points.? Furthermore, a large abundance of linear
saturated hydrocarbons can lead to wax precipitation.? Therefore, refinery processes aim to convert
linear saturated hydrocarbons in crude oil to branched and cyclic saturated hydrocarbons; these
two classes of saturated hydrocarbons have superior fluidity, even at low temperatures. An
analytical technique that can be used to identify and quantify linear saturated hydrocarbons in base
oils is necessary to evaluate the success of refining processes to manufacture the optimal base oil
product.

Unfortunately, differentiating linear and branched saturated hydrocarbon isomers that are
present in complex mixtures is not possible by using the (+)APCI/Oz/isooctane method discussed
in Chapters 3 and 4. Furthermore, CAD cannot be used to distinguish linear and branched saturated
hydrocarbon isomers because their fragmentation patterns are similar (data not shown). To
overcome this obstacle, gas chromatography coupled with mass spectrometry can be used to

separate linear and branched saturated hydrocarbon isomers in volatile mixtures prior to ionization
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and detection.®>® However, the greater the number of compounds in the mixture, the more difficult
it is to separate and identify the different saturated hydrocarbons.® For example, it was reported
that many of the peaks in the GC chromatogram measured for a base oil were unresolved due to
the presence of multiple isomers of linear, branched and cyclic saturated hydrocarbons.** On the
other hand, the use of two consecutive GC columns (GCxGC) instead of just one has been
demonstrated to be significantly more effective for base oil analysis, leading to an increase in the
number of compounds detected, and improved sensitivity and separation.!! Detailed in Chapter 2,
section 2.5, the superior capabilities of GCxGC compared to GC arise from the use of two columns
of different polarities (i.e., nonpolar and polar), and a modulator that cryo-focuses eluate eluting
off the first column. Several recent studies have demonstrated the superior separation of saturated
hydrocarbons in crude oil samples by using GCxGC.1%!>-1¢ However, few studies have used
GCxGC for the identification and quantitation of the saturated hydrocarbons in base oils.'1"18
Flame ionization detectors (FID) are commonly coupled with GCxGC to quantify the
individual compounds in complex mixtures as this technique provides chromatographic peak areas
for organic compounds that are proportional to their concentrations; this is not always true when a
mass spectrometer is used as the detector.'® However, the main disadvantage of GCxGC/FID is
that it cannot be used to identify the eluting compounds without model compounds.'® GCxGC
coupled to an El source and a time-of-flight mass spectrometer (TOF MS), however, often enables
compound identification even if two peaks coelute.'? Furthermore, the NIST library (as described
in Chapter 2, section 2.5.3) often enables identification of unknown compounds by matching an
unknown mass spectrum to a known mass spectrum in the database, assuming that the correct
compound is in the database. Most importantly, the El mass spectra of individual linear saturated

hydrocarbons can be distinguished from the EI mass spectra of individual branched and cyclic
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saturated hydrocarbons due to their unique fragmentation patterns. However, since El (generally
used at 70 eV electron kinetic energy) of linear saturated hydrocarbons with more than ten carbon
atoms does not generate the molecular ions, identification of these compounds in complex
mixtures requires the measurement of both the EI mass spectra and the retention times in both
GCxGC columns as well as the use of model linear saturated hydrocarbons.

Additionally, several studies have demonstrated that GCxGC/ElI TOF MS can be used to
provide semi-quantitative data for different classes of compounds by measuring a set of
appropriate model compounds to obtain class-specific response factors.'?2%?! Linear saturated
hydrocarbon model compounds, in particular, have been used to determine response factors for
semi-quantitation of all saturated hydrocarbon classes in base oils by using GCxGC/EI TOF MS.’
However, this approach has never been used to accurately and precisely quantify the linear
saturated hydrocarbons class, nor has it been validated.??

In this study, a GCxGC/EI TOF MS method was developed and validated for the
identification and quantitation of linear alkanes in base oils. Two base oils were analyzed to
determine the percentage of linear saturated hydrocarbons present in each sample. The percentage
of linear saturated hydrocarbons measured by the GCxGC/EI TOF MS method was then compared

to the percentages measured by a GCxGC/FID with the same column configuration.

5.2 Experimental Section

Chemicals. n-Butylbenzene (> 99% purity), n-hexane (> 97%), isooctane (> 99.8% purity), and
linear saturated hydrocarbons containing 14 - 27 carbon atoms (> 99%) were purchased from
Sigma Aldrich and used as received. Helium (99.999% purity) was purchased from Indiana

Oxygen and used as the buffer gas in the ion trap of the LQIT MS. Ultrapure oxygen gas (99.993%)
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purchased from Praxair, Inc was used as the nebulizing gas. The two base oils studied will be

referred to as Base Oil A and Base Oil B.

(+)APCI/Oz2/1sooctane LQIT MS. A Thermo Fisher Scientific LQIT MS (San Jose, CA), similar
to the one used in research described in Chapters 3 and 4, was used to determine the approximate
range of the number of carbon atoms in the linear saturated hydrocarbons in the two base oils. 10
mg of each base oil were dissolved in 1 mL of isooctane. The sample was injected through PEEK
tubing into the APCI source with a 500 uL Hamilton syringe at a flow rate of 10 mL/min. The
APCI source conditions were: vaporizer temperature, 150 °C; ion transfer capillary temperature,
50 °C, sheath and auxiliary gas flow rate, 60 and 30 arbitrary units, respectively; corona discharge
voltage, 6 kV; ion transfer capillary tube voltage, 10 V; and tube lens voltage, 30 V. Xcalibur 2.2

software was used to acquire and analyze the mass spectra.

GCxGC/El TOF Mass Spectrometry. An Agilent 7890A GCxGC coupled to a Pegasus HRT
4D (El) TOF mass spectrometer (Leco Co., St. Joseph, MI, USA) was used for all GCxGC/MS
measurements. 0.5 puL of each sample was injected into the GCxGC by using an Agilent 7693
autosampler. Ultrapure helium (99.9999%) was used as the mobile phase at a constant flow rate
of 1.25 mL/min. The reversed-phase column configuration that comprised of a 60 m polar primary
capillary column and a 2 m nonpolar secondary capillary column was used in all GCxGC
experiments. Each column was located in its separate oven. Located in the first GC oven is a quad-
jet dual stage thermal modulator; part of the 2 m secondary nonpolar column was positioned in the
modulator. The modulator time was 5 s with a hot jet pulse time of 0.75 s and a cold jet pulse time

of 1.75 s. The primary GC oven was programmed to start at 65 °C and was held at this temperature
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for one minute. The temperature was then increased at a rate of 1 °C/min until reaching a final
temperature of 270 °C that was held for six minutes. The secondary GC oven temperature was
offset by + 10 °C from the primary GC oven temperature, while the modulator temperature was
offset by + 50 °C from the secondary GC oven temperature. Table 5.1 shows a detailed overview

of both GC columns and the separation method.

Table 5.1 Overview of the GCxGC MS method used in the following experiments.

Columns Rxi-17Sil MS (60 m x 0.25 mm x 0.25 pm)
Rxi-1ms (1.1 m x 0.25 mm x 0.25 pm)
Injection 0.5
split 20:1, inlet temperature 280 °C
Oven program 40-250 °C, rate 1 °C/min
Mobile gas UHP helium, 1.25 mL/min
Offsets secondary oven 35 °C,
modulator 15 °C
Modulation 8.0 s, hot pulse 1.3 s
Detector FID, 300 °C, 200 Hz
Acquisition _delay 165s

Saturated hydrocarbons eluting from the secondary column entered the EI source from a
transfer line that was held at 300 °C. The compounds were ionized by El at 70 eV electron energy
in a 10 torr pressure region. Molecular ions and fragment ions were accelerated and focused into
the TOF MS (20 m flight path) for medium resolution measurements (25,000 at ions of m/z 219).
Before all TOF MS measurements, the EI TOF MS system was calibrated and tuned using
perfluorotributylamine (PFTBA). Additionally, the grid to guide the electrons into the ion source

was turned on after a 350 ms delay to extend the life of the filament and prevent ionization of the
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solvent, n-hexane. The mass spectral acquisition rate was set to 200 mass spectra/second over a
m/z range of 15-500. LECO Visual Basic Scripting (VBS) software, ChromaTOF Version

1.90.60.0.43266, was used for acquisition and analysis of the mass spectra.

GCxGC Flame lonization Detection. The GCxGC system utilized for these experiments was
composed of an Agilent 7890B dual gas chromatograph, a flame ionization detector (FID), a liquid
nitrogen thermal modulator (LECO Corporation, Saint Joseph, MI), an Agilent 7683B series
injector, and an HP 7683 series auto sampler. The experimental parameters for this method are
listed in Table 5.2. Classification of saturated hydrocarbons was performed using ChromaTOF
software (version 4.71.0.0 optimized for GCxGC FID); a detailed description has been published
previously.?® The weight percentage (wt. %) of the linear saturated hydrocarbons was determined
by dividing the relevant GCxGC peak areas measured for both columns by the sum of all peak

areas in the GCxGC chromatogram.

Table 5.2 Experimental conditions of GCxGC FID analysis.

Columns Rxi-17Sil MS (60 m x 0.25 mm % 0.25 pm)
Rxi-1ms (2 m x 0.25 mm X 0.25 pm)
Injection 0.5 uL
split 20:1, inlet temperature 280 °C
Oven program 40-250 °C, rate 1 °C/min
Mobile gas UHP helium, 1.25 mL/min
Offsets secondary oven 35 °C,
modulator 15 °C
Modulation 8.0's, hot pulse 1.3 s
Detector FID, 300 °C, 200 Hz
Acquisition delay 165s
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Sample Preparation for GCxGC/MS Experiments. Mixtures of model linear saturated
hydrocarbons were prepared by executing serial dilutions of a stock solution. The stock solution
was prepared by dissolving 3.0 mg of each linear saturated hydrocarbon in a total of 10.0 mL of
n-hexane. Considering the density of n-hexane (0.659 g/mL), the final stock solution contained
4550 ppm (by weight) of each saturated hydrocarbon. For calibration measurements, six diluted
solutions with mass fractions of 4.6, 15.2, 25.8, 36.4, 47.0 and 57.7 ppm (by weight) were prepared
from the stock solution. The total volume of each diluted solution studied was 1.0 mL.

Each diluted solution was doped with 20.0 uL of a 3030 ppm (by weight) stock solution of n-
butylbenzene in n-hexane; this served as the internal standard.

Furthermore, the two base oil solutions dissolved in n-hexane were doped by 20.0 pL of
the above 3030 ppm (by weight) stock solution of n-butylbenzene. The optimal mass fraction for
identifying and quantifying the linear saturated hydrocarbons in each base oil was experimentally
determined by analyzing GCxGC total ion current chromatograms of the base oil solutions
dissolved in n-hexane that were prepared at different mass fractions. Determination of the ideal

base oil concentration is discussed in more detail in section 5.3.

Validation Tests. Based on the work by Shah et al., a new validated method must have acceptable
accuracy percentages greater than 85% and precision percentages less than 15% except at the lower
limit of quantitation (LLOQ), where the accuracy must be greater than 80% and the precision less
than 20%.2* To validate the GCxGC/MS method for quantitation of linear saturated hydrocarbons,
four mass fractions of each linear saturated hydrocarbon that were not used to generate the
calibration plots were examined. The y-axis on the calibration plots was the chromatographic peak

area of the linear saturated hydrocarbon divided by the chromatographic peak area of the internal
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standard, n-butylbenzene, and the x-axis was the mass fraction of each linear saturated
hydrocarbon in ppm (by weight). Chromatographic peak areas measured for each of the linear
saturated hydrocarbons in the four mass fractions divided by the chromatographic peak area
measured for n-butylbenzene were referred to as the theoretical peak areas (TP). The experimental
peak areas (EP) for the linear saturated hydrocarbons in the four mass fractions samples were

calculated from the equations of the calibration plots. Based on the TP and EP values, accuracy

|[EP-TP|

was calculated using the formula 100-( -

)*100.2° Within day, between day, and total

precision values were determined from nine total measurements of each of the four mass fractions
- three measurements a day for three days. Within day and between day precision values were

obtained using equations (5.1) and (5.2), respectively (same equations as in Chapter 3):

N
Within Day Precision (WD) = /W (Equation 5.1)

ici - 2 _ WD? '
Between Day Precision (BD) RSDpy —— (Equation 5.2)

where RSD is the relative standard deviation of the TP, N is the number of days individual GCxGC
total ion current chromatograms were collected (N=3), k is the RSD for the kth day, and RSDpm
(equation 2) is the RSD of the three-day averages.?® The total precision was calculated by using

equation 3 (same equation as in Chapter 3).

Total Precision = VWD? + BD? (Equation 5.3)
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Total Linear Saturated Hydrocarbon Content Determinations. After determining the optimal
base oil concentrations (see section 5.3), Base Oil A and Base Oil B were analyzed once a day
using the GCxGC/ElI TOF MS for two days. The mass fractions of the linear saturated
hydrocarbons present in each base oil were determined by using the calibration plots of each linear
saturated hydrocarbon. The mass fractions were then summed for the total linear saturated
hydrocarbon content in each base oil. Lastly, the sum was divided by the concentration of the base
oil that was injected into the GCxGC/ElI TOF MS to obtain the percentage of linear saturated

hydrocarbons present in the entire base oil.

5.3 Results and Discussion

The purpose of this study was to develop and validate a mass spectrometry method for
quantifying the linear saturated hydrocarbons in base oils. Due to ionization biases for different
types of compounds, mass spectrometry is rarely utilized for quantitative applications and is
primarily used to identify unknown compounds. Therefore, successful application of a mass
spectrometry-based method to quantify a specific class of compounds would make the technique

significantly more useful in the analysis of unknown compounds in various samples.

5.3.1 Identification of the Linear Saturated Hydrocarbons in Base Oils

Identification of the linear saturated hydrocarbons in each base oil was performed by
comparing the EI mass spectra and both retention times of each unknown compound with those
measured for model linear saturated hydrocarbons. Selection of the model linear saturated
hydrocarbons was based on (+)APCI/Ox/isooctane mass spectra measured for each base oil. The
use of the (+)APCI/O/isooctane MS method is not necessary for pre-selection of the model

compounds, however, without it, a mixture of standards with 10-40 carbon atoms (typical for base
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oils) would have to be examined using the GCxGC/EI TOF MS. Therefore, for consideration of
time and cost, the approximate range of the number of carbon atoms in the base oils was first
investigated using (+)APCI/Oz/isooctane MS.

Figure 5.1 displays the APCI mass spectra measured for Base Oil A and Base Oil B. A
bimodal distribution of ions was observed for both base oils. As previously mentioned in Chapter
3, the first distribution of ions represented the fragment ions (and is denoted as such in Figure 5.1),
and the second distribution of ions represented the [M-H]" ions. The approximate range of the
number of carbon atoms in saturated hydrocarbons in Base Oil A and Base Oil B are 14 - 21 and

15 - 27, respectively.
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Figure 5.1 Direct-infusion (+)APCI/O2/isooctane LQIT mass spectra measured for Base Oil A
(top) and Base Oil B (bottom). The ions of m/z 391 originated from the PEEK tubing.

Based on the approximate range of the number of carbon atoms identified in the APCI

mass spectra of each base oil, a mixture of model linear saturated hydrocarbons
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with 14 - 27 carbon atoms was prepared at a mass fraction of 37.9 ppm in hexane (total volume 1
mL) and measured using the GCxGC/EI TOF MS. As expected, the molecular ions of the linear
saturated hydrocarbons were not observed in any of the EI mass spectra due to extensive
fragmentation caused by El at 70 eV electron energy. Therefore, the algorithm that matches the
measured EI mass spectrum to the NIST library mass spectrum made many incorrect assignments.
For example, Figure 5.2 and Figure 5.3 show the EI mass spectra measured for tetradecane and
pentadecane, respectively, and the software matched NIST library EI mass spectra. In both figures,
the NIST library prediction was incorrect - tetradecane was predicted to be pentadecane and
pentadecane was predicted to be heptadecane. Therefore, the retention times measured for each
compound in both columns were used to aid in the identification of the linear saturated

hydrocarbons in the base oils.
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Figure 5.2 EI (70 eV) TOF mass spectrum measured for tetradecane by GCxGC/ElI TOF MS
(top) and the best matched EI mass spectrum from the NIST library- pentadecane.
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Figure 5.3 El (70 eV) TOF mass spectrum measured for pentadecane by GCxGC/EIl TOF MS
(top) and the best matched EI mass spectrum from the NIST library- heptadecane.

Each base oil, prepared at a mass fraction of 1538.5 ppm in hexane (1 mg of base oil in 1
mL of n-hexane) and doped with 30.3 ppm n-butylbenzene (for following quantitative
measurements), was then measured by using the GCxGC/El TOF MS. GCxGC total ion current
chromatograms measured for Base Oil A and Base Oil B (Figure 5.4) revealed hundreds of
compounds in the two base oils. The purple circle indicates the chromatographic peak for n-
butylbenzene. All other peaks are derived from saturated hydrocarbons as previously determined
by using model compounds.t’ Here, green dots correspond to branched saturated hydrocarbons,
red dots correspond to mono-, di-, and tricyclic saturated hydrocarbons, and blue dots correspond
to tetra- and pentacyclic saturated hydrocarbons. The black squares indicate the linear saturated
hydrocarbons identified in each base oil; this was determined by comparing their retention times
and EI mass spectra to those of the model compounds. Table 5.3 shows the retention times for the
linear saturated hydrocarbon model compounds and the compounds in the base oils with similar

retention times. Not surprisingly, unknown compounds and model compounds with similar
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retention times produced identical EI mass spectra. Interestingly, linear saturated hydrocarbons
with 19 - 27 carbon atoms were not detected in either sample. Based on the retention times and El
mass spectra, linear saturated hydrocarbons with 14 — 18 carbon atoms were identified in Base Oil

A and with 15 — 18 carbon atoms in Base Oil B.
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Figure 5.4 GCxGC total ion current chromatograms measured for Base Oil A (left) and Base QOil
B (right), respectively, by using GCxGC/ElI TOF MS. Black squares represent the linear
saturated hydrocarbons, green dots represent the branched saturated hydrocarbons, red dots
represent the mono-, di-, and tricyclic saturated hydrocarbons, and blue dots represent the tetra-
and pentacyclic saturated hydrocarbons. The greyscale legend at the right of each total ion
current chromatogram is indicative of the chromatographic peak areas.
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Table 5.3 Retention times in the polar and nonpolar columns for standard linear saturated
hydrocarbons that have similar retention times as compounds in Base Oil A and Base Oil B. N/A
denotes “not applicable” as a compound with this retention time was not found in the base oils.

Polar Column Retention Time (s) Nonpolar Column Retention Time (s)
Linear Standard Base Oil A Base Oil B Standard Base Oil A Base Oil B
Alkane
C14 1384.76 1384.76 N/A 2.664 2.664 N/A
C15 1894.65 1894.65 1894.65 2.988 2.978 2.993
C16 2464.52 2464.52 2469.52 3.168 3.168 3.178
C17 3064.38 3064.38 3064.38 3.261 3.258 3.266
C1s8 3664.25 3664.25 3669.25 3.286 3.291 3.317
C19 4249.11 N/A N/A 3.343 N/A N/A
C20 4823.98 N/A N/A 3.338 N/A N/A
C21 5373.86 N/A N/A 3.312 N/A N/A
C22 5903.74 N/A N/A 3.297 N/A N/A
Cc23 6413.62 N/A N/A 3.286 N/A N/A

5.3.2 Determination of the Accuracy and Precision of the GCxGC/El TOF MS Method to
Quantitate Linear Saturated Hydrocarbons

Mixtures of model linear saturated hydrocarbons with 14 - 18 carbon atoms were prepared
at different mass fractions to create calibration plots. 57.7 ppm was selected as the highest mass
fraction for the calibration plot as this was the highest mass fraction for all linear saturated
hydrocarbons that was below the saturation limit of the detector (1x107 arbitrary units). 4.55 ppm
was selected as the lowest mass fraction as this was the lowest mass fraction for all linear saturated
hydrocarbons that demonstrated a total ion current signal-to-noise ratio greater than 3:1.
Calibration plots for all five linear saturated hydrocarbons in the model compound mixtures were

constructed from an average of three measurements for each mass fraction (Figure 5.5). All five
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plots demonstrate excellent linearity as all R? values are greater than 0.996. However, the linear
dynamic range is only about one order of magnitude, which limits the ppm range for accurate
quantitation of linear saturated hydrocarbons in complex samples. On the other hand, this dynamic

range is comparable to similar methods that have been reported in literature.?’
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Figure 5.5 Calibration plots for mixtures of standard linear saturated hydrocarbons C14-C1s. Each
point is the average of three measurements and the error bars represent the standard deviation.

Four mass fractions of the model linear saturated hydrocarbon mixture that were not used
to prepare the calibration plots were chosen to test the accuracy and precision of the GCxGC/EI
TOF MS method in quantitation of linear saturated hydrocarbons: 12.1, 30.3, 42.5 and 53.1 ppm.
Table 5.4 shows the average accuracy, within day precision, between day precision, and total

precision based on the three days of measurements. The accuracy and precision values for all mass
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fractions of each linear saturated hydrocarbon were better than the acceptable limits of a new
validated method of 85% and 15%, respectively, except for the 14-carbon linear saturated
hydrocarbon at a mass fraction of 12.1 ppm.?* This mass fraction yielded an average accuracy of
83.8% and a total precision of 17.2%. However, 12.1 ppm is close to the LLOQ for tetradecane
(10 ppm); this was determined based on the IUPAC definition of the LLOQ.?* Therefore, the
method was successfully validated for it achieved better than the acceptable minimum accuracy of

80% and maximum total precision of 20%.2*

Table 5.4 Average accuracy, average within day precision, average between day precision, and
total precision for GCxGC/EIl TOF MS quantitation of mixtures of model linear saturated
hydrocarbons C14-Cig at four different mass fractions.

Average Accuracy Averaged Within Day

. Between Day Precision Total Precision
Number Precision

of
Carbon
Atoms

121 303 425 531 | 121 303 425 531|121 303 425 531 121 303 425 531
ppm  ppm  ppm ppm | ppm  ppm ppm  ppm ( ppm ppm  ppm  ppm | ppm ppm ppm  ppm

14 83.83% 92.15% 99.00% 94.46% [ 6.0% 2.5% 2.1% 1.6% |16.1% 11.2% 10.0% 4.4% |17.2% 11.5% 10.2% 4.6%
15 89.60% 93.33% 99.88% 95.35% | 4.9% 1.1% 1.6% 1.0% |10.0% 13.0% 12.6% 6.9% [11.1% 13.1% 12.8% 7.0%
16 91.58% 93.85% 99.21% 97.22% [ 5.1% 1.2% 2.1% 1.6% | 8.1% 13.1% 13.3% 9.3% | 9.6% 13.1% 13.5% 9.4%

17 92.86% 93.32% 99.97% 96.19% [ 4.6% 0.9% 18% 09% |7.0% 9.4% 93% 53%|84% 95% 94% 54%

18 97.76% 96.32% 96.98% 99.89% [ 3.7% 1.7% 1.1% 1.7%|0.8% 9.1% 13.1% 8.8% | 3.8% 9.2% 13.1% 9.0%

5.3.3 Determination of the Percentage of Total Linear Saturated Hydrocarbon Content in
Base Oils

Base oil concentrations were selected so that all, or most, linear saturated hydrocarbons in
the samples had mass fractions that fell between the lowest and highest mass fractions of the
calibration plots. Therefore, the mass fraction of Base Oil A was chosen to be 4550 ppm in 1 mL
of n-hexane and the mass fraction of Base Oil B was 11400 ppm in 1 mL of n-hexane. All the mass

fractions measured for the linear saturated hydrocarbons present in the base oils were within the
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range of the calibration plots except for the linear saturated hydrocarbon with 15 carbon atoms in
Base Oil B (Table 5.5). The average total linear saturated hydrocarbon contents measured for Base
Oil A and Base Oil B (two measurements each) were 146 + 8 ppm and 49.2 + 21 ppm, respectively.
Based on the original total concentration of each base oil, the average total linear saturated
hydrocarbon percentage present in Base Oil A was 3.7% + 0.5% (by weight percent) and in Base

Oil B was 0.8% + 0.2% (Table 5.6).

Table 5.5 Example set of concentrations (ppm) of the linear saturated hydrocarbons identified in

each base oil as determined by GCxGC/EIl TOF MS. Peak areas in both columns were used. The

concentration of pentadecane (C1s) in Base Oil B falls outside of the linear dynamic range of the
calibration curve.

Base oil A 4552 ppm mass fraction
butylb Cl4 C15 C16 C17 C18 TOF MS
ulybenzene Total PPM value
Peak Area (PA) 1890144 843427 1402805 1380947 836416 628018
Normalized PA / 0.44622 1.66322 0.98442 0.60568 0.75084 %]linear
PPM / 13.5 56.0 33.4 21.2 27.3 151 3.3%
Base oil B 11380 ppm mass fraction
butylb Cl4 C15 C16 C17 C18 TOF M3
utylbenzene Total PPM value
Peak Area (PA) 2212919 N/A 178508 605139 557536 532558
Normalized PA / N/A 0.08067 0.27346 0.25195 0.24066 % ]linear
PPM / N/A 2.00 9.20 9.60 9.30 31.0 0.7%

To further validate the quantitation of linear saturated hydrocarbons by using GCxGC/EI
TOF MS, a GCxGC/FID with the same column configuration as the GCxGC/ElI TOF MS was
used to determine the linear saturated hydrocarbon mass fractions in both base oil samples. Each
base oil sample was analyzed twice on the GCxGC/FID. The average linear saturated hydrocarbon
mass fraction in Base Oil A was determined to be 4.3% + 0.8% and in Base Oil B, 0.7% + 0.1%
(Table 5.6). These values are in close agreement with the results obtained using the GCxGC/EI
TOF MS (Table 5.6), substantiating that the GCxGC/EI TOF MS method can be successfully used

to quantitate linear saturated hydrocarbons in base oils. Although the GCxGC/FID is a cheaper
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instrument than the GCxGC/EI TOF MS, the latter instrument can be used to not only quantitate

but also identify compounds in base oils.

Table 5.6 Total linear saturated hydrocarbon (by weight percent) content identified in each base
oil as determined by GCxGC/EIl TOF MS and GCxGC/FID.

Base Oil A 4550 ppm mass fraction

TOF MS value | FID value
% linear % linear
146 +7.9 3.7% +0.5% | 4.3% + 0.8%

Base Oil B 11400 ppm mass fraction
TOF MS value | FID value
% linear % linear
49.2 +20.8 0.8%+0.2% | 0.7% + 0.1%

Total PPM

Total PPM

5.4 Conclusions

A GCxGC/ElI TOF MS method was successfully validated for the identification and
quantitation of linear saturated hydrocarbons in base oils. Mixtures of model linear saturated
hydrocarbons enable the identification of linear saturated hydrocarbons in base oils by comparing
model compound retention times in both columns and EI mass spectra to those of the unknown
compounds in two base oils. The accuracy and precision of the GCxGC/El TOF MS method in
quantitation of linear saturated hydrocarbons were assessed by comparing the measured and
calculated peak areas of four mass fractions of each linear saturated hydrocarbon present in the
base oils. All accuracy and precision measurements surpassed the minimum requirements for
validation of a new method for quantitative purposes. Furthermore, the linear saturated
hydrocarbon mass fraction in Base oil A and Base oil B determined by the GCxGC/EI TOF MS

method was similar to that determined by GCxGC/FID. Therefore, this work expands the benefits
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of the GCxGC/EI TOF MS method to not only provide structural information of compounds in

complex mixtures, but to also quantitate linear saturated hydrocarbons in complex mixtures.
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CHAPTER 6. ANALYSIS OF CRUDE OIL COMPONENTS THAT
STRONGLY BIND TO KAOLINITE

6.1 Introduction

Due to the ever increasing energy demand, the world’s light crude oil reserves are
diminishing.! In order to be able to recover the ~66% of crude oil that still remains in underground
reservoirs after primary and secondary oil recovery processes, novel extraction methods must be
developed. One of the most intriguing tertiary recovery methods is chemically enhanced oil
recovery (CEOR).2 The goal of this process is to mobilize bound oil in the reservoir by introducing
a combination of salts, surfactants, and polymers into the water flooding solution.® The salts and
surfactants decrease the interfacial tension of the oil bound to the reservoir surface, while the
polymers increase the viscosity of the injected water and thereby facilitate motion of the displaced
oil.> However, petroleum companies rarely invest in cEOR efforts due to the insufficient levels of
oil recovered compared to the amount of money spent on developing cEOR approaches.? An
improved understanding of the types of compounds in oil that tightly bind to the reservoir surface
would facilitate the development of successful cEOR formulations, i.e., optimal
salt/surfactant/polymer mixtures, for more efficient extraction of the oil from the ground.

While oil reservoirs can have numerous geological features, the clays present in the rock are
believed to adsorb most of the oil as they cover most of the rock surface area.* One of the most
prevalent clay minerals in oil reservoirs is kaolinite. It has been extensively studied due to its high
affinity for crude oil.°> Kaolinite is an aluminosilicate with the chemical composition
Al>Si,0s(OH)a. It is a layered mineral with one sheet of silica (SiO4) connected via oxygen atoms
to a sheet of alumina (AlOe). Exposed OH groups on the sheet of alumina of kaolinite create

favorable interactions between the clay and the most polar molecules present in crude oil,
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especially the polar compounds in asphaltenes.®® On the other hand, the siloxane surface of
kaolinite has been reported to have favorable interactions with the most nonpolar compounds in
crude oil.° The affinity kaolinite can have for both polar and nonpolar compounds makes it
challenging to develop a successful combination of chemicals to release the bound oil. Therefore,
a better understanding on which particular chemical compounds in crude oil bind strongly to
kaolinite could accelerate the development of better cEOR formulations.

While many efforts have been made to computationally model the adsorption of
compounds present in crude oil to kaolinite,’>> only few experimental studies have been
conducted. Two independent studies determined positive correlations between the nitrogen content
in asphaltene samples and the amount of asphaltenes adsorbed to kaolinite.”'® On the contrary,
based on X-ray photoelectron spectroscopy profile measurements of asphaltenes adsorbed to
kaolinite surfaces, nitrogen- and sulfur-rich polar compounds were demonstrated not to be strongly
adsorbed to kaolinite. Surprisingly, an experimental study determining the types of compounds
in whole crude oil, and not just in asphaltenes, that strongly bind to kaolinite has not been
performed. Furthermore, the analytical techniques utilized in the above studies provide only bulk
chemical information for the compounds strongly bound to kaolinites. Therefore, no molecular
level information has been obtained thus far.

High-resolution mass spectrometry measurements of crude oil as well as asphaltenes have
been critical in obtaining molecular level information for these mixtures, including the average
molecular weight and the elemental compositions and the number of aromatic rings in individual
compounds.’?° Due to the great molecular complexity of crude oil, it is typically separated into
several fractions containing compounds with different polarities prior to accurate mass

spectrometry analysis. These fractions of crude oil may include those containing saturated

158



hydrocarbons, aromatic compounds, heteroaromatic compounds, polar compounds, and
asphaltenes.?! Recently, our research group developed an improved method for fractionating and
analyzing crude 0il.?° In the same study, an optimized mass spectrometric ionization technique
was developed for each fraction to minimize ionization biases.?® This method, referred to as
distillation, precipitation, and fractionation mass spectrometry (DPF MS), can be applied to study
the individual compounds in crude oil that bind strongly to kaolinite.

In this research, a kaolinite sample containing tightly bound crude oil components was
deposited on a silica cartridge. Different solvents were then used to simultaneously remove the
crude oil components from the kaolinite and fractionate them as performed? in the DPF MS
method. Thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy (FTIR)
analysis were conducted on the oil-treated kaolinite, before and after removal of the bound oil, to
determine whether all of the bound oil had been removed. The fractionation step of the DPF MS
method was also used to fractionate the components of the crude oil that were not strongly bound
to kaolinite. All fractions collected in these experiments were analyzed by using the optimal

ionization and mass spectrometry methods developed for DPF MS.

6.2 Experimental Section

Chemicals. . A medium API gravity crude oil sample was provided by Neste, Finland. Kaolinite
KGa-1b was obtained from Washington, GA. Nitrogen gas was obtained from the boil-off of liquid
nitrogen. Fluorene (98%), dibenzothiophene (98%), dibenzofuran (96%), carbazole (>99%), 1-
heptadecylbenzene (>97%), and sodium chloride (>99.5%) were purchased from Sigma Aldrich
(St. Louis, MO) and used as received. CS2 (99.9 % purity) was purchased from Alfa Aesar

(Haverhill, MA). Methanol (Optima LC/MS Grade) was purchased from Fisher Scientific
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(Hampton, NH). HPLC grade n-hexane, dichloromethane, and isopropanol were purchased from

Fisher Chemical (West Lafayette, IN) and used as received.

Exposure of Crude Oil to Kaolinite. Crude oil was exposed to kaolinite by combining ~9 g of
crude oil with ~6 g of dried, powdered kaolinite clay in a cortex centrifuge tube. The tube contents
were thoroughly mixed via a centrifuge tube rotator at 50 RPM for seven days. The centrifuge tube
was then shaken by hand followed by centrifugation for 30 minutes at 3000 RPM. This process
separated the nonbound oil components (NBO; as a liquid) from the crude oil components that
were strongly bound to kaolinite (KBO). NBO was poured into a pre-weighed vial. Three 10 mL
portions of brine solution made with 9400 ppm (by moles) of sodium chloride were then added
into the tube to remove those oil components that can be recovered via water flooding - this oil
was not analyzed. Lastly, both NBO and the kaolinite sample with KBO were vacuum dried at 60

°C to boil off the light saturated hydrocarbons from each sample.

Removal of Crude Oil Bound to Kaolinite (KBO) and Fractionation of KBO and NBO . KBO
was simultaneously removed from kaolinite and fractionated into three fractions containing
compounds with different polarities by using the fractionation step of the DPF method?! (Figure
6.1). The same fractionation method of the DPF method was also used to separate the NBO sample
into the same three fractions. This was performed using a CombiFlash RF+ Lumen auto-column
with UV, UV-Vis, and evaporative light scattering (ELS) detectors.

Approximately 0.5 g of NBO, or 2.7 g of kaolinite containing KBO, were weighed and
loaded onto a frit that was inside a 25 g RediSep RF cartridge that was tightly packed with silica

gel (Sorbitech). Beneath the RediSep RF cartridge was a 40 g silica flash column that was utilized
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to enhance separation of the compounds in both samples. HPLC grade n-hexane, dichloromethane,
and isopropanol were used as the eluting solvents. 100% n-hexane was first introduced through
the cartridge at a flow rate of 40 mL/min for ten minutes. The n-hexane removed the heavy
saturated and alkyl aromatic hydrocarbons from the oil-treated kaolinite and NBO. Then, 100%
dichloromethane was introduced at the same flow rate for ten minutes, which removed the
heteroaromatic compounds from both samples. Lastly, 100% isopropanol was injected for ten
minutes to remove the most polar components. In this manner, the three solvents simultaneously
removed and fractionated KBO from the kaolinite sample and fractionated NBO.

The solvent was removed from the three fractions obtained from NBO and KBO by using
a rotary evaporator. Each fraction was stored in a pre-weighed vial for later analysis by mass
spectrometry. Additionally, each fraction was weighed gravimetrically to determine their weight
percentage in NBO and KBO. Successful removal of all crude oil that was bound to kaolinite was
assessed by using TGA and FTIR spectroscopy (see section 6.3.1).

[ Crudeoil (9g) + ]
Kaolinite (6 g)

7 days of rotation and shaking
followed by centrifugation for

30 min at 3000 RPM
Compounds boundto ( Nonbound compounds
kaolinite (oil-treated kaolinite) L (NBO)
Washing oil-treated kaolinite 3 times with Vacuum drying

10 mL portions of brine followed by at60 'C
vacuum drying at 60 ‘C

Oil-treated kaolinite loaded onto
silica cartridge for simultaneous NBO loaded onto
removal and fractionation of crude OR silica cartridge for fractionation

oil bound to kaolinite (KBO)

FirstSolvent Secondsolvent Third solvent
n-Hexane Dichloromethane Isopropanol

Heavy saturated
+ alkylaromatic
compounds

Heteroaromatic Polar
compounds compounds

Figure 6.1 Flow chart demonstrating how the KBO and NBO samples were prepared and
separated into three fractions containing compounds of different polarities.
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Thermogravimetric Analysis (TGA). 0.04-0.06 grams of kaolinite samples, i.e., kaolinite
exposed to crude oil, kaolinite exposed to crude oil after n-hexane extraction, kaolinite exposed to
crude oil after n-hexane and dichloromethane extractions, and kaolinite exposed to crude oil after
n-hexane, dichloromethane, and isopropanol extractions, were loaded onto the tray of a Mettler
Toledo Tga Sdta851 thermogravimetric analyzer. The initial temperature was set to 25 °C and it

was increased at a rate of 20 “C/min until it reached a final temperature of 1,000 °C.

Fourier Transform Infrared Spectroscopy (FTIR). All FTIR spectra were collected using a
Thermo Nicolet 380 FTIR spectrometer. 0.01 g of kaolinite samples, i.e., kaolinite exposed to
crude oil, kaolinite exposed to crude oil after n-hexane extraction, kaolinite exposed to crude oil
after n-hexane and dichloromethane extraction, and kaolinite exposed to crude oil after n-hexane,
dichloromethane, and isopropanol extraction, were combined with 0.19 g of KBr in a ball and mill
followed by vigorous mixing by using a mechanical vibrator. FTIR spectra were measured
between 4,000 — 500 cm™. Before acquiring FTIR spectra of the samples, a background FTIR
spectrum was collected for 0.2 g of KBr. Each KBr sample was prepared fresh before

measurements.

Gas Chromatography / Electron lonization Mass Spectrometry (GC/El MS). 1 mg of the
artificial model compound mixture bound to kaolinite and 1 mg of the nonbound artificial model
compound mixture (see section 6.3.3 for more details on the artificial model compound mixtures)
were each dissolved in 1 mL of dichloromethane prior to GC/EI MS analysis using Shimadzu GC-
2010/MS-QP2010 GC/MS instrument. The instrument consisted of a non-functionalized column,

an EI source, and a quadrupole mass analyzer. The GC oven temperature program was 40 ‘C —
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200 °C at a temperature ramp rate of 10 °C/min. 70 eV EI mass spectra were collected using a m/z

range of 50 — 500.

Atmospheric Pressure Chemical lonization (APCI) Linear Quadrupole lon Trap (LQIT)
Orbitrap Mass Spectrometry. Direct infusion positive-ion mode APCI experiments were
conducted on a LQIT coupled with a high-resolution orbitrap XL mass spectrometer (Orbitrap XL
MS; Thermo Fischer Scientific, San Jose, CA). All high-resolution measurements were performed
at a resolution of 100,000 at m/z 400. The lock mass feature was utilized for internal calibration
during mass spectral data collection (see next section for more details).

Details of these experiments are provided below. Based on literature, 40 mg of the n-
hexane-soluble and dichloromethane-soluble fractions were dissolved in 1 mL carbon disulfide,
while 40 mg of the isopropanol-soluble fraction were dissolved in 1 mL of 50:50
hexane:methanol.?! Each fraction was doped with an internal standard to conduct lock mass
measurements for high-resolution mass spectrometry. The internal standard, 1-heptadecylbenzene
(MW = 316 Da), was selected for “locking” because its molecular weight was within the molecular
weight range of the compounds in the fractions obtained from NBO and KBO. The internal
standard was prepared in a separate vial by dissolving 10 mg of 1-heptadecylbenzene in 2 mL of
solvent — CS; for the n-hexane and dichloromethane fractions and 50:50 n-hexane:methanol for
the isopropanol fraction. For direct infusion experiments, 450 pL of each sample solution and 50
ML of the corresponding internal standard solution were drawn into the same 500 pulL Hamilton
syringe and injected into the APCI source. The APCI source conditions for all analyses were as

follows: vaporizer temperature 300 °C, capillary temperature 280 °C, nitrogen sheath gas flow rate
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30 (arbitrary units), nitrogen auxiliary gas flow rate 10 (arbitrary units), ion transfer capillary
voltage 10 V, tube lens voltage 40 V, and Hamilton syringe flow rate 10-30 pL/min.

All mass spectra were acquired and analyzed using Xcalibur software version 2.2 (Thermo
Fisher Scientific, Inc., San Jose, CA). Average molecular weight (AvgMW) (Equation 6.1) of
compounds in each fraction was determined by using the mass spectra collected at unit resolution
on the LQIT. All ions observed in the unit resolution mass spectra were singly charged ions, and
therefore, the mass (m) of each ion was used to calculate the AvgMW. Their abundances were
determined based on their MS peak areas. All unit resolution mass spectra had a minimum

normalized peak height threshold set at 1% of the most abundant ion.

Y. (m)*abundances
Y abundances

AvgMW=

(Equation 6.1)

All high-resolution orbitrap mass spectra had a minimum normalized peak height threshold
set at 5% of the most abundant ion (note: in several high-resolution mass spectra, the most
abundant ions were ions derived from impurities; instead of these, the abundances of ions derived
from the compounds in each sample were normalized to the most abundant ions derived from the
compounds in each sample). Elemental composition assignments were limited to a maximum mass
accuracy error of 5 ppm. The elements selected for elemental composition determination were
carbon (C), hydrogen (H), nitrogen (N), oxygen (O) and sulfur (S). The maximum number of N,
O, and S atoms was set to 3, while no limits were placed to the number of C and H atoms. Relative
ring and double bond equivalence (RDBE) values were set to range from -0.5 to 40. RDBE

indicates the number of double bonds and the number of rings present in compounds with each
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predicted molecular formula. The Xcalibur software calculates the RDBE by using Equation 6.2

for molecular formula of CcHhNRrOoSs.

RDBE = c- (h/2) + (n/2) + 1 (Equation 6.2)

Microsoft Excel 2019 was used to sort heteroatom-containing ions as well as to organize the data
for generating bar graphs. Originpro 2018 was used to create the RDBE versus number of carbon
atoms plots for each oil fraction. The size of the sphere in each plot is indicative of the relative

abundance for that ion in the mass spectrum.

6.3 Results and Discussion

The goal of this work was to identify the types of compounds in crude oil that strongly bind
to kaolinite (KBO). Kaolinite was exposed to crude oil (as described above) and centrifuged to
produce two samples, kaolinite containing KBO and compounds not strongly bound to kaolinite
(NBO). The oil-treated kaolinite was loaded onto a silica cartridge and placed in an auto-column
to simultaneously remove KBO from the kaolinite and fractionate it by eluting the kaolinite sample
with n-hexane, dichloromethane, and isopropanol. TGA and FTIR spectroscopy measurements of
several kaolinite samples (see discussion on TGA and FTIR in section 6.2 for details) were
conducted to determine whether KBO was successfully removed from kaolinite. The elemental
compositions and relative abundances of ions detected in the high-resolution mass spectra
measured for the KBO and NBO samples were determined. Finally, to better understand the results
of this comparison, a 0.02 mM equimolar model compound mixture containing fluorene,
dibenzothiophene, dibenzofuran, and carbazole was exposed to kaolinite by using the same method

as for the crude oil (see “Exposure of Crude Oil to Kaolinite” in the Experimental Section for
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details). The model compounds that were strongly bound and not bound to kaolinite were identified

and quantified by using GC/EI MS. The results are discussed below in this order.

6.3.1 Removal of KBO from Kaolinite and Fractionation of KBO and NBO

After exposure of kaolinite to crude oil, 2.7 g of oil-treated kaolinite was placed in between
two frits on a solid-phase silica cartridge. The heavy saturated and alkyl aromatic compounds in
KBO were removed from the oil-treated kaolinite by eluting n-hexane through the silica cartridge,
while the heteroaromatic compounds in KBO were removed by using dichloromethane, and the
polar compounds by using isopropanol. Similarly, 0.5 g of NBO was loaded onto a frit in a silica
cartridge and the NBO was separated into the same three fractions with different polarities as KBO
by using n-hexane, dichloromethane, and isopropanol.

Before analyzing the three fractions obtained from both KBO and NBO, it was necessary
to ensure that none of the KBO remained on the oil-treated kaolinite. TGA and FTIR spectroscopy
were utilized to accomplish this task. Figure 6.2 shows the TGA plot of kaolinite before it was
exposed to crude oil. The 13.3% mass loss from kaolinite observed in the TGA plot between 450
— 650 °C is due to the loss of water from kaolinite Figure 6.3 shows an overlay of four TGA plots
and their first derivative plots for four differently treated kaolinite samples: kaolinite containing
KBO (sample #1; red), kaolinite with KBO after elution by n-hexane (sample #2; green), kaolinite
with KBO after elution with n-hexane and dichloromethane (sample #3; pink), and kaolinite with
KBO after elution with n-hexane, dichloromethane, and isopropanol (sample #4; black).
Interestingly, about 13% of the KBO was removed from the kaolinite by just n-hexane elution.
Furthermore, the TGA plot for kaolinite with KBO after elution by n-hexane, dichloromethane,
and isopropanol (sample #4, black) in Figure 6.3 looks identical to the TGA plot of pure kaolinite

in Figure 6.2, suggesting that the three solvents successfully removed all of the KBO from kaolinite.
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Figure 6.2 TGA plot (top) and FTIR spectrum (bottom) measured for pure kaolinite. A 13.3%
mass loss was observed between 450 — 650 °C in the TGA plot.
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Figure 6.3 TGA plot of kaolinite with KBO (sample #1; red), kaolinite with KBO after elution by
n-hexane ( , ), kaolinite with KBO after elution by n-hexane and
dichloromethane (sample #3, pink), and kaolinite with KBO after elution by n-hexane,
dichloromethane, and isopropanol (sample #4, black). Dashed traces are the first derivatives of
the solid traces. For instance, the red dash is the first derivative of the solid red dash.

Figure 6.2 (bottom) shows the FTIR spectrum measured for the kaolinite before exposure
to crude oil. The peaks corresponding to an O-H stretch are indicated. Figure 6.4 shows an overlay
of four FTIR spectra measured for kaolinite containing KBO (sample #1; light blue), kaolinite with
KBO after elution by n-hexane (sample #2; light green), kaolinite with KBO after elution with n-
hexane and dichloromethane (sample #3; dark green), and kaolinite with KBO after elution with
n-hexane, dichloromethane, and isopropanol (sample #4; pink). Peaks that were observed in the
FTIR spectrum for the kaolinite containing KBO (Figure 6.4; sample #1; light blue) that were not

observed in the FTIR spectrum for kaolinite before exposure to crude oil (Figure 6.2; bottom) were
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assigned to KBO. The peaks corresponding to KBO were C-H stretch (~2950 cm™), CH; scissoring
(~1470 cm™), and CH, wagging (~1400 cm™). These peaks were significantly smaller after n-
hexane elution compared to when no extraction had been performed (light blue trace compared to
light green trace). Also, the pink trace (kaolinite with KBO after elution with n-hexane,
dichloromethane, and isopropanol; sample #4) appears identical to the FTIR spectrum of kaolinite
before it was exposed to crude oil (Figure 2; bottom), thus substantiating the conclusion that n-

hexane, dichloromethane, and isopropanol removed all of the KBO from kaolinite.
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Figure 6.4 FTIR spectra of kaollnlte with KBO (sample #1; light blue), kaolinite with KBO after
elution with n-hexane ( ), kaolinite with KBO after elution with n-hexane
and dichloromethane (sample #3 dark green), and kaolinite with KBO after elution with n-
hexane, dichloromethane, and isopropanol (sample #4; pink).
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6.3.2 Comparison of the Chemical Compositions of KBO and NBO

Low-resolution mass spectra measured using the LQIT for each fraction obtained from the
NBO and KBO samples were used to determine the average molecular weight of the compounds
in each fraction. The average molecular weights of the corresponding fractions obtained from each
sample were similar (Table 6.1). Interestingly, the isopropanol fraction obtained from each sample
had a larger average molecular weight (~530 Da) than the other two fractions (~440 Da). Analysis
of the high-resolution orbitrap mass spectra (Figures 6.5 and 6.6) revealed that the average RDBE
and average number of carbons in compounds in each fraction obtained from both samples were
similar, with the exception of the average RDBE for the isopropanol fraction (Table 6.2). It is
unclear at this time as to why the average RDBE of the isopropanol fraction of KBO (7) is greater

than that measured for NBO (3).

Table 6.1 Average molecular weight of compounds in individual fractions of nonbound oil
components (NBO) and kaolinite bound oil components (KBO) determined from low-resolution
mass spectra.

Oil Fraction NBO KBO
Hexane 435 Da 436 Da
Dichloromethane 449 Da 443 Da
Isopropanol 528 Da 535 Da

170



% ¥

100 -
(O]
A
©
5
2 60-
. (+)APCI/CS,
=
S 40+
©
20 |

0
200 250 300 350 400 450 500 550 600 650 700 750 800
m/z
100 4 * *
£ 3
: B
o
C
©
©°
o
2
Q
<
2 (+)APCI/CS,
©
& *

200 250 300 350 400 450 500 550 600 650 700 750 800

100 -
' C

80

(+)APCI/MeOH:n-Hexane
60 "

*

40

Relative Abundance

20 +

04
200 250 300 350 400 450 500 550 600 650 700 750 800

m/z
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Figure 6.6 (+)APCI mass spectra of the n-hexane (A), dichloromethane (B), and isopropanol (C)
fractions of the NBO sample. lons marked with * are impurities.
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Table 6.2 Average RDBE and the average number of carbons for compounds in the individual
fractions collected from the NBO and KBO samples, as determined from high-resolution mass

spectra.
Kaolinite Bound Oil Nonbound Oil
Components Components
Fraction of Oil [Avg. RDBE| Avg. C# [Avg. RDBE| Avg. C#
Alkyl Aromatics 7 29 7 28
Heteroaromatics 12 24 12 26
Polar Compounds 7 30 3 29

However, plotting the RDBE values as a function of the number of carbon atoms for
compounds in each fraction (Figure 6.7) revealed more ions that only contain carbon and hydrogen
atoms (black dots) for KBO than for NBO. Based on this result, the entire KBO sample contains
more nonpolar compounds than the entire NBO sample. To determine the relative amounts of the
different chemical compound classes in KBO and in NBO, the approximate weight percentage of
compounds with eight different chemical compositions including only carbon and hydrogen atoms
(CxHy) and carbon and hydrogen atoms as nitrogen atoms (Nx), oxygen atoms (Ox), sulfur atoms
(Sx), nitrogen and oxygen atoms (NxOy), nitrogen and sulfur atoms (NxSy), oxygen and sulfur
atoms (OxSy), and nitrogen, oxygen and sulfur atoms (NxOyS;) were determined by using equation
6.3, where i is elemental composition, wt% is the gravimetric weight percent of each crude oil

fraction (Table 6.3), and x is the number of each crude oil fraction (1-3).

173



Relative Abundance

0.01
- 007
° 014

© @0.20

T
10

T T T T
30 40 50 60

Carbon Number

T
20

Relative Abundance

20 4 A Relative Abundance - 18] B
18] 0.01
» 030 16 -
4 a0
0% B oo o
12 8 10
B 10 g 5]
g = o]
64 il e KRR e s et ettt o]
44 5]
24 o
°7] -2
2 . . . . . . 0
o 10 20 30 40 50 60
Carbon Number
24 4 4
22
2] =4 D
18 18]
16 16
144 14
2 o] 8
& g1 x 12:
6 64
44 2]
24 5]
0+ o4
2 . . . . . y >
10 20 30 40 50 60 o
Carbon Number
22 4 224
2] E 0] F
18 18 -
16 - 16 -
14 4 14
w12 w124
é 104 § 10
8+ 8-
6 6
44 4
24 2
0+ 0
-2 -2

T
10

T T T 1
30 40 50 60

Carbon Number

T
20

Relative Abundance
0.31
0.50
0.69

T T T T T
10 20 30 40 50

Carbon Number

T T
60 10

T T T T T T
20 30 40 50 60 70

Carbon Number

Figure 6.7 RDBE presented as a function of the number of carbon atoms for compounds in the n-
hexane, dichloromethane, and isopropanol fractions of KBO (A, C, and E, respectively) and
NBO (B, D, and F, respectively). Black dots represent compounds that contain only carbon and
hydrogen atoms. Red dots represent compounds that contain carbon and hydrogen atoms as well

as heteroatoms, including oxygen, nitrogen, and/or sulfur.

Table 6.3 Gravimetric weight percentage of the fractions of nonbound oil components
(NBO) and kaolinite bound oil components (KBO).

Oil Fraction Gravimetric weight % NBO | Gravimetric weight % KBO
Hexane 86% 94%
Dichloromethane 5% 4%
Isopropanol 9% 2%
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Approximate weight percentage of each consolidated elemental composition

y3_ (xabundance o (x)) (Equation 6.3)

Y x abundance

The data shown in Figure 6.8 support the observation made for the plots of RDBE as a
function of the number of carbon atoms (Figure 6.7) that the “CxHy” class of compounds is 2.5
times more abundant in KBO than in NBO. All other heteroatom containing compound classes,
except Oy, have greater abundances in the NBO sample than in the KBO sample. These results
suggest that compounds containing only carbon and hydrogen atoms bind more strongly to
kaolinite than heteroatom containing compounds. Furthermore, these results imply that the
hydrophobic surface of kaolinite plays a greater role in adsorption of oil components than the
hydrophilic surface. Further studies on the effects of pH and salinity on the adsorption of

compounds in crude oil to kaolinite need to be conducted.
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Approximate Consolidated Weight Percentages for Compounds with Different
Elemental Compositions in KBO and NBO
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Figure 6.8 Approximate consolidated weight percentages for compounds with different
elemental compositions derived from equation 6.3 for compounds in KBO and NBO. The
subscripts X, y, and z are any positive integer numbers (not zero).

6.3.3 Model Compound Study

Additional kaolinite adsorption tests were conducted with model compounds to corroborate
the above finding that nonpolar hydrocarbons bind to kaolinite more strongly than heteroatom-
containing compounds. A 0.02 M equimolar solution of fluorene (C13H10), dibenzothiophene
(C12H8S), dibenzofuran (C12H80), and carbazole (C12H9N) was prepared in 6 mL of toluene
(see Figure 6.9 for the structures of the chemicals). Toluene was selected as the solvent because it
dissolved all compounds. 4 g of dried, powdered, kaolinite clay was added into the solution. The
model compound solution was exposed to kaolinite by using the same method that was used to
expose the crude oil to kaolinite (see “Preparation of Crude Oil Bound to Kaolinite” in the methods

section for details). Also, the method for separating the nonbound model compounds from the
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bound model compounds was the same as for separating NBO from KBO. The model compounds
that were bound to kaolinite stronger were removed from kaolinite by using the same fractionation
step of the DPF MS method as discussed above (see “Fractionation of NBO and Components in
Crude Oil Bound to Kaolinite” in the methods section for details). After separation, 1 mg of the
strongly bound model compound mixture and 1 mg of the nonbound model compound mixture
were each dissolved in 1 mL of dichloromethane. These two solutions were analyzed by using a
Shimadzu GC-2010/MS-QP2010 (GC/ElI MS). The relative abundances of each of the model
compounds in each sample were determined by dividing the chromatogram peak area for each

compound by the sum of the chromatogram peak areas of all the compounds.

H
0 o0
Fluorene Carbazole
Dibenzothiophene Dibenzofuran

Figure 6.9 Structures of the four model compounds that were used to make the artificial mixture.

Figure 6.10 shows a bar graph of the relative GC peak areas for each of the four compounds
in each sample - nonbound model compounds (blue) and kaolinite bound model compounds
(orange). Error bars represent the standard deviations calculated from three replicate
measurements collected on three different days. In agreement with the previous results, the most

nonpolar compound (fluorene) was found to have a slightly greater relative abundance in the
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kaolinite bound sample (~30%) than in the nonbound sample (~25%), while the nitrogen- and
oxygen-containing compounds had substantially greater relative abundances in the nonbound
sample (~21% and ~24%, respectively) than in the kaolinite bound sample (~13% and ~18%
respectively). This finding supports the conclusion made in the crude oil study that compounds
containing only carbon and hydrogen atoms are more strongly bound to kaolinite than nitrogen-
and oxygen-containing compounds. Furthermore, greater amounts of the sulfur-containing
compound (dibenzothiophene) were found to be present in the kaolinite bound sample than in the
nonbound sample. Based on this result, nonpolar hydrocarbons have a higher affinity for kaolinite
(before exposure to crude oil) than polar compounds. Although sulfur-containing compounds
derived from the crude oil had greater abundances in the NBO sample than the KBO sample, one
possible explanation for this discrepancy is that the crude oil contains many sulfur-compounds
with different structures and not just dibenzothiophene. Therefore, different sulfur-containing

model compounds need to be studied.
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Figure 6.10 Relative GC peak area for each model compound in the nonbound and kaolinite
bound samples measured by using GC/EI MS.

6.4 Conclusions

The compounds in crude oil that were bound to kaolinite were compared to the nonbound
compounds in crude oil. The average MWs of the compounds in corresponding heavy saturate and
alkyl aromatic compounds fractions, heteroaromatic compounds fractions, and polar compounds
fractions were similar for both samples; the average RDBE values were also similar between
corresponding fractions with the exception of the polar compounds fraction. Compounds in crude
oil containing only carbon and hydrogen atoms were found to more strongly bind to kaolinite than
polar compounds containing heteroatoms. The results from a model compound study with aromatic
and heteroaromatic compounds corroborated this finding as well as demonstrated that nonpolar
hydrocarbons including dibenzothiophene, a sulfur-containing compound, prefer to bind to
kaolinite. Therefore, an increase in crude oil recovered from the ground may be possible if

surfactants and polymers are designed to target the nonpolar hydrocarbons. Furthermore, the
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results from this study suggest that the more useful and valuable oil components (compounds
containing only carbon and hydrogen atoms) still remains in the ground after water flooding, and
therefore, CEOR efforts with the appropriate formulation could be economically favorable.

The method developed here for exposing crude oil to kaolinite as well as the method
developed for recovering the bound oil components can be applied to other powdered clays.
Furthermore, in combination with high-resolution mass spectrometry for chemical analysis, the
chemical composition of oil components that strongly bind to different types of powdered clays
can be studied. The effects of pH and salinity will be explored in the future to determine whether

these variables change the types of compounds in crude oil that bind to kaolinite.
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