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Abstract

The research for this thesis was divided into two principal areas. This first area
was concerned with the development of multi-dimensional chromatographic methods for
the determination of polycyclic aromatic hydrocarbons (PAHs) in light gas oils. A two-
dimensional liquid chromatography (LC)-gas chromatography (GC) (LC-GC) and three-
dimensional LC procedures were developed. A two-dimensional LC-supercritical fluid
chromatography (SFC) procedure was used to investigate the difference between the
normal phase LC and SFC modes of operation. LC-GC was able to provide qualitative
information about the aromatic class (by ultraviolet and fluorescence spectroscopy) and
general levels of aliphatic substitution (by mass spectrometry). Three-dimensional LC
was able to further expand on this information and added structural details. A light gas
oil was found to contain aromatic species with 1 to 4 rings. There was no evidence for
larger aromatic compounds. A series of phenanthrenes and pyrenes were identified that
had an aliphatic ring substituent.

The second part of this research was concerned with the development of
quantitative methods for the analysis of the priority PAHs and nitro-PAHSs in diesel
exhaust and air particulates. A two-dimensional procedure using a commercial
aminopropyl column derivatized with 2,5-dinitrobenzenesulfonyl (DNBS) chloride was
developed to clean-up samples prior to analysis by LC-fluorescence and GC-MS. A SFC
separation was used to quantify nitro-PAHs by off-line reduction to the amines and by
molecular fluorescence detection. Variable levels of PAHs and nitro-PAHs were found
between diesel exhaust samples. The distribution of priority PAHs was found to be
consistent for the Environment Canada diesel particulates collected from different buses.
A more detailed analysis was not possible because sampling information was not
provided with the filters from Environment Canada. The distribution of priority PAHs
observed with the diesel exhaust particulates was different from that of an urban dust
sample. Diesel particulates contained much larger concentrations of small aromatics
while the urban dust showed higher levels of larger PAHs.
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Chapter 1 Introduction

1.1 Overview

Petroleum oils and air particulate samples are complex materials that contain a
mixture of saturated alkanes, naphthenes, aromatic acids, nitro-aromatics, heterocyclic
aromatics and polycyclic aromatic compounds. The primary objective of this work was to
develop chromatographic methods suitable for the determination of polycyclic aromatic
hydrocarbons (PAHs) in oils derived from the Alberta Tar Sands and in typical environmental
air particulate and diesel exhaust particulate samples. ~ This introduction consists of a
description of the compounds present in oils and air particulates, a review of the
chromatographic and analytical methods suitable for their analyses reported in the literature,

and a description of the experimental methods used in multi-dimensional chromatography.

1.2 What are PAHs?

Oils are often characterized by fractionation into the following classes: saturates,
mono-aromatics, poly-aromatics, and polars [1]. Benzene and its alkyl derivatives make up
the simplest of all aromatic structures. Historically, this group of compounds would be
defined as the mono-aromatic fraction, typically consisting of such additional compounds as
indene, styrene, and tetralin. Naphthalene, biphenyl and their alkyl derivatives are referred
to as the di-aromatic compounds. Further to this, all other homocyclic aromatics containing
three or more aromatic rings are termed PAHs. Typically, this would consist of compounds

like phenanthrene, anthracene, pyrene, benzo[a]pyrene, coronene and their alkyl derivatives.



However, compounds that contain at least one benzene ring are often referred to as PAHs.
PANHs and PASHs are used to describe the heterocyclic analogs of PAHs containing
nitrogen and sulfur, respectively. An example of a nitrogen containing species is acridine.
Thiophene is a typical sulfur heterocyclic aromatic species. Several classes of aromatic
compound are shown in Figures 1.1 and 1.2. Several other classification systems exist for
aromatic compounds. PAHs are grouped into two broad categories consisting of alternate
compounds and the non-alternate species. Alternate PAHs contain only fused six-membered
benzenoid rings. Examples of such compounds would include pyrene, phenanthrene, and
chrysene. Non-alternate PAHs consist of the compounds with benzenoid rings fused with
four, five, and seven carbon rings. This class of compounds is typical of fluoranthenes and
acenaphthylene. In addition to this classification, polyaromatics are often further grouped as
to whether they are peri-condensed or cata-condensed. Cata-condensed PAHs are usually
benzenoid rings fused in a linear or angular arrangement. Chrysene and phenanthrene are
representative of this classification. Peri-condensed compounds are defined as hydrocarbons
that contain third degree vertices. Pyrene represents the smallest peri-condensed polyarene.
The type of compounds created depends upon the conditions of combustion and the source
of the fuel [2]. In general it was noted that temperature played a critical role in product
formation. High temperatures (about 1000 K) and oxygen deficient flames tend to form
PAHs with little or no alkylation [3]. These PAHs were typically mixtures containing one to
five aromatic rings, consisting of mainly peri- and cata-condensed structures [4]. Reducing
the temperature down to 700 K increases the complexity of product formation considerably.

In such cases larger condensed ring structures were not favored. Instead, the tendency was
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Figure !.1: Structures of some common aromatic compounds.
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Figure 1.2: Additional structures of PAH species.



towards the formation of methyl-alkylated structures containing fewer rings. At this point it
should also be noted that mixed PAHs containing five-membered rings are present in these

mixtures [5]. Acephenanthrylene is one such compound represented by this description.

1.3 What are Nitro-Polycyclic Aromatic Hydrocarbons?

Nitro-polycyclic aromatic hydrocarbons (nitro-PAHs) are generally characterized by
the substitution of a nitro group for a hydrogen atom on an aromatic ring. Thus, the nitro-
aromatic analog is created from the corresponding parent PAH. Figure 1.3 outlines several
of the most common nitro-PAHs found in air and diesel exhaust particulate matter. The
addition of a nitro substituent alters the photochemical behavior of the compound. For
example, PAHSs such as pyrene and chrysene fluoresce when excited with ultraviolet light.
This fluorescence is quenched by the addition of a nitro substituent. This prevents the direct
use of fluorescence to detect this class of aromatic compounds. The highly mutagenic and
carcinogenic behavior of nitrated PAHSs has increased concern with respect to environmental
burden and exposure levels in general. For example, 1,3-, 1,6-, and 1,8-dinitropyrene have

been reported to show the highest mutagenic behavior of all PAHs examined thus far [6].

1.4 PAH Formation

Polycyclic aromatic hydrocarbons are naturally occurring compounds ubiquitous to

the environment. It is believed that bacterial lipids and terpenoids present in terrestrial plants
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Figure 1.3: Selected structure of nitro-PAHs.



leads to PAH precursors [7]. There has even been some evidence to suggest quinones, such
as xanthoaphin and erythroaphin, provide building blocks to larger PAHs such as perylene [8].
Biogenic sources are not believed to contribute to the large-scale distribution of PAHs in the
atmosphere. PAHs are created through various combustion processes. Anthropogenic
sources contribute significant amount PAHs to the urban atmosphere. These contributions
are based on the combustion of various fossil fuels and wood burning operations. In fact,
naturally occurring forest fires add to the atmospheric PAH pollution [9]. Fine et al. [10]
studied the emission rates of small particulate matter and PAHs from the use of wood for
household heating. The amount of PAHs observed from combustion was dependent upon the
type of wood used as fuel but in some cases 7.6 mg of pyrene was emitted for each kg of
wood. Anthropogenic sources of PAHs also include industrial processing. In 1997, for
example, it was estimated that Canadian industry emitted 525 tonnes of PAHs into the
environment [11]. Alcan, for example, emitted about 400 tonnes, with a further 100 tonnes
coming from various steel plants combined. However, the emission of PAHs from home
heating has been reported to be larger than the contribution by industry by more than three
orders of magnitude [12]. Small barbecue cooking fires result in the formation of PAHs and
PANHs that are deposited directly to the food that is then later consumed [13]. The amount
of PAHs generated during grilling was found to be proportional to the fat content of the meat
[14]. Hamburger meat with a fat content of 21% could generate 0.75mg of pyrene and 0.95
mg of chrysene per kilogram of meat grilled. In cases where lean meats were used such as
pork steak (4% fat), the charcoal combustion was found to produce the majority of PAHs

observed (0.30 mg total PAHs per kg of charcoal) [15].



1.5 Nitro-Aromatic Compound Formation

The occurrence of nitro-PAHs in the atmosphere is thought to result from two
sources: direct emission from combustion engines and through atmospheric radical chemical
reactions. Gasoline combustion results in less formation of nitro-PAHSs than diesel fuel
combustion. In fact, diesel combustion produces 30 times the amount of nitro-aromatics
compared to gasoline combustion [16]. The type of nitro-PAH formation dictates the
principal isomers created. For example l-nitropyrene is exclusively formed from the
combustion process and all of the 1-nitropyrene condensed on diesel particulate exhaust is the
result of direct emission, 2-nitrofluoranthene on the other hand is not created through direct
emission processes but results from atmospheric reactions [17]. Another nitro-PAH believed
to result from direct emission is 9-nitrobenz[a]anthracene.

Atmospheric radical chemistry is believed to account for the majority of nitro-PAHs
found on air particulates. Two pathways have been proposed depending upon the amount
of daylight available. Atkinson and Arey [18] proposed a daytime pathway that proceeds via

a hydroxyl-substituted intermediate:

Fluoranthene + OH = Fluoranthene-OH
Fluoranthene-OH + NO, = 2-nitrofluoranthene + H,0O
This reaction occurs in the gas phase and the nitrated product rapidly condenses onto the
particulate surface. Interestingly, this mechanism is considered to be the only significant
source for 2-nitrofluoranthene and 2-nitropyrene. In the evening, when the concentration of

hydroxy! radicals in the atmosphere is low, Cecinato et al. [19] suggest that the nitration of



aromatic compounds may be achieved through substitution reactions with NO; radicals and
PAHs. Both of these atmospheric reaction pathways form similar products that are different
from the nitro-PAHs formed through direct emission. This allows for the possibility to
speculate on the source of the compounds found on the particulates according to the types
of nitro-aromatics that may be present. For example, samples that contain 1-nitropyrene and
3-nitrofluoranthene suggest that the primary emission source for these particulates was diesel
fuel combustion.

Nitro-PAHs and PAHs are considered to be semi-volatile species. Leotz-Gartziandia
et al. [20] studied the volatility of PAHs and nitro-PAHs from filter collection devices and
found that a significant portion of the polar PAHs were observed in the gas phase.
Specifically, PAHs less than or equal to the size of benzo[a]pyrene were readily sublimed
from the particle surface by drawing air across the filter. Also, nitro compounds with 2
aromatic rings were observed almost completely in the gas phase. Nitro-aromatics such as
9-nitroanthracene with more than 2 aromatic rings but less than 4 rings were found to
distribute between the two phases but remained primarily in the gas phase. 1-Nitropyrene and
the larger nitro-aromatics rapidly condensed onto the particulate surface with very little
partitioning into the gas phase. This may account for the presence of 1-nitropyrene in diesel
exhaust particulates.

Nitro-PAHs are generally not considered persistent organic pollutants because
processes such as photo-degradation can act as a sink for these compounds. Fielberg and
Nielsen [21] studied the photodegradation of nitro-PAHs in organic solvents. Organic
solvents were used to model the particulate surface because it has been suggested that the

organic section of the particulates are liquid-like and nitro-PAHs such as 1-nitropyrene would
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rapidly condense onto the organic layer of the particulate. Fieldberg and Nielsen [21] also
investigated the effect that oxy-PAHSs had on the photodegradation rates of nitro-PAHs and
concluded that these compounds increased the rate of degradation. For example, irradiation
for 60 minutes at 366nm resulted in a 28% loss of 1-nitropyrene. This was increased to 76%
with the addition of hydroquinone as a co-solute. These findings suggest that the
concentration of nitro-PAHs may depend upon the particulate composition. For example,
particulates that contain elevated concentrations of oxy-PAHs (PAHSs containing oxygen) may

show decreased nitro-PAH concentrations due to photodegradation reactions.

1.6 Importance for Study of PAHs and Nitro-PAHs

Initially PAHs were studied due to their importance as intermediates in several
industrial processes. The most notable of these processes was the synthesis of commercial
dyes and pigments [22]. Interest in PAHs increased when implicated in possible health risks
to human and animal life forms. Several PAHs have been proven to be potent mutagens and
carcinogens. Benzofa]pyrene and 7,12-dimethylbenz(a)anthracene produce tumors in lab
mice [23]. Itis believed that benzo[a]pyrene is a precursor which undergoes hydrolysis and
oxidation to the 7,8-diol-9,10-epoxide of benzo{a]pyrene which is known to be a potent
mutagen [24]. In humans, this process occurs in the liver, facilitated through the enzyme
cytochrome P450. However, the mutagenic activity of this compound is less than nitro-PAHs
such as 1,3-dinitropyrene [6]. The need to qualitatively examine such species and quantify

the levels of dangerous PAHs introduced into the environment becomes readily apparent.
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As mentioned previously, PAHs comprise a significant portion of fossil fuels.
Notwithstanding the PAHs formed during combustion itself, PAHs are not destroyed as they
travel through an automobile engine {25, 26]. Table 1.1 (adapted from Marr et al. [26]) lists
the emission rates of PAHs from automobile exhausts and the concentrations of several PAHs
present in commercial gasoline. This research suggests that several PAHSs such
dibenz[a, hjanthracene were formed during combustion because the concentration in the fuel
was low. Vehicle emissions add significantly to the long-range distribution of atmospheric
PAHs and the resulting impact upon the environment. For example, Van Metre ef al. [27]
suggested that an increase in vehicle use due to urban sprawl resulted in an increase of the
levels of PAHs deposited into the sediments of watersheds for several US cities. In addition,
point source emissions for PAHs have been shown to impact locations more than 40 km away
from the original source [28]. Historically, aromatics in gasoline fuels have not been a great
concern because they increase the octane rating of the fuel and environmental impact was not
a primary concern [29]. An opposite effect is noted with diesel fuels and the corresponding
cetane number. In either case, the complete speciation of the components present in the
aromatic fraction was not performed during industrial processing. The tightening of
government legislation with respect to aromatics as priority pollutants now requires a more

detailed speciation of the PAHs in both fuels and environmental samples.

1.7 Syncrude Samples

Crude petroleum is a complex mixture of thousands of compounds grouped according

to the following classifications by the petroleum industry: paraffin hydrocarbons, naphthene
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Table 1.1 Emissions of PAHs from automobiles and the concentrations of PAHs present in
commercial gasoline (adapted from Marr e al. [26]).

Compound Emission Rates Concentration
from Cars (ug/kg of fuel) | in Gasoline (mg/L)

Fluoranthene 10.3+09 2.6
Pyrene 13.8+0.6 3.1
Benz(a)anthracene 88+04 1.4
Chrysene 86+0.5 0.82
Benzo(b)fluoranthene 8.1+14 0.28
Benzo(k)fluoranthene 3004 0.16
Benzo(a)pyrene 8308 0.50
Benzo(g, A, i)perylene 20726 0.55
Indeno(/, 2, 3-c,d)pyrene 75+1.1 0.74
Dibenz(a, h)anthracene 1.3+0.3 0

hydrocarbons, aromatic hydrocarbons, multi-ring hydrocarbons, olefinic hydrocarbons, sulfur,

oxygen, nitrogen compounds, and inorganic salts [30]. A typical crude would consist of 83-

87% carbon, 11-15% hydrogen, 0.1-6% sulfur, 0.1-1.5% nitrogen, and 0.3-1.2% oxygen.

In general, fuels such as gasoline require enrichment of the hydrocarbon fraction before use.

The crude oils must therefore undergo processing and refinement before use as fuels or

chemical precursors in the manufacturing of plastics. The crude oil must be de-salted with

steam, distilled into fractions by boiling point and then treated with hydrogen (cracking). The
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mining of the tar sands is more challenging than the mining of conventional crude oil deposits
as the oil must first be extracted as bitumen using steam and hot water. This bitumen is then
subjected to processing, typically utilizing a fluid catalytic cracker. The cracked bitumen is
generally classified into three categories that include light gas oil, heavy gas oil and vacuum
gas oils. The distinction usually comes about due the variation in boiling ranges of each
fraction. The boiling range for the light gas oil is 216 to 343 C while that of the heavy gas
oil is between 343 to 524 C. Typically, Alberta Tar Sand bitumen contains roughly 20 to 30
percent aromatics by weight [31]. Upgrading processes include hydrotreating with
appropriate catalysts to reduce aromatic structures and open aliphatic rings to produce
branched alkanes. Mono-aromatics are more stable than di-aromatics and polyaromatics so
that during upgrading the tendency is to increase the mono-aromatic fraction in the final
product. Quian and Hsu [32] have reported on two possible schemes that characterize this
behavior in the processed oils. These schemes are shown in Figure 1.4. The bitumen contains
a number of aromatic nitrogen, oxygen and sulfur heterocycles, as well as a considerable
contribution of unidentified aromatic species. In general, this fraction should not amount to
more than ten percent of the total by weight. The heterocycles tend to be removed during the
hydrotreatment with nitrogen being removed as ammonia and the sulfur evolved as hydrogen
sulfide before recovery as elemental sulfur. The processed Syncrude Sweet Blend typically
contains 0.1 to 0.2 percent sulfur as a final product. Saturated and mono-aromatic
compounds tend to lead to gasoline precursors. Aromatic species containing two through

four rings generally lead to light gas oils [31].
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Figure 1.4: Qiann and Hsu catalytic schemes.
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The composition of air and diesel exhaust particulate tends to vary according to source
emission profiles as well as atmospheric conditions [33]. However, each contains the
following groups of compounds: aliphatic hydrocarbons, aromatic hydrocarbons, polar
aromatic hydrocarbons, and inorganic species such as calcium, sodium, lead, cadmium,
nitrates, sulfates, and ammonium salts [34]. The particle size associated with air particulates
ranges from 0.5 — 10 microns with the greatest concem centered on particles smaller than 2.5
micron because of their ability to reach the inner lung during inhalation. Particles that travel
to the aveoli are seldom discharged from the lung. This allows the toxic components present
on the particulate to be absorbed into the body. Diesel particulates are usually small with
particle diameters of 0.2 microns and a relatively high surface area. These small particles may
adsorb PAHs and nitro-PAHs from hot combustion gases.  Factors such as diesel engine
type and fuel source can influence the relative distribution of compounds bound on the
particle phase but for the most part distinct similarities are observed. For example, light duty
diesel engines used to power passenger cars and trucks were found to emit 30 mg of carbon
particulates per kg of fuel burned with an average particulate diameter of 0.12 microns [35].

In the same study heavy diesel engines from transport trucks were observed to produce 1440
mg of carbon per kg of fuel (particulate size 0.12-0.20 microns).

PAHs and nitro-polycyclic aromatic hydrocarbons are the principal compounds of
interest in the analysis of both diesel and air particulates. They are not, however, the most
abundant components. In fact, nitro-aromatics often represent trace levels with respect to the

entire matrix but they may still represent 30 percent of the total mutagenic activity associated
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with diesel exhaust particulate extracts [36]. The complex nature of environmental particulate
samples often requires complex multi-dimensional analysis to separate nitro-PAHSs from other
polar PAHs such as heterocyclic aromatics, oxygenated aromatics, and aromatic carboxylic
acids. High molecular weight priority PAHs such as benzo[g,h,/]perylene are more abundant
in urban air particulates but low molecular weight PAHs with increased alkylation are more

abundant in diesel exhaust particulates.

1.9 PAH Analysis

Fossil fuels and particulate extracts are incredibly complex mixtures and the analysis
of such samples has proved both tedious and time consuming. The similarity of the
compounds in these hydrocarbon mixtures and the limited peak capacity associated with a
single chromatographic separation suggests that muiti-dimensional methods are necessary to
obtain more information about sample composition. The peak capacity (the maximum
number of resolved compounds) for any chromatographic separation is governed by the

following relationship:

n=1+N")/4 * In (Vaax/Vin) [1-1]

where N is the number of theoretical plates, and Vma/Vmin is a ratio of the volume of mobile
phase required to elute the most retained compound (Vmax) to the least retained compound.

Typically this ratio for high pressure liquid chromatography (HPLC) separations is limited to
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approximately 10, gas chromatography (GC) separations on the other hand may have ratios
around 50. As a result, GC separations often yield larger peak capacities.

Many of the PAHs of interest have high boiling points; gas chromatography is often
limited in the scope of analysis by the boiling point of the stationary phase. A standard GC
phase for PAH analysis, 5% phenyl/95% methyl p:)lysiloxane has an operating temperature
range of 60-350 C. As a result, GC is often selected if the matrix contains smaller PAHs.

The selectivity offered with mass spectrometric (MS) detection has proven popular for GC
separations of PAHs [26, 37-41]. Flame ionization (FI) detectors have been used but require
additional separations to simplify complex samples [42]. A 95% methyl/5% phenyl
polysiloxane capillary column has difficulty resolving benzo[b]fluoranthene and
benzo[k]fluoranthene. In addition triphenylene co-elutes with chrysene. This can present
problems when detectors are used that are unable to differentiate these compounds such as
mass spectrometry or FI. As an alternative, smectic-liquid crystalline polysiloxane columns
have been investigated to resolve these co-elution difficulties [43].

Although liquid chromatography (LC) is generally considered a lower resolution
technique than capillary GC, the priority PAHs are often better resolved using polymeric
reversed phase C18 separations under gradient conditions. Furthermore, HPLC does not
suffer from the sample volatility limitations imposed with typical capillary GC separations.
Fluorescence detection is typically used for quantitative detection of PAHs [44, 45]. LC-
atmospheric pressure chemical ionization (APCI)/MS has also been used to quantify the
PAHs in particulate extracts [46]. The sensitivity of this technique for the priority PAHs was
less than that for a typical fluorescence detector and therefore less suitable for trace PAH

analysis.
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Typically, complex mixtures require longer analysis times due to extended solvent
gradients and so coupled on-line methods are gaining popularity. A variety of tandem
techniques, such as GC/GC [47-51], LC/GC [52-57], supercritical fluid chromatography
(SFC)/GC [58, 591, and LC/LC [60-65, 68] have been reported as attempts to develop a
robust method for analysis of PAHs. Each technique has met with limited success and none
has been established as a universal method. Choice depends on the sample composition.
Multi-dimension liquid chromatography is generally explored using a normal phase separation
as a first dimension to facilitate a group separation by aromatic ring number or compound
class, coupled to a reversed phase separation to classify group isomers or class compounds.

Further dimensions are often added to the analysis through the use of selective detection.

1.9.1 Normal Phase Separations

Primarily the goal of the normal phase separation is to fractionate the sample into
groups by aromatic classes such as: saturates, mono-aromatics, di-aromatics, polyaromatics,
and polars (large PAHs and heterocyclic species). Silica columns have been routinely used
to fractionate PAH mixtures and have shown good ability to separate according to aromatic
ring number as well as by alkylation [66]. However, silica columns are prone to
irreproducible behavior because of variable water content in the mobile phase that can alter
the activity of the stationary phase. Typically, chromatographic performance tends to degrade
as heavy gas oils are examined. PAHs can act as electron donors or acceptors depending on
the nature of the molecule. The exact nature of the interactions are not truly known but

stationary phase interactions as a function of the quadrupole moment of the PAH are believed
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to be important [67]. This has lead to the investigation of a variety of polar bonded phases
to effect better group separations. The aminopropyl stationary phase offers a better
separation of the PAHs from polar material compared to a standard silica phase [69].

Boduszynski et al. [70] used an amino bonded phase to perform a group separation for
compounds in non-distillable coal liquids. The group separation was less definitive if large
numbers of isomers exist with the same number of aromatic rings. Alfredson [63] performed
a primary separation of various petroleum fractions using a cyanopropyl column coupled with
a silica column. The cyanopropyl column offered increased resolution between the mono-
aromatics and the saturated hydrocarbon fraction as well as decreasing the sensitivity to
impurities. Pyell et al. [71, 72] used a 2-amino-1-cyclopentene-1-dithiocarbocyclic acid
(ACDA) derivatized silica phase loaded with Ag(I) to fractionate PAHs and sulfur
heterocycles. This stationary phase required complex eluents (hexane/isopropanol/methyl-t-
butylether), which often lead to poor chromatographic reproducibility. Further to this, diol
[73], benzoyl [74], and tetrachlororphthalimidopropyl (TCP) [75] groups have been
investigated as bonded stationary phases. Robbins [61] developed a completely automated
multi-dimensional chromatographic system that incorporated simultaneous evaporative mass
detection (EMD) and ultraviolet (UV) detection for the characterization of aromatics in
petroleum distillates. This system used a propylaminocyano column to separate saturates
from the mono-aromatic fractions coupled to a dinitroanilidopropyl column through a series
of valves that further separated the mixture into the classes: di-aromatic, tri-aromatic, tetra-
aromatic and polars. Using the HPLC 2 method Robbins [61] was able to characterize the

mass (EMD) and aromatic distribution (UV detector) within a series of process oils.
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1.9.2 Reversed Phase Separations

Octadecylsilane (ODS) has been used as the principal bonded phase for reversed
phase separations of the priority PAHs and their alkylated derivatives. There are two basic
classes of ODS stationary phases, classified as either “monomeric” or “polymeric”. Sander
and Wise [76] report on the differences in synthetic routes for each stationary phase.
Dimethyl-octadecylchlorosilanes are used to prepare the monomeric phases. Methyl-
octadecyldichloro- and octadecyltrichlorosilanes are used to prepare both the monomeric or
polymeric phases. Anhydrous silica tends to be used for monomeric phases. The addition of
water to the silica or silanization solution allows for the substitution of chlorine with a
hydroxyl group. The hydroxyl group then crosslinks with an adjacent chlorosilane (with the
elimination of HCI) to produce a “polymeric” phase. The stationary phase is classified
according to the “alpha scale”. Alpha values are defined according to the following

relationship:

alpha =k’ benzo(a)pyrene A dibenzo(g, p)chrysene [ 1'2]

The structure for dibenzo[g,p]chrysene is shown in Figure 1.2. These compounds were
chosen due their different length to breadth ratios. An alpha value of 1.7 or greater indicates
a monomeric phase whereas values below 0.9 signify a polymeric phase. The polymeric phase
tends to be much more sensitive to the length/breadth ratios of the PAHs.

Traditionally, most reversed phase separations are performed at ambient temperature.
Wise and coworkers have found that the monomeric ODS becomes polymeric in its behavior

at lower temperatures (-10 C) [77]. Wise also demonstrated that a selectivity intermediate
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of the two phases could be achieved by temperature programming. Through the use of
temperature control Wise was able to resolves all six methyl chrysene isomers. The
monomeric ODS phase is believed to separate according to the aromaticity of the compound
coupled with the degree of alkylation present. The polymeric ODS adds shape selectivity to
the separation. Wise et al. [78] found that PAH isomers with the same number of aromatic
rings and dissimilar patterns of alkyl substitution could be classified according to the overall
length to breadth ratio of the molecule and the degree of planarity associated with the
molecule. Isomers with higher length to breadth ratios would be retained longer by the
polymeric stationary phase, as would those with a higher degree of planarity. This fits the
description of a retention slot model suggested by Wise et al. [79].

The main factor controlling the retention in the reversed phase is believed to be the
solubility of the analyte in the eluent. Chromatographers often report the retention of

compounds using the capacity factor, k’, defined as follows:

K =(trto) / te =K (Vi/ Vi) {1-3]

Where t. and t, are retention times for the compound and an unretained component,
respectively. K is the partition coefficient for the compound distribution between the mobile
phase and the stationary phase, V, and Vy, are the phase volumes. It is obvious that retention
increases as k’ increases. Solvent gradient chromatography is used to separate compounds
with large differences in k’. At the end of a chromatogram, a period of time is required to re-
equilibrate the stationary and mobile phases. Isocratic elution is used to separate compounds

with similar k’. There is no time requirement for re-equilibration of the stationary and mobile
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phases, however the eluent strength must be chosen to elute all of the compounds within a
reasonable time. Thermal programming affords a new means of controlling eluent strength.
Makela and Pye [80] have observed that chromatographic reproducibility is enhanced for
isocratic separations when compared to gradient elution. Further to this, Kurganov et al. [64]
used two ODS columns at different temperatures to perform an isocratic separation of the 16
priority pollutant PAHs.

There has been a resurgence of interest of new non-conventional bonded reverse
stationary phases. An example of this is the study by Kohne et al. [68]. A safrol based
modified silica support was utilized to separate nitro- and amino- aromatics present in
explosives. Diphenyl or triphenyl substituted ODS bonded phases have been used as an
alternative to polymeric ODS stationary phases. Fetzer and Biggs [81] suggest that the
phenyl-substituted phase provides a more uniform surface for solute/phase interactions that
in turn generates a more predictable retention pattern. Jinno er al. [82] studied a dicoronene
stationary phase that displayed a high selectivity towards the planarity of the solute molecule
but the column efficiency was poor due to an ineffective packing process. In contrast, Jinno
et al. [83] produced a 2,4,6-(tri-tert-butylphenoxy)dimethyl! silica phase which displayed
preferential retention according to the extent of non planarity of the solute. The effect was

pronounced for relatively small PAHs only, non-planarity in coronene for instance was not

recognized.
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1.9.3 SFC Separations of PAHs

The use of SFC has been explored as an intermediate between standard GC and LC
methods. Often petroleum samples contain compounds that cannot be analyzed with GC due
to volatility limitations. Typically, such compounds would have to be analyzed with LC
methods. SFC can be used to separate the heavier compounds with better resolution
compared to similar LC separations. In addition, SFC that uses supercritical CO; as the
mobile phase presents an environmentally friendly option to typical chlorinated organic
solvents used for HPLC. High purity HPLC solvents such as hexane and dichloromethane
are expensive and present concerns over collection and proper disposal. The solvating power
of supercritical CO; increases as the density increases. Typical densities of supercritical CO,
range from 0.45 g/mL to 0.95 g/mL. Even at high densities (0.95 g/mL) the solvating power
of CO; is generally limited to small, nonpolar compounds [84]. The addition of organic
modifiers such as methanol or acetonitrile has been investigated to extend the range of
analytes solvated with CO; [85]. In principle one of the benefits of SFC is the ability to use
the entire range of detectors available to both GC and LC methods. This enhances the
versatility of SFC. In practice, however, this is true only for separations done without
modifier. For example, flame ionization is a popular detector for both GC and SFC.
However, its use with SFC is limited to mobile phases that do not contain organic modifier
for the same reasoﬁs that the FI detector cannot be used with LC [86]. In addition, the
operational parameters of SFC (high pressures) can present additional challenges for

interfacing other detectors such as fluorescence.
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SFC has been popular in fuel oil analysis [87, 88]. The chromatographic precision of
SFC separations can be affected by flow rates and pressure gradients particularly when fixed
restrictors are used in place of a variable nozzle restrictor. In fact, up to a six fold increase
in precision was reported with the use of a variable restrictor that used specific temperature
control [88]. SFC has also been used as a preparative method to fractionate a sample before
analysis with GC-MS [89]. The off-line collection of fractions required a pressurized
interface to prevent fraction overlap due to peak broadening that occurs during
depressurization of the mobile phase. As a result, multi-dimensional chromatographic
methods using SFC require that the eluent stream be split before the restrictor while still
pressurized or the use of an interface post restrictor that prevents rapid depressurization. This
makes multi-dimensional chromatography with SFC much more complex than similar methods
involving LC.

Detection methods such as ultraviolet absorption that are commonly used with SFC
are not useful for trace analysis. Fluorescence detection offers better sensitivity and
selectivity for this purpose. To date, there are no commercially available fluorescence
detectors suitable to withstand the pressure demands associated with SFC. Smith et al. [90]
used a two stage restrictor that facilitated a pressure reduction of the mobile phase without
complete depressurization to enable the use of fluorescence detection. Comb ez al. [91]
developed a chemiluminescent detector specific for nitrogen heterocycles. This detector was
interfaced post restrictor. Chromatographic broadening due to mobile phase depressurization
was offset by the specificity of the detector. Alternatively, SFC coupled to APCI-MS has
been used extensively to analyze PAHSs [92-96]. Under these circumstances the eluent stream

is often heated to high temperatures (~450 C) to offset the problems associated with mobile



25

phase depressurization. This can result in decomposition of thermally sensitive analytes.
However, the use of mass spectrometry with APCI provides good selectivity and reasonable

sensitivity.

1.9.4 PAH Detection

Although PAH synthetic methods have undergone dramatic improvements in recent
years, a complete line of analytical standards is not yet available. So, even with an effective
separation, compound identification still poses a challenge. The role of selective detection
methods is evident. Zero order detection offers limited versatility when coupled to complex
hydrocarbon samples. There are instances when it may prove convenient. Robbins [61] used
an evaporative light scattering (ELD) detector for the detection of large aliphatic compounds
in a fractionation separation described earlier (HPLC 2 method). Although not amenable to
LC separations, the flame ionization detector has performed a similar task when applied to
GC and SFC. The absence of a chromophore in alkanes makes spectroscopic detection
impractical, particularly for LC and SFC separations. This underscores the need for general
detection methods such as refractive index detectors or ELDs. The most common multi-
dimensional detection techniques for PAHs are UV absorption, fluorescence, and mass
spectrometry.

Most PAHs absorb ultraviolet radiation and fluoresce provided quenching reagents
are not present in solution [97, 98]. Diode Array UV detection has proved to be a very
reliable tool for the identification of PAHs. Many PAHs contain absorption bands unique to

the parent PAH [99]. Alkyl substitution of the parent PAH causes a bathochromic shift in the
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spectrum and the magnitude depends on the number of alkyl substituents. Typical shifts are
on the order of one to four nanometers. Also the placement of the substituent can have a
significant effect. Often, however, PAHSs of interest are present at trace amounts below the
detection limits of UV/visual (VIS) absorption spectroscopy.
Fluorescence detection offers a more sensitive and possibly more selective means of
PAH detection. The increase in sensitivity is most apparent in Shpol’skii fluorescence [100].
Compounds are trapped in a glass prepared by low temperature solvents, for example, n-
octane at 15 K. Reduction of temperature causes decreased mobility of the molecule, which
in turn reduces the ability for energy from the excited state to be redistributed throughout the
available vibrational modes. This results in fine structure in the fluorescence spectrum. PAHs
with less than six aromatic rings can be identified according to alkyl substitution pattern
because of the narrow and unique emission lines. Operating temperatures on the order of a
few Kelvin, however, does not allow for facile coupling to on-line separation methods.
Reproducibility and quantification are significantly impaired by cryogenic processing [101].
Fluorescence spectroscopy at ambient or near ambient temperature has become a
significant mode of detection for PAHs in petroleum contaminated samples. Campigila [102]
was able to identify six PAHs at trace levels in soil samples using laser-induced
phosphorimetry. Solvent properties can play a crucial role in determining the detection of
PAHs using fluorescence spectroscopy. The most important factors are solvent polarity,
viscosity, and temperature. The polarity of the solvent can affect the intensity of the
~=fluorescence emission of the PAH through selective enhancement of the first vibronic band
[103]. Depending on the PAH, a measure of solvent polarity is often judged by the ratio of

the first and third or first and fourth vibronic band. An example of a PAH that exhibits this
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behavior is pyrene. In polar solvents such as acetonitrile, the first vibronic band is more
intense than the second band. This observation is reversed when spectra are recorded in
nonpolar solvents such as hexane. Solvent viscosity can also play a role in determining
relative emission intensity. PAHs dissolved in high viscosity solvents display a greater relative
emission compared to low viscosity solvents. A more viscous solvent limits relaxation of the
PAH vibrational energy levels so that a greater quantum yield is observed. PAHs readily
undergo reactions with some radical initiators such as chlorinated solvents [104]. An example
is the photochemical reaction of anthracene with carbon tetrachloride according the following

mechanism [104].

A+hv— 'A*
'A* + CCly « '(ACCly)*
'(ACCL)* — *(ACCl)* — 3A*+CCl,

'(ACCL,)* — ACI +CCl; — Products

The superscripts 1 and 3 denote the singlet and triplet states, respectively. Davidson and
Fadiran observed that fluorescence emission intensities could change by as much as 2.5
percent per degree Celsius [105]. Furthermore individual compounds show little predictive
behavior as to which bands will be affected and to what extent each band emission may be
suppressed. The multiple factors that affect the appearance of the observed spectrum must
be carefully controlled to ensure reliable identification and quantification.

As mentioned previously oil samples are complex mixtures containing heterocyclic

aromatic species. These heterocycles can act as charge transfer reagents and as a result
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quench the fluorescence emission from the PAHSs under study [98]. Petroleum mixtures are
often not completely separated during chromatographic analysis. As an alternative to
additional separations, selective fluorescence detection can be achieved through programming
emission and excitation wavelengths [106].

Room temperature fluorescence often offers limited structural information.
Depending on the ionization method chosen mass spectrometry can provide fragmentation
patterns to assist in structural determination of the compound being investigated. This is most
beneficial when coupled to a GC separation [107, 108]. Elizalde-Gonzalez ef al. [109]
reported the identification of over seventy PAH isomers using a methylsilicone capillary GC
column and electron impact ionization. PAHs give a high abundance of molecular ions. This,
coupled with characteristic fragmentation patterns, allows for isomeric identification of
compounds. The separation of PAHs larger than benzo[a]pyrene and their alkyl derivatives
was limited because their boiling points were higher than the maximum operating temperature
of the stationary phase.

Liquid chromatography is a better choice for high molecular weight PAHs but is
substantially more complicated to interface. APCI mass spectrometry detection and reversed
phase LC separation were used [110, 111] to study PAHs in oil samples with molecular
weights from 200-2000 m/z. The protonated molecule of the PAH was readily observed but
little structural information can be ascertained from the spectra because of limited
fragmentation. A comparison of several less conventional interfacing methods was done by
Anacleto et al. [112]. In this comparison, a moving belt interface was examined but it proved
of limited usefulness because of poor sensitivity for the volatile PAHs. Other limitations of

moving belt interfaces have been discussed by Millington et al. [113]. 1t is obvious that a
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single detection system will only partially fulfill the requirements of analysis imposed when
studying complex samples. A multi-dimensional separation coupled to a multi-dimensional

detection system is required to characterize the compounds in complex samples.

1.10 Particulate Extraction Methods

It is a requirement that the sample under investigation be in a form amenable to
chromatographic separation. For air or diesel exhaust particulate matter, the compounds of
interest must be extracted from the solid matrix into a dissolved form through solvent
extraction. The extraction can be avoided if one used thermal vaporization into a GC port
[114, 115] or laser desorption [116] followed by direct analysis in a mass spectrometer.
Direct particulate analysis has not proven reliable for quantification. Environmental samples
are complex matrices and require multiple chromatographic operations to separate
overlapping analyte signals before single component quantification can be achieved. By far
the most common primary step involves the extraction of the compounds from the particulate
surface using solvents. The role of extraction is crucial in quantitative analytical methods
because poor extraction recoveries introduce additional uncertainty in the results.

Many different extraction methods have been examined for the removal of PAHs and
hydrocarbons from the surface of air particulates, soil, sludge, and waste water. The most
prevalent techniques employed are solid phase extraction (SPE), Soxhlet, sonication,
supercritical fluid extraction (SFE), microwave assisted solvent extraction (MASE), and
pressurized fluid extraction (PFE). Soxhlet extraction is perhaps the benchmark or standard

extraction used to assess the accuracy of alternative techniques. The comparison of different
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extraction methods can be difficult. For example, Guerin [117] examined the extraction of
PAHs from aged clay soil and reported that spiked samples were recovered quantitatively
while the native PAHs were not using similar conditions. The author used multiple Soxhlet
extractions with acetone/dichloromethane to establish the concentration of native PAHs in
the soil. In addition, the rate of extraction for PAHs on aged particulates was much slower
than for spiked surrogates. This underlies the danger when validating extraction methods.
A validation of extraction methods using spiked samples may give low results when used for
a real sample matrix. The need to use real samples to validate extractions becomes evident.
However, certified standards still remain relatively unavailable either because of cost or
supply and the necessity of careful sampling and storage to maintain certification.

SFE has been extensively investigated as an alternative to Soxhlet extraction.
Extraction techniques such as Soxhlet extraction typically require 200-400 mL of chlorinated
organic solvents. The recycling of such solvents presents a problem for extraction of trace
components and disposal of such solvents continues to increase costs as environmental
guidelines become more stringent. SFE coupled with CO, presents an attractive alternative.

Morselli et al. reported on the use of SFE to extract PAHs from contaminated soil [118].
They found that the use of a polar modifier was required to extract PAHs at 75% efficiency.
Furthermore, the modifier (acetone) was optimized to 5% of the total volume. Either higher
or lower concentrations of modifier resulted in lower extraction yields. Burford ez al. [119]
compared SFE (CO./methanol) with sonication (dichloromethane) using an urban dust
standard reference material (SRM) from the National Institute of Standards and Technology
(NIST) (SRM 1649). Their results indicated that all of the PAHs were quantitatively

extracted using SFE with CO; and methanol. Most extractions using supercritical CO,
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required some organic modifier. The role of the modifier is to enhance the solubility of larger
compounds in the supercritical CO; as well as interact with the particulate matrix to increase
desorption kinetics [120]. Often, these factors are sample specific which can make method
development much more tedious and cumbersome. Both elevated temperatures and pressures
are used during SFE operations. Langefeld ef al. [121] investigated the effect of each of
these parameters on the extraction of PAHs from air particulates. The results suggested that
quantitative recoveries of PAHSs from air particulates could be obtained with pure CO; at
extreme extraction conditions (200 °C and 650 atm).

Compounds extracted with supercritical CO, must be trapped in either sorbent traps
or a collection solvent. Solvent traps tend to lose low molecular weight or volatile
components. Sorbent traps are difficult to design because the chemical or physical properties
of a single stationary phase may not be amenable to a broad class of compounds [122]. In
addition, the extraction of polar compounds requires the use of organic modifiers that may
elute them from the trap. Stone and Taylor [123] investigated a pressurized collection vial
and reported quantitative trapping for compounds as volatile as octane. Miller ef al. [124]
examined the use of solventless collection after rapid depressurization with greater than 90%
collection efficiencies.

SFE works on the principle of elevated pressure and temperature to accelerate
extraction kinetics. MASE and PFE also work with much the same principles except that an
organic solvent is substituted for supercritical CO.. MASE is very similar to PFE except for
the method in which energy is incorporated into the extraction vessel [125]. PFE is much
more convenient and represents much of the continued development in this area of extraction

methods. One of the chief benefits of PFE is the reduction of extraction time with minimal
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solvent usage. Dean [126] investigated PFE to extract PAHs from contaminated soil and was
able to achieve quantitative results with a single 5 minute static extraction. Richter et al.
[127] reported the use of PFE to extract PAHs from various reference materials with results
equal to or better than Soxhlet extraction. Their results showed that quantitative extraction
was possible with total solvent volumes 1.2 to 1.5 times that of the extraction vessel. Meney
and coworkers [128] examined the extraction of low molecular weight PAHs from shale using
PFE and discovered that prefilling the extraction vessel before heating increased recovery for
these compounds. This leads to an important difference between Soxhlet and PFE extraction
methods. Soxhlet extraction requires extended times scale (typically 12-24 hours) to achieve
exhaustive extraction. Researchers [129] have shown that recoveries of low molecular weight
PAHs such as phenanthrene reach a peak at short extraction times and recoveries diminish if
extractions continue for longer intervals. This may result in incomplete extraction of all
components of interest. PFE was observed to display slightly better efficiencies for large
PAHs such as benzo[g, A, i]perylene from complex particulate matter without the loss of low
molecular weight components [130]. One role for elevated pressures in PFE is to prevent the
volatilization of the solvent held above its normal boiling point. However, studies have
indicated a much more important role for pressure. Increased pressures were found to offer
improved extraction rates and higher overall recoveries [131]. This was believed to resuit
from the increased ability of the solvent molecules to diffuse into the pores and displace water

that may have sealed the pore entrance.
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1.11 Analysis of Nitro-PAHs

Nitro-PAHs are generally present at much lower concentrations in air and diesel
exhaust particulates compared to their parent PAHs or methoxy substituted PAHs. For this
reason the analysis of nitro-PAHSs requires either several chromatographic steps to fractionate
and enrich the concentration of nitro-PAH:s in the particulate extracts or very selective and
sensitive detection methods. In some cases a combination of these is required. Typically,
either a reversed phase C18 separation or a capillary GC separation is used for analysis after
a normal phase fractionation or cleanup of the sample. The amount of sample pretreatment
is dependent upon the specificity of the analytical method for the target nitro-PAHs. There
have been investigations that involved the analysis directly without sample pretreatment.
However, most methods required at least one chromatographic cleanup separation of the
extracts before analysis of the nitro-PAHs could be performed. Bezabeth ef al. [132] used
negative ion laser desorption and time of flight mass spectrometry to analyze diesel exhaust
particulates directly, without extraction or sample cleanup. The authors conceded that the
technique lacked the precision and accuracy for successful quantitation of nitro-PAHs in real
samples.

Gas chromatography has been a popular method for the investigation of nitro-PAHs.
Vincenti et al. [133] were able to use GC-negative ion chemical ionization (NICI) and
tandem mass spectrometry without prior sample fractionation to analyze the nitro-PAHs in
air particulates and soil extracts. The use of NICI provides additional selectivity compared
to chemical ionization (CI) as compounds with electronegative substituents are preferentially

ionized. Further selectivity is introduced with tandem mass spectrometry (MS/MS).
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However, the authors cited that the presence of oxy-PAHs could cause difficulty with
quantification depending on the concentration of such species relative to that of the nitro-
PAHs.

The use of GC-MS coupled with NICI (without MS/MS) has also been investigated
for the analysis of nitro-PAHSs [133-135]. In each of these studies, a cleanup procedure was
required to provide accurate quantitative results for the nitro-PAHs in both air and diesel
exhaust particulate extracts. Typical detection limits for NICI GC-MS were on the order of
40 pg and a calibration curve of nitro-PAH standards was found be linear over 3 orders of
magnitude. Korfmacher et al. [136] compared GC-MS negative ion atmospheric pressure
chemical ionization (NIAPCI) and positive electron ionization (EI+). The NIAPCI was more
selective than EI+ resulting in reduced cleanup requirements. The use of EI+ required two
HPLC cleanup separations whereas the use of NIAPCI required only one. The main
disadvantage to the use of NIAPCI was a limited linear range observed for 4-nitropyrene.
The authors concluded that NIAPCI would be a poor choice for the quantitative analysis of
nitro-PAHs. Jinhui et al. [137, 138] investigated a derivatization procedure that increased
the electronegativity of the nitro-PAHs with heptafluorobutryic anhydride derivative. The
authors used NICI-MS and an electron capture detector (ECD) to analyze the derivatized
nitro-PAHs. The authors reported better relative precision for the GC-ECD compared to
GC-MS (5.2% vs 21.7%) and comparable detection limits (~1 pg) between the two methods.

The derivatives were found to have a higher thermal stability compared to the parent nitro-
PAH. This is important because nitro-PAHs such as 1-nitropyrene have been shown [139]

to degrade in the injection port, column, and heated transfer line associated with GC-MS.
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Liquid chromatography is also popular for the analysis of nitro-PAHs in air and diesel
exhaust particulate extracts. As with the GC methods, a cleanup separation of the sample is
often required before LC analysis. Viegl et al. [140] used pyrenebutyric acid coupled to an
aminopropyl stationary phase to pre-concentrate the nitro-aromatics. This was coupled to
a reversed phase C18 separation and post-column reduction to the corresponding amine for
fluorescence detection. A successful quantification of 1-nitropyrene at the picogram level was
observed for diesel exhaust particulate extracts. The use of fluorescence detection required
the reduction of the nitro group to the amine because nitro-PAHs do not fluorescence well.

Several methods for reduction have been investigated [139, 141-144]. Reduction with
chemical agents such as sodium borohydride has been shown to be less favorable than
catalytic columns involving platinum and rhodium or the use of zinc powder. This is due to
both the formation of reaction by-products and a general decrease in reduction efficiency
associated with reduction using sodium borohydride. Catalytic columns that contain platinum
and rhodium can be used for several months before replacement. Zinc reduction columns
require frequent replenishment of the zinc powder. The consumption of the zinc dust can
create voids in the column decreasing the chromatographic efficiency associated with on-line
analysis. This is particularly the case with post column reduction. Typical detection limits
[105, 139, 140] between 1-100 pg have been reported and linear calibration curves over three
orders of magnitude.

The use of reversed phase LC coupled with chemiluminescence detection has been
reported [141, 145, 146] to deliver better detection limits than fluorescence detection.
Detection limits between 0.3-5 femtograms have been reported using commercial

fluorescence detectors with the light source turned off. In addition, chemiluminescence tends
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to be more selective than fluorescence detection. However, method development using
chemiluminescence tends to be more labor intensive due to the increased number of
experimental parameters that need to be optimized. Mass spectrometers have also been used
with LC separations. Bonfanti ef al. [147] developed a particle beam interface to analyze
PAHs and nitro-PAHs. Good analytical precision was reported for the analysis of 1-
nitropyrene but detection limits were only 100 pg. Williams and Perreault [148] exploited the
loss of NO to monitor nitro-PAHs using electrospray and mass spectrometry. This technique
required isocratic chromatographic conditions. Gradient elution resulted in non-optimized

solvent conditions dramatically decreasing sensitivity.

1.12 Research Objectives

This research project had two main objectives. The first objective of this research
project was the development of multi-dimensional chromatographic techniques for the
identification of compounds in oils and tars. The analysis and characterization of a light gas
oil was examined using four separation approaches listed below. A three-dimensional LC
approach using either normal phase - reversed phase (monomeric) - reversed phase
(polymeric) or normal phase - reversed phase (monomeric) - normal phase (TCP) was
described. The power of combining multi-dimensional LC and multi-dimensional detection
was also illustrated. Alternatively, two-dimensional methods LC-GC/MS, LC-LC/MS, and
LC (DNBS)-SFC (DNBS) were investigated. One-dimensional SFC was used to characterize
light gas oils using ultraviolet absorbance and laser excited fluorescence detection through a

high-pressure flow cell designed by Dr. L. Ramaley.  The second objective was to develop
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a cleanup procedure for diesel exhaust particulate extracts that would allow identification and
quantification of the priority PAHs and nitro-PAHs. The first step in each method involved
the extraction of the particulate samples using pressurized fluid extraction. Subsequently, the
extracts were fractionated using a normal phase separation with a DNBS stationary phase.
Each of the quantification methods was examined to provide reliable data for the priority
PAHs and nitro-PAHs. A SFC separation using an aminopropyl column was investigated to
analyze the priority PAHSs and nitro-PAHs with prior sample fractionation. The protocol listed
below outlines the analytical methods used to accomplish the objectives.

The following four schemes were investigated for the multi-dimensional analysis of
light gas oils:
(1) One-dimension

(1.1) SFC
(2) Two-dimensions

(2.1) LC (normal phase/reversed phase) -GC/MS;

(2.2) LC-SFC;
(3) Three-dimensions

(3.1) LC (normal phase) - LC (reversed phase) — LC (reversed phase or normal

phase).
Additional dimensions were added through selective detection:
UV absorption and fluorescence for LC and SFC;
MS / APCI for LC;

MS / EI for GC.
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Quantification of the priority PAHs was facilitated through the following methods:
(1) LC(DNBS)-LC/laser excited fluorescence
(2) LC(DNBS)-GC/MS
(3) SFC/laser excited fluorescence

Quantification of the nitro-PAHs was facilitated through the following methods:
(1) LC(DNBS)-LC(C18) zinc reduction/fluorescence detection

(2) SFC/laser excited fluorescence detection

Chapters 2 through S of this thesis focus primarily on the characterization of
chromatographic methods suitable for the analysis of light gas oils provided through a
collaboration with Syncrude Canada. Chapters 2 and 3 are principally oriented to one-
dimension separations of the oils into classes based on the number of rings in the aromatic
compound. Chapter 2 characterizes four stationary phases suitable for the normal phase
fractionation of aromatics using liquid chromatography (LC) and diode array detection.
Chapter 3 characterizes the same stationary phases for aromatic separations using
supercritical fluid chromatography (SFC). This chapter also introduces a laser excited
fluorescence instrument with a charge coupled device (CCD) array detector suitable for the
acquisition of high-resolution fluorescence spectra. Chapters 4 and 5 introduce the potential
of multi-dimensional chromatography. Chapter 4 examines two-dimensional chromatography

and Chapter 5 explores three-dimensional methods.



Chapter 2 Single Dimension Normal Phase Chromatography

2.1 Introduction

Most multi-dimensional chromatographic procedures that have been reported to date
have used a normal phase separation as the first dimension. The goal of the first separation
is to fractionate the sample according to aromatic class as defined by the number of aromatic
rings present in the compound. The ability of a single stationary phase to effect a class
separation depends on the role that alkyl substitution plays in the retention mechanism.
Hydrotreated oil products typically contain very large numbers of highly substituted small
aromatics that cause the group separation to fail due to overlap with less substituted higher
aromatic classes. The use of electron donor-acceptor interactions have been discussed in the
literature as a means to separate large polars from heavy crude extracts [149]. These
compounds are insoluble in typical normal phase solvents such as hexane and dichloromethane
and require much more powerful eluents such as o-xylene. Therefore, strong interactions
with the stationary phase are required to produce reasonable separations between components
with such high eluent strengths. The DNBS stationary phase is an example of a stationary
phase that can act as an electron acceptor. The donor-acceptor relationship between the PAH
and the column increases with the number of aromatic rings and should provide better group

separation compared to standard stationary phases such as silica or aminopropyl.

39
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2.2 Experimental

2.2.1 Apparatus

L

A schematic of the multi-dimensional LC experimental system is shown in Figure 2.1.
The system consisted of three individual chromatographic modules. Each module could be

operated as a stand-alone off-line system or combined and integrated for on-line analysis.
System 1, was comprised of an Agilent Model 1100 quaternary HPLC pump, a Rheodyne
7725i injection valve (shown as A), a chromatographic column (silica, aminopropyl, DIOL,
or DNBS), an Agilent Model 1100 diode array detector or a laser excited fluorescence array
detector, and a Gilson FC-80K fraction collector. System 2 consisted of an Agilent Model
1100 binary gradient pump, either 2 Rheodyne 7000 switching valve or a Rheodyne 77251
injection valve (shown as B) with one of a 20, 50, or 100 microliter sample loop, a Supelcosil
LC18 column (25 cm x 4.6 mm), and either a laser excited fluorescence array detector or a
Fisons Quattro mass spectrometer with a Quattro II APCI source.

The laser excited fluorescence array detector consisted of a Kimmon Model
IK5451R-E He-Cd laser (325 nm and 442 nm) or a Uniphase Model NV 20001-100 pulsed
solid state laser (266 nm), a 7 microliter capillary flow cell fabricated in-house, a bifurcated
fiber optic bundle that coupled the flow cell to an Acton Research Model 150
monochromator, and a Princeton Instruments Model TE/CCD-1024-MI CCD camera
controlled by a Princeton Instruments ST-1509 controller. Data collection and processing

were done using Windows based personal computers with software written in-house.
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System 3

Lasar Excited Fluorescence

Agilent 1100 C Detector —-g
Quatermary Pump ‘
Hexane/DCM Normal or reversed Phase

or Acetonitrile TCP or Polymeric C18

Systém 2

Laser Excited Fluorescencs or Mass Spectromater

Detector ___g

Manomeric C18

System 1 Gison
Agilent 1100 Diode Arvay or Laser Exciled Fluorescence Fraction Collector
&— Detector B Agilent 1100
Binary Pump
Acetonitrile
Nomal Phase
silica/diol/TCP/aminopropyWONBS
Agilent 1100 ( Z )
Quatemary Pump
Hexane/DCM A

Figure 2.1 Multidimensional Chromatographic Apparatus. Three separate systems are defined
in the figure. System 1 was used exclusively for normal phase separations. System 2 was used

for reversed phase separations. System 3 was used for either normal phase or reversed phase
separations.
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System 3 consisted of an Agilent Model 1100 quaternary gradient pump, either a
Valco Model EMTCST6UW with electronic actuator and 6 sample loops (50 or 100
microliter) or a Rheodyne 7725i injection valve with a 20 microliter sample loop (shown as
C), a Vydac Model 201 TP54 column (25 cm x 4.6 mm) immersed in an ice/water bath or a
TCP column (25 ¢cm x 2.0 mm) prepared in-house, and a laser excited fluorescence array
detector. Although all three chromatographic systems could be integrated for on-line
analysis, the majority of the experiments were performed off-line using a fraction collector.

The rationale behind this decision is discussed in detail in chapter 5.

Light gas oil samples were provided by Syncrude Canada and used as received.
Pesticide grade dichioromethane, Optima grade hexane and acetonitrile were provided
through Fisher Scientific. PAH standard solutions were prepared from compounds purchased
from Sigma-Aldrich and used without further purification. The compounds hexyl- through

ethyl-naphthalene were obtained from Professor J. Stuart Grossert.
2.2.3 Procedures

The first dimension in our chromatographic scheme was a normal phase separation.
Five stationary phases were examined in an attempt to ascertain which would be the most
useful as the initial separation of the sample. A DIOL column (Supelco, 25 cm x 6.2 mm), an

aminopropyl column (Supelco, 25 cm x 4.6 mm), a silica column (Supelco, 25 cm x 10.0
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mm), and a dinitrobenzenesulfonyl (DNBS) aminopropyisilica column (25 cm x 4.6 mm) were
tested. The DNBS column was prepared in-house using a procedure adapted from the
literature [22]. Specifically, a Supelco 25cm x 4.6 mm LC-NH; column was derivatized by
passing a solution of 100 mM 2,4-dinitrobenzenesulfonylchloride (Aldrich) in acetone/5%
sodium bicarbonate through the column (0.2 mL/min) overnight using a Constametric Series
III HPLC pump. The column was washed with 50 mL volumes of acetone, water, acetonitrile,
dichloromethane, and hexane. The TCP column (25 cm x 2 mm) was prepared according to
a synthetic procedure adapted from the literature [75]. Each phase was characterized by
measuring retention times for a series of standards and by injecting a light gas oil as a real
sample. Chromatographic system 1 was used for all four of the stationary phases examined.
The DIOL and aminopropyl stationary phases were used with hexane as the mobile phase.
The DNBS column was more retentive than either of these columns so a linear gradient was
developed to elute the compounds. The gradient is given in Table 2.1. A step gradient was
used with the silica column to obtain better precision between chromatographic runs. The
conditions are given in Table 2.2. Each column was then reequilibrated after gradient elution

for an additional S minutes using hexane.

Table 2.1: Gradient used for elution of oils from DNBS column.

Time (minutes) Hexane (percent) Dichloromethane (percent)
0-20 100 0
20 — 40 (linear gradient) 0 100




Table 2.2: Gradient used for elution of oils from silica column.

Time (minutes) Hexane (percent) Dichloromethane (percent)
0-30 100 0

30 (step gradient) 0 100

40 0 100

2.3 Characterization of First Chromatographic Dimension

The four stationary phases studied for the fractionation of the oil by aromatic ring
number involved only normal phase separations. In the process of determining which
stationary phase would provide the best means to fractionate the oil several criteria will be
explored. Principally, the separation must be capable of resolving the oil into distinguishable
fractions. The retention characteristics of the column should be reproducible and predictable.

The oil contains compounds that do not have standards available for comparison. If the
retention profile of the stationary phases is suitably characterized and predictable, then
inferences can be made about the structure of an unknown compound present in the sample.

Although important, analysis times were not a fundamental consideration in selecting the first
dimension separation. The final consideration in the analysis of the first dimension was column
capacity. Since each of the columns except for the aminopropyl and DNBS columns used in
this study has different column diameters, the capacity of each column will be affected
accordingly. Specifically, based on column dimensions alone, the capacity of each column

would follow the order silica > DIOL > aminopropyl ~ DNBS > TCP. It is important to
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maintain high sample loading capacity in order to avoid compromising sensitivity in the
second and third dimensional separations. Sample loading capacity becomes less important
with off-line fraction collection. However, reduced sample loading capacities will increase
the number of required replicate collections. This not only increases the labor required but
also increases the opportunity for operator error.

A preliminary characterization of each stationary phase was done with standard
compounds. This will facilitate the characterization of each stationary phase according their
respective ability to fractionate according to aromatic ring number, the time for analysis, and
the retention mechanism. The retention times for each compound on each stationary phase
are listed in Table 2.3. The k’ values listed in this table do not represent true values according
to the conventional definition. For the purpose of this discussion, k’ was defined as:

K=t—-1t)t [2-1]
where t,, represents the retention time for the compound and t, represents the retention time
for benzene. Benzene was chosen because it was the least retained compound with respect
to PAHs and for the fact that it is readily detected with a diode array detector.

The data in Table 2.3 suggest that the strength of the stationary phase increases in the
order diol (k’ 0.01 to 0.68) <silica (k’ 0.28 to 2.47) <aminopropyl (k’ 0.17 to 3.44) <DNBS
(k’ .0.4 10 6.56). The objective of the first dimension in a multidimensional separation is to
separate the aromatic compounds by the number of rings or by the number of pi electrons in
the molecules. Under ideal circumstances the effect of alkyl substitution should be small and
not cause overlap between classes of aromatic compounds. Inspection of the data in Table
2.3 indicates that group separation was possible using the diol, aminopropyl, and DNBS

stationary phases but the silica column showed a strong overlap between the phenanthrene
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and pyrene series of compounds. The limited separation strength of the diol stationary phase
suggests that the phase would be unsuitable for a very complex sample such as a light gas oil.
The DNBS stationary phase was prepared by the reaction between dinitrobenzenesulfonyl
chloride and the aminopropyl functional group of a commercial column. It is interesting to
compare the retention behavior of the two columns. The retention characteristics of the two
stationary phases are similar within groups but the effect of alkyl substitution on the retention
is stronger for the DNBS column than for the aminopropyl column. This could be expected
because the electron donating ability of the alkyl groups into the aromatic rings would have
a greater effect for a donor-acceptor mechanism than for a dipole-dipole interaction. The
addition of one or two methyl groups to phenanthrene increases the retention for both phases
but the increase is much greater for the DNBS phase. For both phases the addition of a
methylene group to form the cyclopenta ring decreases the retention such that the compound
elutes before the parent compound. This is probably because the hybridization of the
methylene group adds strain to the ring system and also introduces a steric hindrance to the
overlap of the pi system between the analyte and the DNBS phase. The alkyl substituted
pyrene series of compounds also shows an increased retention with the addition of electron
donating groups onto the rings. The addition of ethyl groups lowers the retention time such
that the elution order becomes the parent compound <ethyl substituted compounds< methyl
compounds. The decrease in retention time for the addition of ethyl groups probably results
from two effects—the increased solubility of the compound in the mobile phase and a steric
hindrance.

A stronger stationary phase was prepared using tetrachlorophthalimide bonded to a

silica support using a propyl linkage. The retention times and k’ values for a series of
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naphthalenes, phenanthrenes, and pyrenes are shown in Table 2.4. The data for the
naphthalenes shown in this table used isocratic conditions with pure hexane whereas the
phenanthrenes and pyrenes were done using 30% dichloromethane in hexane. First, if the k’
data for DNBS are compared with the TCP stationary phase for the naphthalenes we see that
the phase is considerably stronger—k’ for naphthalene on the TCP column is 3.71 whereas it
was only 0.69 on the DNBS. The range for naphthalenes is 0.43 to 1.23 on the DNBS and
2.14 to 17.28 for the TCP. Both phases show a similar behavior with respect to the addition
of methylene groups to side chains—the addition of a methylene group decreases the retention
time. The data for the phenanthrenes and pyrenes indicates that the TCP phase is very
sensitive to both the presence and position of alkyl substituents. The addition of methylene
groups decreases the retention times to a very significant degree such that diethylpyrene
would elute in the phenanthrene region of a chromatogram. This suggests that the TCP phase
would not be suitable for a first dimension separation based on the number of aromatic rings.
The next section of this Chapter will look at the actual fractionations possible using a real

Light gas oil as as the sample and the four stationary phases aminopropyl, silica, diol and

DNBS.

In order to further characterize the fractionation of oils, each stationary phase was
tested using a light gas oil MB13C provided by Syncrude Canada. Nominally, this light gas
oil contains compounds with boiling points less than 340 C. This light gas oil has been

subjected to upgrading processes. These processes tend to reduce the aromaticity of the oil
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Table 2.3: Retention data using standards for normal stationary phase characterization.
Retention times are in minutes. Benzene was used to establish relative k’ values for each

individual column.

Compound Silica ¢, DIOLt, | Amino DNBS ¢,
(x’) (x’) (k’) (x’)
Benzene 71.72 6.03 3.86 3.63
(0) ©) ©) (V)]
Biphenyl 14.31 6.69 5.53 6.91
(0.85) (0.11) (0.43) (0.90)
Naphthalene 10.12 6.42 4.62 6.15
(0.31) (0.06) (0.20) (0.69)
2,3,5-trimethylnaphthalene 13.84 6.08 5.14 8.10
(0.79) (0.01) (0.33) (1.23)
1-hexylnaphthalene 9.86 9.86 4.50 5.19
(0.28) (0.64) 0.17) (0.43)
Phenanthrene 15.03 7.67 7.52 13.92
(0.94) (0.27) (0.95) (2.83)
2-methylphenanthrene 17.10 7.42 7.54 14.43
(1.22) (0.23) (0.95) (2.98)
3,6-dimethylphenanthrene 18.92 7.25 7.82 16.11
(1.45) (0.20) (1.03) (3.43)
4H-cyclopenta[def]phenanthrene | 15.45 7.42 7.33 13.37
(1.00) (0.23) (0.90) (2.68)
Pyrene 14.80 8.25 8.85 18.25
(0.92) (0.37) (1.29) (4.02)
1-methylpyrene 16.52 8.16 9.36 22.23
(1.14) (0.35) (1.42) (5.12)
1-ethylpyrene 15.95 8.00 8.95 18.76
(1.07) (0.33) (1.32) (4.16)
1,8-diethylpyrene 16.83 *ND 8.16 20.96
(1.18) (1.11) “4.77)
Chrysene 23.85 9.17 13.86 26.31
(2.09) (0.52) (2.59) (6.25)
Benzo[a]pyrene 23.85 10.16 17.14 27.47
(2.09) (0.68) (3.44) (6.56)
7-methylbenzo[a]pyrene 26.75 9.75 16.89 27.86
(2.47) (0.62) (3.38) (6.67)

* Not Done



Table 2.4; Retention data for TCP Column.
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(2.78)

30/70% Hexane-DCM Eluent 100% Hexane Eluent
Compound t(K’) Compound t(k’)
Benzene 1.70 Hexylnaphthalene 5.33
) (2.14)
Fluorene 2385 Butylnaphthalene 5.75
(0.62) (2.38)
9-ethylfluorene 2.63 Propylnaphthalene 6.00
(0.55) (2.53)
Phenanthrene 4.67 Ethylnaphthalene 7.58
(1.75) (3.46)
9-ethylphenanthrene 4.26 Naphthalene 8.00
(1.51) (3.71)
2-methylphenanthrene 525 1-methylnaphthalene 11.58
- (2.09) (5.81)
4H-cyclopenta[def]phenanthrene | 6.42 1,2-dimethylnaphthalene 20.00
(2.78) (10.76)
3,6-dimethylphenanthrene 5.75 1,4-dimethylnaphthalene 15.17
(2.38) (7.92)
Retene 3.77 1,8-dimethylnaphthalene 19.25
(1.22) (10.32)
Pyrene 10.50 1,6-dimethylnaphthalene 17.25
(5.18) (9.15)
1-methylpyrene 14.92 2,3,5-trimethylnaphthalene | 31.08
(7.78) (17.28)
1-ethylpyrene 9.08
(9.08)
1,8-diethylpyrene 6.42
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by reduction of aromatic bonds. The resulting mixture is generally limited to aromatic species
of one to four aromatic rings and the concentration distribution is mono > di- > tri- > tetra-
aromatic rings. This increases the difficulty of fractionating the oil cleanly.

Array detectors can be used with single dimension chromatographic separations to
provide an additional dimension of information — the UV or fluorescence spectrum of the
compound. For the stationary phase characterization two wavelengths were used to display
the chromatograms — 254 nm suitable for general aromatics and 336 nm, a wavelength that
emphasizes pyrenes and alkylated pyrenes. The chromatogram for the light gas oil on the diol
column and associated spectra are shown in Figures 2.2 and 2.3, respectively. Inspection of
the chromatograms in Figure 2.2 shows that there is minimal separation of the compound
classes, confirming the earlier conclusions that the diol column offers inadequate resolution
to effect a reasonable fractionation. In addition, the chromatograms in Figure 2.2 result from
a five-microliter injection of light gas oil. This suggests that, even though the diol stationary
phase possessed a large column diameter, the column had a low sample loading capacity.

The separations of the MB13C oil and a standard mixture on the silica column are
shown in Figure 2.4 and the accompanying spectra are shown in Figure 2.5. The trace at

336 nm tends to emphasize pyrene and alkylated pyrene components whereas the
chromatogram at 254 nm is representative of a broader range of compounds. The spectrum
associated with the peak at 11.5 minutes is superimposed with that of pyrene. The poor
agreement between these spectra suggests that several aromatic classes were co-eluting with
pyrene. This confirms that a class fractionation may not be viable. Furthermore, the
chromatogram at 254 nm extends to longer retention times than that of the chromatogram

resulting from 336 nm. This suggests that compounds with a lower aromatic grbup number
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Figure 2.2: LC Chromatogram of a Light Gas Oil (MB13C) separated on the diol
column using UV detection at 254nm and 336 nm. A standard PAH mixture

was superimposed to characterize the separation. Experimental conditions
are given in the figure.

Peak Identification: 1 benzene, 2 naphthalene, 3 biphenyl,

4 cyclopenta[d, e flphenanthrene, S phenanthrene, 6 1-methylpyrene, 7 pyrene,
8 chrysene, 9 benzo[a]pyrene
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Figure 2.3: Ultraviolet spectra from diol LC separation superimposed with standard
spectra. The units of the ordinate scale are mAU.
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Figure 2.4: LC Chromatogram of a Light Gas Oil (MB13C) separated on silica
column using UV detection at 254nm and 336 nm. A standard PAH mixture was
superimposed to characterize the separation. Experimental conditions

are given in the figure.

Peak Identification: 1 benzene, 2 naphthalene, 3 biphenyl, 4 phenanthrene,
cyclopenta[d,e flphenanthrene, pyrene, S 1-methylpyrene,
6 chrysene, benzo[a]pyrene
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Figure 2.5: Ultraviolet spectra from silica LC separation superimposed with standard
spectra. The units of the ordinate scale are mAU.
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elute after pyrene and alkylated pyrenes. This observation is a result of the strong dependence
of the silica retention mechanism to alkyl substitution and the large number of aliphatic
substituents associated with processed oil. A comparison of the standard chromatogram and
the chromatogram at 336 nm for the oil suggest a discrepancy with respect to the retention
times between like compounds. For example, the retention time for pyrene appeared to differ
by almost two minutes for the standard and pyrene in the light gas oil. In the oil pyrene eluted
earlier than in the standard. This arises due to the complexity of the oil sample relative to the
standard mixture. The use of a dichloromethane gradient provided reproducible retentions
for either the standards or the oil, but a shift between sample and the standard was still
observed. This is may be partially due to column overloading in the oil sample and also may
result from the large numbers of aliphatic compounds in the oil adsorbing onto active silanol
sites thereby decreasing the retention of the PAHs.

Similar separations of the light gas oil superimposed with standards are shown in
Figure 2.6 and Figure 2.8 for the aminopropyl and DNBS columns, respectively. The
corresponding spectra from each separation are shown in Figure 2.7 and Figure 2.9. Each
of these columns separates the oil into fractions better than either the silica or diol columns.
The greatest resolution between aromatic classes was observed for the DNBS stationary
phase. As well, the 336 nm chromatograms in each figure suggest that the different pyrene
species are much more resolved on the DNBS separation compared to the aminopropyl. This
will allow the collection of multiple fractions within an aromatic class. This should result in
better resolution with the second dimension chromatographic methods. The spectra for each
region appear to follow characteristics associated with that particular aromatic class. This

suggests that there is less overlap between aromatic classes for the aminopropyl and DNBS
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Figure 2.6: LC Chromatogram of a Light Gas Oil (MB13C) separated using the

aminopropyl column with UV detection at 254nm and 336 nm. A standard PAH

mixture was superimposed to characterize the separation. Experimental
conditions are given in the figure.

Peak Identification: 1 benzene, 2 naphthalene, 3 biphenyl,
4 cyclopenta[d,e f/phenanthrene, 5 phenanthrene, 6 pyrene, 7 chrysene
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Figure 2.7: Ultraviolet spectra from LC aminopropy! separation superimposed with
standard spectra. Units of the ordinate axis are mAU.
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Figure 2.8: LC Chromatogram of a Light Gas Oil (MB13C) separated on DNBS

column using UV detection at 254nm and 336 nm. A standard PAH mixture
was superimposed to characterize the separation.

Peak Identification: 1 benzene, 2 naphthalene, 3 biphenyl,

4 2,3,5-trimethylnaphthalene, 5 cyclopenta[d,e f]phenanthrene, 6 phenanthrene,
7 pyrene, 8 1-methylpyrene, 9 chrysene, 10 benzo[a]pyrene
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Figure 2.9: Ultraviolet spectra from LC-DNBS separation with standards
spectra. The units of the ordinate scale are mAU.
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columns compared to the silica and diol separations. As with the silica column, there appears
to be some slight discrepancy with respect to retention between like compounds in the oils
and standards. The effect was slightly more pronounced for the DNBS column than for the
aminopropyl separation. In either case, the effect was much less than that observed for the
silica separation.
The final factor to be examined for each stationary phase was column capacity.

Figure 2.10 displays the light gas oil MB 13C separated on the silica column using injection
volumes of 5, 20, 50, and 100 microliters. These chromatograms suggest a loss of resolution
and decreasing retention times with increasing injection volume. At 100 microliter injection
volumes the detector begins to overload giving an exaggerated effect of resolution loss. It
would appear that the maximum capacity for this column would be between 50 and 100
microliters. Figure 2.11 shows the chromatograms that result from 5, 20, 50, and 100
microliter injections of the light gas oil MB13C on the DNBS column. The column appears
to exhibit signs of overloading with the 50 microliter injection volume. There appears to be
some small loss of resolution as the injection volume was increased from 5 to 20 microliters.
For the purposes of collecting fractions, 20 microliter injections were considered the
maximum capacity for this column. In a similar manner 5 and 20 microliter injections of
MB13C were separated with the aminopropyl column. Figure 2.12 displays chromatograms
that result. From these chromatograms it is obvious that 5 microliters is the maximum
injection volume. This is interesting as the aminopropyl and the DNBS have the same column
dimensions. The more retentive nature of the DNBS improves the column loading capacity
compared to the aminopropyl stationary phase from which it is derived.

The DNBS column offers better resolution and selectivity than the silica, diol,
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Figure 2.10: LC chromatograms at various injection volumes separated using
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Figure 2.11: LC chromatograms of the light gas oil MB13C on DNBS column
using S, 20, 50, and 100 microlitre injection volumes. Flow rate was 1.2 mL/min.
Solvent gradient was shown in Figure 2.8.
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Figure 2.12: LC chromatograms of the light gas oil MB13C on the aminopropyl column.
Injections at 5 and 20 microliters demonstrate capacity of column. The flow
rate was 1.0 mL/min. The eluent was 100% hexane.



or aminopropyl stationary phases with respect to aromatic class. As well, the DNBS column
was second only to the silica column for capacity but this was a function of column size. A
DNBS column with the same dimensions as the silica column would have a larger capacity.
The longer analysis times associated with the DNBS were not a fundamental concern with
regard to the objectives of this study. Furthermore, the DNBS stationary phase provided the
best between class resolution for the PAH components. This may allow each aromatic class
to be further fractionated to provide a less complicated fraction for the second
chromatographic dimension.

A light gas oil sample was fractionated using the DNBS column. The fractions
collected are shown in Figure 2.13. The separation was repeated 5 times to give a total oil
injection of 100 microliters. The collected samples were evaporated to 1.0 mL using a
Kuderna-Danish apparatus. The fractions therefore, were in a mixed hexane/dichloromethane

solvent. The fractions were used for multi-dimensional separations described in Chapters 4

and 5.
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Figure 2.13: LC Chromatogram of the light gas oil (MB13C) separated on DNBS
column using UV detection at 254nm and 336 nm. The flow rate was 1.2 mL/min.
Gradient conditions were as in Figure 2.8. Each region corresponds to a

collected fraction for analysis with two-dimensional and three-dimensional

chromatography.




Chapter 3 SFC Chromatography

3.1 Introduction

Supercritical fluid chromatography has seen a dramatic increase in utility in recent
times. This is due to advances in instrumentation and increasing pressure on the analyst to
provide faster and more efficient analysis. SFC fulfills this role as an intermediate between
gas and liquid chromatography. Specifically, SFC operates in much the same way as a typical
LC normal phase separation but often with much faster analysis times compared to similar LC
separations. As a rule, however, capillary GC still offers the greatest resolution and fastest
analysis times but suffers from limited sample ranges due to limitations imposed through
volatility or thermal instability of the analyte. Certain SFC applications approach and even
surpass the analysis speed for GC [47].

Separations of polar compounds often require high organic modifier concentrations
to be added to the supercritical mobile phase. This can lead to separations with a subcritical
mobile phase. CO; has a very low viscosity allowing higher flow rates and a greater number
of analyses can be performed within a given time frame. SFC is often used within the
petroleum industry for hydrocarbon analysis, but generally a silica stationary phase has been
used [150]. Although better resolution is often observed with SFC, when compared to
equivalent separation using LC, the silica stationary phase still has a limited class
fractionation. An investigation of more powerful stationary phases may lead to better

resolution through a single dimension of chromatography. Specifically, since the DNBS
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column provided an optimal separation of a light gas oil using LC conditions, the use of this
column under SFC conditions may provide additional resolution. This may allow sufficient
resolution using SFC conditions to provide fast and efficient methods for process monitoring.

Typical detection methods such as flame ionization are sensitive and “universal” but
do not provide information about chemical structure. Furthermore, the use of FI detectors
is limited to weak stationary phases. A strong stationary phase requires a more powerful
eluent. The eluotropic strength of carbon dioxide increases with increasing density but, even
at high densities, carbon dioxide still may be unable to elute the larger PAHs. The addition
of an organic modifier to the carbon dioxide facilitates the elution of polar components from
strong stationary phases. These modifiers have the effect of overloading the FI detector and
must be used with a spectrometric detector. The use of a fluorescence detector in series with
a diode array detector allows identification of compounds by their spectra. A wealth of
information can be obtained quickly and efficiently.

Process monitoring requires a slightly different priority to be assigned to each of the
factors considered important in judging the effectiveness of the separation. For example, the
analysis time for the fractionation of a light gas oil was considered of minimal importance in
the previous chapter. A fast analysis may be preferential if a process is to be monitored that
is subject to rapid fluctuations. On the other hand, factors such as capacity could conceivably
play a much less important role. It stands without question that the methods must provide
regions that are resolved either chromatographically or by spectral fingerprints.

In addition to using the SFC for the analysis of PAHs in light gas oils, it is possible

that SFC may provide a rapid separation of the PAHs in complex environmental samples such
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as au' or diesel exhaust particulates. Four stationary phases (silica, TCP, aminopropyl, and
DNBS) were investigated as possibilities for such a task. The effect of density programming
through temperature and pressure control was examined for the silica column as a means to
characterize the effect of these parameters upon SFC separations. As well, the effect of

modifier was examined for the DNBS column.

3.2 Experimental

3.2.1 Apparatus

The one-dimensional SFC apparatus consisted of a Berger model SFC system FCM
1200, Alcott model 718 autosampler with either a 0.5 microliter internal or a 5 microliter
external sample loop, a chromatographic column (silica or aminopropyl or DNBS or TCP)
and an Agilent model 1100 diode array detector. A high-pressure flow cell was designed by
Professor L. Ramaley, Department of Chemistry, Dalhousie University for use with a laser
excited fluorescence detector. A schematic of the high-pressure flow cell is shown in Figure
3.1. The operation of the laser excited fluorescence system and autoranger was described in
a recent publication [151]. The data files saved by the CCD/array acquisition program
(FLUOROCHROME, written in Windows C++ by Louis Ramaley) was written in a format
compatible with the Winspec version 1.4.3 (Princeton Instruments, Inc. (now Roper
Scientific)) data acquisition program. The header was augmented to include an experimental

description, the laser intensity, the maximum shutter time, and the number of pixels per scan.
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Typically, in the data collection using the 1024 x 256 pixel array, four columns of pixels were
binned along the wavelength axis. This increased the sensitivity of the detector and reduced
file size by a factor of 4 with no significant effect on spectral resolution (ie. 256 data points
for a wavelength range of 250 nm). The FLUOROCHROME program stored the binned data
that has been corrected for a background spectrum at the start of the chromatogram. The
FLUORI program (versions 1 through 4, written in Visual Basic by Robert Guy) read the
header, calculated the wavelength associated with each pixel using the calibration data stored
in the header, and stored the spectra in a data array. The program generated a chromatogram
by finding maximum fluorescence intensity in each spectrum and plotting this versus time.
Unless otherwise specified, the maximum fluorescence response was labeled as “TOTAL
FLUORESCENCE” to differentiate this from a chromatogram created by plotting the
fluorescence at a certain wavelength versus time. The FLUORI program was written to
display data for the qualitative comparisions of the chromatograms obtained for the light gas
oils and allow either chromatograms or spectra to be copied and transferred to the
commercial programs EXCEL (Microsoft) and SIGMAPLOT (SPSS, Inc.) for printing
purposes. Chromatographic peak areas could not be determined using the versions of the
FLUORI program available during the period of this research. Quantitative data was
obtained using a module that allows one to select the spectrum at the peak maximum, a
spectrum at the start or end of the peak, and subtract the two spectra. The residual spectrum
was corrected for the laser intensity and transferred to an EXCEL spreadsheet. A similar
procedure was used for a standard chromatogram and the spectra were used for the

determination of the concentration of the compound.
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3.2.2 Chemicals

The light gas oils were provided by Syncrude Canada. Chromatographic grade liquid
carbon dioxide was supplied by Praxair. Optima grade acetonitrile for use as the organic
modifier was supplied by Fisher Scientific. To avoid leaks in SFC the columns must use
compression type fittings with no Teflon® or polymeric components. Two silica columns
were used in the experiments—the silica column (Supelcosil, 25 cm x 10 mm, 5 micron particle
size) used in Chapter 2 and a Keystone Betasil silica (15 cm x 4.6 mm, 5 micron particle size)
supplied by Berger for use in oil analysis. The aminopropyl column was a Keystone
“carbohydrate” phase (25 cm x 4.6 mm, S micron particle size). A second Keystone
carbohydrate column was derivatized using the procedure described in Chapter 2 to prepare
a DNBS stationary phase. The TCP column used in this work was the same column as used

in the LC work described in Chapter 2.
3.2.3 Procedures

The stationary phases were characterized using three types of samples. The first
sample mixture was prepared as a 25-fold dilution of a NIST 1647d reference standard. This
standard sample was used to illustrate the ability of the stationary phases to separate the
priority PAHs. A second sample mixture consisted of a mixture of aromatic compounds
(about 0.020 M each of benzene, toluene, xylene, mesitylene, 4-ethyltoluene, tetramethyl
benzene, tetralin, pentamethylbenzene, naphthalene, biphenyl, bibenzyl, fluorene,
phenanthrene, o-terphenyl, fluoranthene, and pyrene). This mixture was used to test the

ability of the phases to separate aromatic compounds found in light gas oils. The final test
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samples were the Syncrude light gas oils described in Chapter 2.

All chromatograms were run using an oven temperature of 50 C except where
specified on individual chromatograms. Typical operating conditions for the NIST standard
sample are shown in Table 3.1. These conditions were modified slightly for the analysis of
the light gas oils and the chromatographic conditions will be shown on the relevant
chromatograms shown in the Results and Discussion section.

Four different light gas oils were chosen for SFC analysis. Each of the oils
represented a set of processing conditions in which all experimental parameters were kept
constant (i.e. catalyst, H; pressure, flow etc.) except for temperature. Five microliter
injections were introduced onto the DNBS column and eluted according to the appropriate
conditions for each separation. The diode array and fluorescence detectors were placed in

series. The diode array was monitored at the following wavelengths: 220, 254, 280, and 336

Supercritical fluid chromatography allows the setting of three variables — temperature,
pressure, and modifier concentration. The combination of temperature and pressure defines
the density of the mobile phase. At constant temperature, an increase in pressure increases
the density of the supercritical fluid and increases the solvating power of the mobile phase.
An increase in the temperature at constant pressure lowers the density and makes the mobile

phase weaker but may improve transfer kinetics between the mobile and stationary phases.
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Table 3.1: Experimental conditions used for the separation of the NIST standard for each
stationary phase.

Stationary phase | Flow rate Pressure gradient Modifier
ml/min (CH;CN)
Silica 1.5 0-8 min 150 bar None
then 10 bar/min to 200
bar
aminopropyl 20 0-1 min 150 bar 5%
then 5 bar/min to 250
bar
DNBS 20 250 bar 1to 10%
at
0.5%/min
TCP 2.0 150 to 300 bar at 10 1 to 10%
bar/min at
0.5%/min

The role of a modifier in supercritical fluid chromatography is to increase the polarity of the
mobile phase. Supercritical carbon dioxide has a polarity similar to weak organic solvents
such as hexane and pentane. A modifier, such as methanol or acetonitrile, dissolves in the
supercritical carbon dioxide and interacts with the active sites on the stationary phase (which
are usually polar sites) so the modifier competes with the analyte for the sites. At high
modifier concentrations the increased competition for sites decreases the retention of the
analytes. The addition of high concentrations of a modifier to the carbon dioxide may result
in subcritical fluids. In general, the separations described in this chapter used either pressure

gradients at constant temperature or constant pressure and temperature with a modifier
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gradient. Chromatograms that use laser excited fluorescence detection were displayed with

the signal intensity as a function of “TOTAL FLUORESCENCE”.

3.3.1. Characterization of the phases using the PAH standard mix

The NIST 1647d standard contains the 16 priority PAHs at concentrations that reflect
the distribution of compounds in environmental samples. The standard was diluted 1/25 for
the purposes of characterization of the stationary phases using the laser excited fluorescence
CCD array detector. Figure 3.2 (a-c) shows the chromatograms for this standard on the 15
cm Keystone silica column. A comparison of the two isobaric chromatograms at 35 and 50
C showed the effect of temperature -as the temperature was raised the density decreased and
the retention times for the later eluting compounds increases. A comparison of Figures 3.2a
and 3.2¢ shows that, for the silica column and the simple PAH mixture, a density gradient did
not improve the separation. The chromatograms also illustrate the poor sensitivity of the laser
system for the low molecular weight PAHs and anthracene was not detected at all using the
266 nm laser. The silica column did not provide adequate resolution for the determination
of the priority PAHS using supercritical fluid chromatography. The separation did not resolve
the compound pairs fluoranthene and pyrene or benzo[b]-and benzo[4]fluoranthene.

The separation of the PAH standard on the Keystone aminopropyl column is shown
in Figure 3.3. This chromatogram was obtained using a constant modifier concentration (5%
acetonitrile) and a pressure gradient. This column was found to be more retentive than the

silica column but the gradient conditions permitted a relatively rapid separation of the PAHs
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Figure 3.2(a-c): SFC separation of NIST 1647d priority PAH standard using the
silica Keystone Betasil coumn. Top two graphs (a & b) developed using isobaric
con&ijtions at selected temperatures. Lower chromatogram (c) uses a pressure
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Peak Identification: 1 acenaphthylene, 2 acenaphthene, 3 fluorene, 4 phenanthrene,
5 fluoranthene, pyrene 6 benz[a]anthracene, 7 chrysene, 8 benzo[b]fluoranthene,
benzo[k]fluoranthene, 9 benzo[a]pyrene, 10 dibenz[a, #)anthracene,

indeno[/, 2, 3-c,d]pyrene, 11 benzo[g,A,i]perylene
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Figure 3.3: SFC chromatograms of PAH standards separated using the Keystone
aminopropyl column. Experimental conditions given in Table 3.1.

Fluorescence results from 266 nm laser excitation.

Peak identification: 1 acenaphthene, 2 acenaphthylene, 3 fluorene, 4 phenanthrene,
5 fluoranthene, 6 pyrene, 7 benz[a]anthracene, 8 chrysene, 9 Benzo[b]fluoranthene,
benzo[k]fluoranthene, 10 benzo[a]pyrene, 11 dibenz[a,h]anthracene

12 indeno(Z,2, 3-c,d)pyrene 13 benzo(g,h,i)perylene

14
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with only the benzo[5]- and benzo[k]-fluoranthene pair not being resolved. Figure 3.4 shows
the same chromatogram monitored at two different wavelengths, 405 and 525 nm, suggesting
the pair can be resolved spectroscopically. The rationale for the choice of the selected
wavelength pair for benzo[5]- and benzo[k]fluoranthene is shown by the fluorescence spectra
for each in Figure 3.5. Figure 3.6 shows the chromatogram of the PAH mixture on the
aminopropyl column that has been derivatized with dinitrobenzenesulphonyl chloride. The
separation conditions are harsher than the aminopropyl phase because both the pressure and
the modifier concentration are higher. The increased strength of the phase does show a slight
resolution of the benzo[5]- and benzo[k]fluoranthene pair.

The strongest stationary phase used for SFC was the tetrachlorophthalimidopropyl
phase. The separation of the PAH on this phase is shown in Figure 3.7. The run-time for this
phase was very long (50 min) and the pressure/modifier gradient failed to elute indeno[/,2,3-
cd)pyrene and benzo[g,h,i]perylene. The resolution between the pyrene, benz[a]anthracene,
and chrysene was poorer than the DNBS phase but the resolution between the benzo[5]- and
benzo[k]fluoranthene pair improved. Of the four stationary phases, the aminopropyl and
DNBS stationary phases are the most promising for the separation of the priority PAHs. The
pressure/modifier conditions for the aminopropyl phase were easier on the pump and
restrictor of the chromatograph so this was the phase selected for further studies on the
separation of PAHs in environmental samples.

The primary goal for the aminopropyl SFC separation would involve both qualitative
identification and quantitation of the priority PAHs in complex environmental samples. Two

important figures of merit consistent with any separation and method of detection are the
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Figure 3.4: SFC chromatograms of NIST PAH standard mixture on Keystone
aminopropyl column. Upper chromatogram results from fluorescence emission
at 525 nm while lower chromatogram results from fluorescence emission at 405 nm.

Inset in lower figure superimposes two chromatograms demonstrating
spectral resolution.
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Figure 3.5: Fluorescence spectra of benzo[b]fluoranthene and benzo[k]fluoranthene.
Spectra result from excition with the 266 nm laser.
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Figure 3.6: A chromatogram of PAH standards separated using the derivatized
Keystone aminopropyl column under SFC conditions. The derivatizing agent was
3,5-dinitrobenzenesulphonyichloride (DNBS). Chromatographic conditions
given in Table 3.1. Fluorescence results from 266 nm laser excitation.

Peak identification: 1 acenaphthene, 2 acenaphthylene, 3 fluorene, 4 phenanthrene,
5 fluoranthene, 6 pyrene, 7 benz[a]anthracene, 8 chrysene, 9 Benzo[b]fluoranthene,
benzo[k]fluoranthene, 10 benzo[a]pyrene, 11 dibenz{a, AJanthracene

12 indeno[/, 2, 3-c,d]pyrene 13 benzo{g,h,ijperylene
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Figure 3.7: A chromatogram of NIST PAH standard separated on the TCP column
using SFC conditions. Experimental conditions are given in Table 3.1.

Peak identification: 1 acenaphthene, 2 acenaphthylene, 3 fluorene, 4 phenanthrene,
5 fluoranthene, 6 pyrene, 7 benz[a]anthracene, 8 chrysene, 9 benzo[b]fluoranthene,
10 benzo[k]fluoranthene, 11 dibenz[a,h]anthracene, 12 benzo[a]pyrene
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detection limits and the linear range of the calibration curve. The detection limits for several
of the priority PAHSs separated using the aminopropyl column under SFC conditions are
shown in Table 3.2. The detection limits were estimated from the calibration curve using a
signal that was approximately three times the standard deviation of the background. In
addition, the typical detection limits are shown for a liquid chromatographic reversed phase
separation coupled to an Agilent 1100 fluorescence detector. Although the Agilent detector
was more sensitive, it suffered from very poor spectral resolution due to a large bandpass.
Many of the detection limits for the priority PAHs were comparable for both detection
methods with the exception of anthracene. The laser excited fluorescence detectors fails with
this compound because anthracene does not absorb well at 266 nm. For this compound the
325 nm laser would be a better choice. The linearity of the fluorescence response can be
compromised if high analyte concentrations are present in the sample matrix. Figure 3.8
shows the calibration data for benz[a]anthracene using the 43 mW, 266 nm laser for
molecular excitation. This data suggests that the fluorescence response for this system was
linear from the detection limit of 0.57 ng/mL to 0.24ug/mL. The upper limit for this range
is well above that expected for typical PAH concentration in environmental samples.

These figures of merit represent a significant engineering accomplishment. The walls
of the high-pressure fluorescence flow cell were enlarged in order to withstand the significant
pressures associated with typical SFC operating conditions. In general increasing the
thickness of the flow cell decreases sensitivity and increases laser light scatter. In SFC mode

the laser high pressure cell showed very noisy baselines that varied considerably as the
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Table 3.2 Detection limits for SFC Separations of Priority PAHs as well as detection limits
for priority PAHs using an Agilent 1100 fluorescence detector and a reversed phase LC
separation.

Compound Detection Limit Detection Limit
Agilent 1100 ng/mL Laser System ng/mL
Naphthalene 0.7 6.7
Acenaphthene Not done 3.7
Acenaphthylene Not done 39
Fluorene 0.1 0.6
Phenanthrene 04 20
Anthracene 0.01 >32
Fluoranthene 0.6 1.1
Pyrene 0.5 0.8
Benz{a]anthracene 0.1 0.6
Chrysene 0.1 0.2
Benzo[b]fluoranthene 0.1 0.8
Benzo[k]fluoranthene 0.1 08
Benzo[a]pyrene 0.2 0.6
Dibenz{a, hlanthracene 0.2 0.9
Benzo(g,h,i]perylene 0.1 0.2
Indéno[l, 2,3-c,d]pyrene 0.2 1.1
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pressure or modifier gradients were changed. These difficulties can be improved upon with
the use of a 290 nm cutoff filter (wavelengths below 290 nm are removed) placed in the light
path between the fiber optics and the CCD array. Figure 3.9 shows two typical background
spectra from the flow cell. The upper spectrum uses no correction while the lower spectrum
was taken with a 290 nm cutoff filter installed. The filter provided a significant reduction in

background noise. The detection limits in Table 3.2 were obtained using the 290 nm cut-off

filter.

3.3.2 Characterization of the silica and DNBS columns for aromatics in a light gas oil

Both the silica and DNBS stationary phases were characterized under LC conditions
as a means to fractionate a light gas oil. Using LC conditions the silica column was less
successful than the DNBS column for this task. However, since the silica column is
commonly used within the oil industry to separate light gas oils a comparison of the silica
behavior to the DNBS behavior was undertaken. It was previously shown that a separation
of the priority PAHs using typical SFC conditions was not effective with a silica column.
Particularly, resolution and peak shape suffered for high molecular weight PAHs. Since the
upgrading process for a light gas oil tends to eliminate PAHs larger than pyrene it was
postulated that a rapid separation optimized for small molecular weight PAHs may be feasible
for the silica column. Figure 3.10 shows the light gas oil MB13C with a simple PAH standard
mixture separated on the silica column. This chromatogram suggests that a very rapid

separation may be possible as pyrene was eluted in less than 4 minutes. Furthermore, baseline
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Figure 3.10: SFC chromatograms of a light gas oil and aromatic PAH mixture.
The chromatograms were obtained on a Keystone Betasil silica 150 x 4.6

mm column. The chromatographic conditions were 35°C and 150 bar
pressure at a flow rate of 1.5 mL/min.

Peak Identification: 1 benzene, toluene, xylene, mesitylene, 4-ethyltoluene,
2 tetramethylbenzene, 3 tetralin, 4 pentamethylbenzene, S naphthalene,

6 biphenyl, 7 bibenzyl, 8 fluorene, 9 phenanthrene, 10 o-terphenyl,

11 fluoranthene, pyrene



88

resolution exists for many of the components in this chromatogram. However, the standard
chromatogram results from a relatively simple mixture. The chromatogram that results from
the light gas oil presented a much more complex mixture. This chromatogram used
absorbance at 220 nm and was intended to emphasize the mono- and di-aromatic species. It
was determined that additional resolution would be required to enable peak identification in
this :egion of the chromatogram.

The silica column was operated without organic modifier. Optimization of the
resolution on this column would have to be facilitated through changes in temperature or
pressure associated with the mobile phase. The effect of changes in temperature and hence,
density of the mobile phase, was partially addressed earlier in this chapter. Decreasing the
density of the mobile phase has the effect of reducing the eluotropic strength and increasing
the retention times of PAHSs on the column. Another way to accomplish this is to reduce the
pressure of the mobile phase. Figure 3.11 shows two chromatograms of the simple PAH
mixture separated on the silica column at 125 and 250 bar. In each case the temperature
remained constant at 40 C. Decreasing the pressure by a factor of 2 has the effect of doubling
the retention times for the PAHs. More importantly, the separation between components has
increased dramatically at the lower pressure. Furthermore, additional peaks have been
resolved at the lower pressure. Unfortunately, the peaks at longer retention times have been
significantly broadened. This would compromise sensitively as well as resolution of the larger
PAHs such as phenanthrene and pyrene. A chromatogram of the light gas oil MB13C is
shown in Figure 3.12 separated using the lower pressure conditions given in Figure 3.11.

Although there does appear to be an improvement in the peak resolving capacity of the silica
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Figure 3.11: SFC separations of a simple PAH mixture on Keystone silica column.

The flow rate was 1.5 mL/min supercritical CO3. The temperature was 40 C for each
separation. -
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Figure 3.12: SFC separation of a simple PAH mixture on Keystone silica column.

The flow rate was 1.5 mL/min. supercritical CO2. The temperature was 40°C for each
separation. Top chromatogram resulted from light gs oil MB13C. Each
chromatogram used a pressure of 125 bar.
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column under these conditions, the complex nature of the oil sample still presents difficulties
for peak identification.

The DNBS column was a more powerful stationary phase and was believed to offer
an alternative to the silica separation. The use of more powerful stationary phases required
the use of organic modifiers to be added to the mobile phase. This increased the flexibility
allowing additional chromatographic parameters to be adjusted in order to optimize the
separation. Figure 3.13 shows the separation of the light gas oil MB13C on the DNBS
column using a pressure gradient without organic modifier. The more powerful stationary
phase required longer analysis times as well as higher pressures to elute the standard PAH
mixture. The DNBS column operated under these conditions would require in excess of 30
minutes to elute all of the components in the oil sample. However, resolution vastly improved
compared to the silica column. Poorly defined humps with the silica separation of the oil
were replaced with sharp partially resolved peaks with the DNBS separation.

At first glance, it would appear from the chromatogram of the oil in Figure 3.13 that
phenanthrene and pyrene were absent from this sample. This was not the case. The
chromatogram in this figure shows the absorbance at 220 nm. This tends to emphasize the
most complex region of the oils represented by mono- and di-aromatics. Figure 3.14 shows
the same separation on the DNBS using absorbances at 254, 280, and 336 nm. Each of these
wavelengths favors a particular class of compounds. Specifically, 336 nm emphasizes pyrene
and alkylated pyrenes while 254 nm favors the phenanthrenes. Naphthalenes, fluorenes, and

biphenyls are highlighted using absorbance at 280 nm. The use of selective wavelength
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Figure 3.13: SFC chromatograms of a PAH standard mixture superimposed with
the light gas oil MB 13C separated using the DNBS column. The separation

was performed without modifier using a pressure gradient.

Peak Identification: 1 benzene, toluene, ethyltoluene 2 xylene, mesitylene,
3 tetramethylbenzene, 4 tetralin, 5 pentamethylbenzene, 6 naphthalene,
7 biphenyl, 8 o-terphenyl, 9 fluorene, 10 phenanthrene, 11 fluoranthene,

12 pyrene.
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Figure 3.14: SFC chromatogram of light gas oil MB13C separated on DNBS column.
Experimental conditions were shown in Figure 3.13. The baseline drift observed in the
early portion of the chromatogram results from the use of the gradient. The units of the
ordinate scale were mAU.
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detection may provide additional compound information if complete chromatographic
resolution is not obtained.

The longer analysis times using the DNBS column does not present a problem for a
limited number of samples. Problems arise if multiple samples require analysis within short
periods of time. This may be the case if the DNBS separation was used to monitor the
processing of the gas oils on-site. In this case it would be advantageous to reduce the
separation time. As mentioned at the beginning of this chapter, the addition of an organic
modifier to the mobile phase will reduce retention times. Figure 3.15 shows the effect of
combining an acetonitrile modifier gradient with a pressure gradient. The analysis time was
cut in half from 30 minutes to 15 minutes. Under these conditions there is some loss of
resolution in the mono- and di-aromatics regions mainly due to the gradient profile. The
pyrene and phenanthrene regions exhibit a larger loss of separation. However, the use of
selective wavelengths allowed aromatic class information to be obtained even though

individual peak speciation was compromised.

3.4 Light gas oil temperature series separated on DNBS column

The previous section mentioned the possibility of using the DNBS separation for
process-monitoring of the light gas oils. Figure 3.16 shows two Syncrude light gas oils
processed using two different temperatures. Each of the oils was processed with all of the
other experimental variables such as catalyst and hydrogen pressure held constant. The

resulting samples therefore, display the effect of temperature on the levels of aromatics
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present after upgrading of the light gas oil. The upper chromatogram in Figure 3.16 shows
the results for an oil monitored at 280 nm. This suggests that a significant increase in the
levels of mono- and di- aromatic species is achieved when the oils were subjected to higher
processing temperatures. Perhaps more striking are the chromatograms in Figure 3.16 using
the detector set at 336 nm. The chromatogram corresponding to the higher processing
temperature suggests a marked increase in the level of pyrene species present in this sample.
Since the goal for the upgrading process is to reduce aromatic species, this observation has
implications for optimizing the processing conditions. Specifically, elevated temperatures
resulted in either inefficient reduction of the PAHs or in fact may have contributed to
formation of larger aromatic species such as pyrene.

Additional sensitivity with laser excited fluorescence detection (compared to UV
absorbance) was derived from design and implementation of a high-pressure quartz flow cell.
This allowed several SFC separations to be characterized and examined as possible candidates
for the determination of the priority PAHs in atmospheric particulates. However, reversed
phase LC was able to provide better resolution for the priority PAHs compared to the SFC
separations. Conversely, the use of a DNBS column was able to provide a rapid class
separation of a light gas oil based on the number of aromatic rings. However, additional
information such as the number of isomers or the amount of alkylation will require multi-

dimensional chromatography.



Chapter 4 Two-Dimensional Chromatographic Analysis of MB13B

4.1 Introduction

Chapter 2 discussed the separation of a light gas oil using several typical normal
phases. None of these separations were able to provide resolution sufficient to prevent
co-elution of multiple components. Two-dimensional chromatography was investigated
next to provide additional peak capacity. In two-dimensional chromatography, the
phases are chosen to provide maximum orthogonality between dimensions.
Orthogonality between chromatographic dimensions can often be achieved by exploiting
the different retention mechanisms in the different forms of chromatography. For
example, retention with the DNBS phase is based primarily on the strength of the donor-
acceptor complex. Alkyl substitution increases the donating properties of the parent PAH
and therefore, increases the retention time on the DNBS column. However, substitution
has a lower effect than increasing the number pi electrons so the general result is a
separation according to aromatic class. By contrast, a capillary GC separation (using a
non-polar stationary phase) is more sensitive to alkyl substitution because of the increase
in boiling points as molecular weight increases. This would provide a good second
dimension to the DNBS separation.

Off-line two-dimensional chromatography was investigated using the light gas oil
MB13B. Several modes were investigated in this work:

i. Supercritical fluid chromatography with the DNBS column using fluorescence
and UV detection. The DNBS column was used for both separations so this was not

98
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explored as an orthogonal two-dimensional procedure. This mode was investigated
primarily to characterize the differences between liquid chromatography and supercritical
fluid chromatography. Spectroscopic detection permits a tentative identification of the
aromatic classes present in the different peaks;

ii. Capillary gas chromatography and mass spectrometric detection. This mode
provides a high resolution separation and a tentative compound identification based on
the mass to charge ratio. The mass to charge ratio was used to estimate the molecular
weight of the compound, and assuming that the compound contains only carbon and
hydrbgen, a tentative molecular formula. The molecular formula can be used to estimate
the number of double bond equivalents (DBE) in the compound.

iii. Normal phase chromatography as a first dimension and reversed phase

chromatography as a second dimension. This will be discussed in Chapter 5.

4.2 Experimental

4.2.1 Apparatus

The LC apparatus consisted of system 1 used for the normal phase DNBS
separation described in chapter 2. The GC apparatus consisted of Agilent 6890 gas
chromatograph, an HP5-MS (30 m x .25 mm -0.25 u film thickness) capillary GC
column, a split/spiltless injection port, and a Micromass Fisons Quattro mass

spectrometer. The SFC apparatus used was described in Chapter 3.
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4.2.2 Chemicals

All LC chemicals and samples used were previously described in Chapters 2 and

3. Helium was used as carrier gas for the GC and was provided by Praxair.

4.2.3 Procedures

The experimental conditions for the first dimension normal phase LC separations
using the DNBS stationary phases were described in chapter 2. A twenty microliter
sample of the light gas oil MB13B was injected onto the DNBS column. A total of 100
microliters of oil was fractionated. The absorbance of the eiuent was monitored at 336
nm and 254 nm using the diode array detector. Off-line fractions were collected as
outlined in chapter 2. Two microliter injections (splitless) of these fractions were then
introduced into the GC-MS and eluted using the chromatographic conditions shown in

Table 4.1. The injection port was held at 325 °C. The mass spectrometer was operated in

Table 4.1: Chromatographic conditions used for the GC separation.

Time (min) Temperature (C) | Flow Rate (mL/min)
0 50 2.0
2 50 2.0
47 320 2.0
57 320 20
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El positive mode at 70 eV with a source temperature of 325 °C, a GC transfer line
temperature of 325 °C, and probe temperature of 325 °C. Mass spectra were collected
with the mass spectrometer in scan mode over the range of 100-400 mass units using 0.5
second scan times. At times the scan range was changed to enhance sensitivity.
Specifically, once the mass range of each of the fractions had been determined using a
scan range of 100-400, the scan range was reduced to 120 —260 to enhance sensitivity.
Mass spectral data were analyzed using Masslynx version 3.4.

Twenty-five microliter injections of each fraction were introduced into the SFC
and eluted using a density program without the aid of organic modifier. The
chromatographic conditions are shown in Table 4.2. The eluent was monitored using

fluorescence detection excited with a 266 nm laser. Column temperature was maintained

at SO0 C.

Table 4.2: SFC chromatographic conditions.

Time (min) Pressure (bar) Flow Rate (mL/min)
0 125 1.5
10 350 1.5
50 350 1.5
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4.3 Results and Discussion

4.3.1 Two-dimensional LC-SFC (DNBS) Analysis of MB13B

The DNBS column was used for both the first and second dimensions of
chromatography. Under normal circumstances this would not be a good choice to obtain
maximum peak capacity. The priority of this experiment was to examine the differences
in behavior between LC and SFC modes of operation. Figures 4.1-4.7 display the
chromatograms that result from each fraction collected on the LC-DNBS separation
injected onto the SFC. Fractions 2 and 3 showed little improvement in chromatographic
resolution. The spectra observed at different times in each fraction were quite similar
suggesting that each belonged to a single class. Fraction 2 was believed to contain
naphthalenes and fraction 3, biphenyls. The remainder of the fractions were much more
interesting.

The SFC chromatogram of fraction 4 produced about 18 peaks compared to 3
peaks in LC. Furthermore, these peaks were separated into two distinct classes according
to their spectra. The fluorescence spectra were indicative of phenanthrenes (class 3) and
either fluorenes or biphenyls (class 2). The fluorescence spectrum of fluorene was
similar to biphenyl so that distinguishing between the two compound classes was not
possible. Figure 4.8 shows the typical UV spectrum for this unknown class of
compounds compared to the spectra of bipheny! and fluorene. These spectra suggest that
this series of compounds may be alkylated fluorenes. The spectra are not identical but

the positions of the three absorption bands for the unknown have better agreement with
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fluorene than for biphenyl. Conclusive assignment was difficult due to the limited
availability of standards. Similar class separations were observed with the remaining
fractions. In fact, fraction 6 showed evidence for three different aromatic classes
according to their spectra, fluorenes, phenanthrenes, and pyrenes. This two-dimensional
study was able to provide information about the aromatic class of each peak from the
fractions. The aromatic classes were characterized with UV and fluorescence detection

and summarized in Table 4.3.

Table 4.3: Aromatic Classes observed in each of the DNBS fractions.

LC-DNBS Fraction Aromatic Classes Observed
Fraction 2 Naphthalenes

Fraction 3 Biphenyls

Fraction 4 Fluorenes, Phenanthrenes

Fraction 5§ Fluorenes, Phenanthrenes

Fraction 6 Fluorenes, Phenanthrenes, Pyrenes
Fraction 7 Phenanthrenes, Pyrenes

Fraction 8 Phenanthrenes, Pyrenes

Spectroscopic detection permits the tentative assignment of aromatic class but did
not provide reliable information about other parameters such as the level of alkylation or

the number of isomers with similar alkylation patterns. This was a function of a lack of
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standards, overall column peak capacity and the detection methods that were used.
Capillary GC separations offer more peak capacity and mass spectrometry provides
molecular weights that may be better suited to these tasks.

It was evident that the DNBS column showed better resolution under SFC
conditions when compared to the original LC conditions. This is not totally unexpected
as one benefit associated with SFC is an increase in separation efficiency. Generally,
SFC is considered an intermediate between LC and GC in terms of efficiency and
analysis speed. The apparent enhancement of class separation with SFC conditions was
most likely a direct result of the observed increase in column efficiency or differences in
mobile phase chacteristics between hexane and CO,.

The enhanced efficiency with SFC makes it a more attractive alternative to
standard LC fractionations. However, the high pressures associated with SFC separations
provide difficulties when interfacing between chromatographic dimensions and collecting
fractions. However, in light of the efficiency gains with the DNBS column under SFC
conditions a high temperature transfer line was developed to interface into a cryo inlet for
GC-MS as an MSc. project [154]. This interface was successful and allowed a more
controlled transfer of compounds between dimensions, particularly with the smaller
aromatic classes. The work reported in the MSc. thesis complements the work described

in the next section.

4.3.2 Characterization of the GC Separation

This section outlines a general characterization of the 95%-methyl/5%-phenyl
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siloxﬁne stationary phase used with the capillary GC separation. This type of column is
often referred to as a “boiling point column” because it has a non-polar stationary phase.
This phase is expected to have limited interactions with the analytes. Therefore, the
primary mechanism for separation is based on the vapor pressure differences of the
compounds at any given column temperature. Table 4.4 provides a list of the retention
times for several hydrocarbon and PAH standards separated on the methyl/phenyl
stationary phase. As expected, retention times increase as the number of carbon atoms
increase because the boiling point tends to increase with molecular weight. To
generalize, the addition of a methylene group to a saturate or a methyl group to an
aromatic ring tends to raise the boiling point by 18-20 C and increase retention time by
about 2.4 minutes (for the chromatographic conditions used in this work). Figure 4.9
shows a graph of the retention times versus boiling points for the aromatic and aliphatic
compounds separated using our GC conditions. The data is typical of the behavior
expected for a hydrocarbon series separated using temperature programming. The
aliphatic and aromatic compounds represented two lines that have different slopes on the
graph. This suggests that an aromatic and an aliphatic compound with similar boiling
points should be resolved. Furthermore, according to the data in Table 4.4 the difference
in retention times increases as the number of carbons in each series progresses. Boiling
points can be used to estimate relative retention times within a hydrocarbon series but
boiling points may not always provide good relative retention times for compounds in
different series. For example, consider the vapor pressure curves for naphthalene and

dodecane shown in Figure 4.10. Naphthalene would be expected to elute after dodecane



Table 4.4: Retention times for selected standards using capillary GC separation.
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Compound Retention Time (min) Boiling Point (C)
Decane CoH22 6.42 174
Undecane C;;Ha4 8.80 196
Naphthalene C;oH;o 10.71 218
Dodecane C;2Hz¢ 11.18 216
1-methylnaphthalene C,;H,, 13.27 240-243
Tridecane C,3Has 13.45 234
Tetradecane C,4H3o 15.61 252-254
Hexadecane C,cH3s 19.60 280
Phenanthrene C,4Hjo 22.73 340
Octadecane C,sHig 23.20 308
2-methylphenathrene C,sH,; 24.96 359
9-methylphenathrene C,sH,; 25.06 355
2-methylanthracene C;sH); 25.14 359
Eicosane CjoHi; 26.49 343
Pyrene C,;6Hjo 28.04 393
9,10-dimethylanthracene C;cH,4 2842

Docosane Caz;His 29.48 369
Retene CygH,s 29.65 390
1-methylpyrene C,7H,; 30.32

Tetracosane Ca4Hso 31.25 391
Benz(a)anthracene C,sH, 32.76 438
Hexacosane Cz6Hs,4 3485 412
Octacosane CygHsg 37.20 432
Tricontane C3oHs: 39.42 445
Dotricontane Ci2Hgs 41.50 467
Hexatricontane CisH74 4525
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based upon their respective boiling points. A closer look at the vapor pressures for
naphthalene and dodecane between 75 and 150 C suggests that naphthalene has a higher
vapor pressure in this temperature range. This causes naphthalene to elute before

dodecane regardless of the boiling points of the two compounds.

4.3.3 Two-dimensional L NBS):-GC/MS

Molecular weight information was gathered for each of the peaks using a high
resolution GC separation. The molecular weight allowed a tentative assignment of the
molecular formula and an estimation of the number of double bond equivalents (DBE),
assuming that the compounds were formed purely from carbon and hydrogen. For
example, the mass 206 has three possible formulae: C17Hz, C16His, CisHzs Which give 17,
10, and 3 double bond equivalents, respectively. Of these three possibilities the most
likely aromatic compound in the light gas oil would be 10 double bond equivalents.
There are several 10 double bonds equivalent compounds that could be proposed:

phenanthrene (10 DBE). A mass of 206 would result from the parent compound
(178 m/z) plus either one ethyl or two methyl substituents. The mass spectrometer would
not necessarily be able to differentiate between these isomers;

biphenyl (8 DBE) with two reduced rings attached (2 DBE). A compound that
could be formed by the addition of hydrogen to two of the aromatic rings on pyrene
which would give an ion at 206 m/z;

fluorene (9 DBE) with a reduced ring attached (1 DBE) could be formed by the

reduction of one of the rings of fluoranthene which would also result in a mass of 206.
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The partial reduction of benzofluorene would not result in a mass of 206 so this would
not be a possibility but fluorene with a 5 membered ring would also give a mass of 206.

Fractions 2 and 3 were very complex but the mass information was obtained for
the major peaks. The GC-MS chromatogram of fraction 4 shown in Figure 4.11 was
typical of the fractions 4-8. In general, the amount of material decreased as the fraction
number increased. The complexity of the GC chromatogram for fraction 4 suggests that
many compounds were present with several of the peaks displaying only partial
resolution. Figure 4.12 shows the mass spectra for the peaks at 23.59 and 24.76 minutes.
The spectrum shown for the peak at 24.76 minutes was relatively easy to interpret based
upon the assumption that compounds contain only carbon and hydrogen and the NIST
library spectra shown in Figure 4.13e. The unknown spectrum corresponds to a methyl
substituted phenanthrene (10 DBE). This agreed with the data presented from the two-
dimensional LC-SFC discussed earlier in this chapter. Specifically, fluorescence spectra
were observed that corresponded to phenanthrenes.

The spectrum for the peak at 23.59 minutes has a fragmentation pattern that
suggests that a loss of 14 might occur (208-194). This usually corresponds to a CH;
group for a compound containing only carbon and hydrogen. This fragmentation would
be unlikely which suggests that the spectrum results from a mixture of two compounds
with masses of 194 and 208 m/z A comparison of this spectrum with that of
2,3-dimethylfluorene (Figure 4.13f) from the NIST library supports this interpretation.
Exact identification is not possible, however, without standards (to give retention times)

since the mass spectrometer cannot distinguish between the dimethyl or ethyl isomers of
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fluorene. However, this observation further supports the assignment of class made earlier
with the UV spectrum. It is interesting to note that the NIST library spectra indicate that
the base peak is the molecular ion for 3,4,5,6-tetramethylphenanthrene but not for
2,3-dimethylfluorene. This variable behavior makes identification of compounds
difficult and underscores the need for additional standards to properly characterize these
mixtures.

The spectrum for each peak in each fraction was analyzed and the data are
summarized in Tables 4.5-4.11. A single asterisk (*) was used to denote the most intense
ion in the mass spectrum (base peak) for each entry. For example, the first entry in Table
4.7 was a dimethylfluorene (194 m/z). The most intense ion in the mass spectrum for this
compound was observed at 179 m/z which represents a loss of 15 m/z from 194 m/.
Hence, 15* was used to denote the most intense ion in the mass spectrum or the base
peak. A double asterisk (**) was used to indicate the presence of at least two compounds
in the mass spectra. The complexity of the data for fractions 2 and 3 added a certain level
of ambiguity to the interpretation. The data for these fractions have been reported only in
terms of double bond equivalents. This was done to prevent false peak assignment.
Consider, for example, the ion at m/z 142. This might correspond to a methyl substituted
naphthalene for which there are only two isomers but 14 “peaks” were observed in
fraction 2. Most of these peaks must correspond to other species with 7 double bond
equivalents or fragments. A more detailed analysis was not possible at this time.

Fraction 4 contained species with 9, 10, and 11 double bond equivalents. Several
possible species were suggested for 10 double bond equivalents. The major species (10

DBE) showed 4 peaks at mass 192 corresponding to methyl phenanthrenes. The spectra
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Table 4.5: Masses identified with GC-MS separation of fraction 2.

Mass DBE Mass DBE
134 4 128 7
148 4 142 7
162 4 156 7
176 4 170 7
160 5 184 7
174 5 198 7
188 5 212 7
202 5 226 7
172 6 240 7
186 6 254 7
200 6 268 7
214 6 168 8
228 6 182 8

196 8
210 8
224 8
238 8
252 8

Table 4.6 Masses identified with GC-MS separation of fraction 3.

Mass DBE Mass DBE
184 7 166 9
198 7 180 9
168 7 194 9
182 8 208 9
196 8 222 9
210 8 236 9
224 8 250 9
238 8 264 9
252 8 278 9
266 8
280 8
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Table 4.7: Masses identified with GC-MS separation of fraction 4.

Mass DBE Time Assignment Mass DBE Time Assignment
194 9 23.36 15%, 29 178* 10 2278 1,2,13
194 9 23.45 15%, 29 192* 10 2467 1,2,3,27
194 9 23.50 15%, 29 192* 10 24.76 1,2,3,27
194 9 23.59 15%, 29 192* 10 25.07 1,2,3,27
194 9 23.82 1,2,3,15%,29 192* 10 25.15 1,2,3,27
194 9 24.10 1,2 3,15%29 206 10 26.19 15*

208** 9 2492 15*, 29, 43 206 10 26.45 15*

208 9 25.08 15%, 29, 43 220 10 2743 15*,29
208 9 25.20 15*, 29, 43 220** 10 27.65

208** 9 25.24 15*, 30, 43 220 10 27.99 15,29*
208 9 25.31 15*, 30, 43 220 10 2805 15*,29
208 9 25.49 15*, 30, 43 220 10 2828 15*,29
208 9 25.70 15*, 30, 43 220 10 2842 15*,29
208 9 25.82 15*, 30, 43 220 10 28.63 15,29*
222 9 25.53 15,29*,49,57 220** 10 2868
222 9 25.69 15,29*,49,57 234 10 28385 15,29*,43
222 9 25.87 15,29%,49,57 234 10 29.07 15,29*,43
222 9 26.03 15%,29,49,57 234 10 29.14 15,29* 43
222 9 26.13 15%,29,49,57 234 10 29.25 15,29*%,43

222%* 9 26.44 15, 29* 234 10 2935 29*43
222 9 26.72 15,29%,44,57 234 10 2945 29* 43
222 9 26.80 15,29%, 44,57 234 10 29.60 29*.43
222 9 26.87 15,29*,44,57 234 10 2968
222 9 26.94 15,29%,44,57 234 10 29381 29* 43
222 9 27.11 15,29%,44,57 234** 10 30.01

222%* 9 27.17 15,29%,44,57 234** 10 30.13

222%* 9 27.31 15,29*,44,57 248 10 30.73 15,29,43*,57

222%* 9 27.40 15,29*,44,57 248 10 30.79  15,29,43,57*

236** 9 2794 248 10 3090  15,29,43*57

236** 9 28.02 248 10 31.01 15,29,43*,57

236** 9 28.11 248 10 3123 15,29,43,57*

236** 9 28.45 248 10 3130  15,29,43*57
236 9 31.12 15, 29* 248 10 3136  15,29,43*57

236** 9 31.31

236** 9 31.40 204 11 27.15 1*2,3.4

250** 9 29.64 218** 11 2891

250** 9 29.84 232** 11 3035

250%* 9 31.68

*base peak

**mixture of compounds



Table 4.8: Masses identified with GC-MS separation of fraction 5.

Mass DBE
208 9
208** 9
208** 9
208** 9
208** 9
222%* 9
222 9
222%* 9
222%* 9
222%** 9
236** 9
236 9
206* 10
206* 10
206* 10
206* 10
206* 10
206* 10
206** 10
206** 10
220 10
220 10
220 10
220 10
220 10
220 10
220** 10
234 10
234** 10
234** 10
234** 10
234** 10
234** 10
248 10
248 10
248 10
*base peak

Time
25.42
25.83
2593
26.01
26.35
27.13
27.22
27.36
27.52
27.61
28.38
28.51
26.49
26.61
26.68
26.89
26.99
27.08
27.25
27.46
27.88
28.07
28.23
28.28
28.58
28.69
29.22
29.37
29.88
30.01
30.67
30.95
31.13
31.01
31.30
31.60

**mixture of compounds

Assignment
1,2,15%30

15%,29

15,29*
1,15,17
115,17
1,15,17
1,15,17
1,15,17
1,15,17

15*31
15*,31
15*31
15*31
15*,31
15*,31

15%,17,32

15,29*
15,29*
15,29*

Mass
218**
218%*
232
232**
232
232
232%*
246

DBE
11
11
11
11
11
11
11
11

Time
27.69
27.88
30.49
30.58
30.65
30.79
30.93
3244

125

Assignment

15%,17,30

15%,17,30
15*,17,30

27,29*,31,44



Table 4.9: Masses identified with GC-MS separation of fraction 6.

Mass DBE Time
208 9 26.10
222%* 9 27.12
222** 9 27.35
222%* 9 27.50
222%* 9 27.61
222%* 9 27.81
222%* 9 28.21
206** 10 2649
206* 10 2661
206* 10 26.81
206* 10 2699
206* 10 27.17
206** 10 27.69
220* 10 28.56
220* 10 28.60
220* 10 28.70
220* 10 28.94
234 10 29.88
234 10 2998
234 10 30.04
234 10 30.21
234 10 30.28
234 10 30.50
234 10 3092
234 10 31.00
248** 10 30.77
248** 10 3085
248** 10 3096
248** 10 3145
248** 10 31.59
248** 10 31.72
248** 10 31.88
*base peak

**mixture of compounds

Assignment

1,15%17,30
2,15*
15*

15
15
15
15

15*,41
15*,41
15%,41
15%,41

15%,17,32
15%,17,32
15%,17,32
15%,17,32
15%,17,32
15*%,17,32
15%,17,32
15%,17,32

Mass
218*
218
232
232%*
232
232
232**
232**
232**
232**
246
246
246
246
246
246
246
246
246
246*
246
202+

DBE Time
11 29.97
11  30.15
11 3049
11  30.58
11  30.65
11  30.79
11 3093
11 31.59
11 31.78
11 31.86
11 3195
11 32.05
11 32.17
11 3225
11 3238
11 3244
11 32.67
11 32.83
11 32.88
11 33.12
11 33.31
12 28.03

Assignment

1,2,3,15
1*%,2,3,15
15%,17,30

15%,17,30
15%,17,30

15,31*,44
15,31* 44
15,31*,44
15,31,44
15,31,44
15,31,44
15,31* 44
15,31* 44
15,31*,44
15,31,44
15,31*,44
1,2,3
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Table 4.10: Masses identified with GC-MS separation of fraction 7.

Mass DBE
220* 10
220* 10
220* 10
220* 10
220* 10
220* 10
234** 10
234 10
234** 10
234** 10
234** 10
218** 11
218* 11
218* 11
232* 11
232* 11
232* 11
232** 11
232* 11
232** 11
232 11
232** 11
246** 11
246** 11
246 11
246 11
246 11
246* 11
246** 11
246** 11
246 11
246* 11
*base peak

Time
28.82
28.93
29.09
29.21
29.31
29.42
30.11
30.40
30.46
30.55
30.95
29.79
2991
30.03
31.43
31.54
31.65
31.79
31.89
31.96
32.04
32.14
30.87
31.17
31.98
32.27
32.37
32.96
33.24
33.66
33.77
34.06

**mixture of compounds

Assignment
1,4,5,15,31
1,4,5,15,31

4*
1,4%,5,15,31
1,4*,5,15,31
1,4%,5,15,31

15%,17,31,45

15

15
15,17,30
15,17,30
15,17,30

15,17,30

15,17%,30

15%,31,39,44
31*
39%
39

39
1,39

Mass
216*
216*
216*
244
244
244
244*

DBE Time
12 29.77
12 30.10
12 30.20
12 3284
12 3293
12  33.16
12 33.28

Assignment
1,2,3,27
1,2,3,27
1*,3,27

15%,29,42

15%,29,42

15%,29,42
15,29

127



Table 4.11: Masses identified with GC-MS separation of fraction 8.

Mass
234+
234+
234
234+
234
234
248%+
248**
248+
248**
248**
248
248**
248**
248
248
248
248
232
232
232
232%*
232%*
232+
232+
232%*
246**
246*
246*
246*
246*
246**
246**
246**
260**
260**
260**
260
260**
260**
260%*
260**
260
260
260**
260**
274%*
274%*
274%*
274%*

DBE Time
10 30.77
10 3090
10 31.18
10 31.28
10 3144
10 3174
10 31.85
10 3199
10 3210
10 3233
10 3244
10 32.57
10 3277
10 3294
10 33.02
10 33.11
10 3324
10 3333
11 3149
11 31.63
1 3L75
11 31.83
11 3201
11 32.16
11 3224
11 3245
1L 33.07
1t 3321
I1 3343
11 3355
11 33.68
11 33.76
11 3384
11 3401
11 3386
11 3397
11 34.06
11 34.26
11 3443
11 3478
11 3517
11 3538
1L 3559
11 35.76
11 35384
11 3593
11 3513
11 3554
11 36.01

11

36.21

Assignment
15,27
15
15*

15*
15*

15,29*41

15%,29
15%,29
15*,29
15%,29

15

15,17

15
15
15,29
15,29

15,31,41,53*

41*.53
41*53

Mass
230
230*
230*
230*
230*
230*
230*
244‘#
244+
244+»
244##
244
244+*
258%*
258%*
258
258%*
258+*
258+
258+
258+
258
258+
272
272
272
228+
228+
242+
242+
242¢
242+*
242%*
256%**
256%*
256*
256*
256*
256*
256*
256**
270**
270*
270*
270%*
270%*
270**

DBE Time
12 3133
12 3156
12 3181
12 3190
12 3200
12 3223
12 3232
12 32.89
12 3301
12 3312
12 3329
12 3340
12 3372
12 3429
12 3456
12 34.69
12 3486
12 35.17
12 36.08
12 36.17
12 3646
12 3652
12 36.58
12 36.78
12 36.86
12 3837
13 3293
13 33.18
13 3445
13 3457
13 3482
13 3490
13 3501
13 3523
13 354
13 3591
13 36.04
13 36.15
13 3635
13 36.66
13 36.78
13 3672
13 37.02
13 3724
13 37.55
13 3771
13 3712

Assignment
1,15*
1,15
1,15
115
1,15
1,15
115

15,29

15*.29

15,29*
53,65*
53,65*

1,2,3
1,2,3
1,2,3

P et pum e

15,29,51,63
15,29,51,63
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of these peaks were in good agreement with the spectra in the NIST library. In addition,
a progressive series was present in 14 mass increments (206, 220, 234, 248) that could
correspond to additional phenanthrenes with the increased alkylation. Fragmentation
patterns of the larger masses suggested that butyl and propyl substituents were attached to
the aromatic ring. However, these species were present at low concentration and often in
poorly resolved chromatographic peaks making unambiguous identification difficult.
Some of these components may not be phenanthrenes but belong to other aromatic
classes with 10 double bond equivalents. A small number of compounds were identified
as having 11 double bond equivalents. These were believed to result from a
phenanthrene with a reduced ring attached. Several possibilities are shown in Figure
4.14. The compounds with 9 double bond equivalents were believed to be substituted
fluorenes. Many of the compounds with larger masses were present at low concentration.
Highly substituted compounds could fragment to such an extent that the molecular ion is
not observed making it difficult to estimate the correct molecular weight. In fractions 4
to 8 several aromatic series were identified:

fluorenes (9 DBE). A series of alkylated fluorenes with 9 DBE contained in
fractions 4 to 6 with the masses 194 to 250;

phenanthrenes. Phenanthrene and substituted phenanthrenes were separated over
fractions 4 to 8. Two distinct series were observed. The first series (10 DBE)
corresponded to the masses 178, 192, 206, 220, 234, 248 suggesting increasing levels of
alkylation. A second series (11 DBE), was observed with the masses 218, 232, 246, and
260 corresponding to substitution with an aliphatic ring structure and additional

alkylation;
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Figure 4.14: Several possible structures to account for the observed masses at

218, 232, and 246 m/z. Each of these structures contains an aromatic
backbone consistent with phenanthrene.
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pyrenes. Pyrene and substituted pyrenes were separated over fractions 6 to 8. Two series
were observed (12 and 13DBE) similar to the phenanthrenes. The first series (12 DBE)
had masses present at 202, 216, 230, and 244. The second series (13 DBE) was observed
with masses at 228, 242, 256, and 270.

Other aromatic classes were observed but assignment was based on double bond
equivalents rather than the actual parent compounds. This was done because
spectroscopic and mass spectrometric detection were not able to unambiguously identify
compounds in fractions 1, 2, and 3. This was mainly due to the complexity of these
fractions and the ability to resolve the components chromatographically. In addition, the
possible of combinations of compounds present in the one and two ring classes would be
large due to the reduction of larger aromatic classes during hydrotreating. However, a
general determination of aromatic class was possible for these fractions based upon
spectroscopic information and molecular weights. Specifically, naphthalenes and
biphenyls were observed in fractions 2 and 3.

Two-dimensional LC(DNBS)-GC/MS was unable to resolve all of the
components that were observed in the light gas oil MB13B. However, several aromatic
classes were identified in the oil using spectroscopic detection with the first dimension.
This class information was then expanded using a second separation (GC-MS) to
determine the level aliphatic substitution present on each compound. Although, reversed
phase LC (APCI-MS) was examined as an alternative to GC/MS as a second dimension
the reversed phase LC lacked the resolution of the capillary GC leading to an increase in
the number of unresolved components. As a result, the data for the LC results were

incorporated into the three dimensional studies presented in the next chapter.



Chapter S Three-dimensional Chromatographic Analysis of LC_DNBS Fraction 6

§.1 Introduction

This chapter explores three-dimensional LC as an alternative to the two-dimensional
studies discussed in Chapter 4. The same LC-DNBS fractionation described in Chapter 2 will
be used as the first dimension. A reversed phase monomeric C18 separation was used as the
second dimension with APCI-MS and fluorescence detection. The third dimension was either
a polymeric C18 or a TCP separation. Each of these separations was much less efficient than
the capillary GC separation studied previously. However, additional information may be
obtained through the use of multiple detectors and the characteristics of the stationary phases.

Furthermore, the combined resolution of multiple LC separations may provide more
resolution than the GC separation. Tracking components through multiple separations may
provide additional structural information allowing better compound characterization in the
absence of adequate standards.

The TCP column and the polymeric reversed phase column offer unique selectivities
based on the geometric structure of the molecule. The retention behavior for the TCP column
was discussed in Chapter 2: however, additional aspects of this behavior will be addressed in
this chapter. Fraction 6 from the DNBS column was examined as a real case using three-
dimensional LC analysis. The complex nature of this fraction presented a significant challenge
and illustrates the power of three-dimensional chromatography. Specifically, several
compound classes were observed in this fraction by previous analysis. However, some doubt

exists as to the nature of aliphatic substitution and the length of the alkyl side-chains. The
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TCP and Vydac (25 cm x 4.6 mm #201TP54) separations will help characterize the nature .
of aliphatic substitution.

Ideally, three-dimensional LC is readily amenable to in-line analysis. A single peak
can be selected from the first dimension and then sequentially cut onto additional dimensions.
However, moving between unlike chromatographic separations can cause difficulty with
incompatible solvents such as hexane and acetonitrile, thereby limiting the maximum practical
cutting loop size. This may have strong implications on the sensitivity of the subsequent
separations. Fluorescence provides an ideal detection method under these circumstances as

it is sensitive and allows spectral identification of each component by aromatic class.

5.2 Experimental

5.2.1 Apparatus

The three-dimensional LC-LC-LC apparatus consisted of all three systems shown in
Figure 2.1. Each of these systems was described in detail in chapter 2. Specifically, system
1 used the DNBS separation and system 2 used a monomeric C18 separation. The third

chromatographic LC dimension used either a polymeric reversed phase separation or a TCP

normal phase separation.

5.2.2 Chemicals

Chemical were used as described in chapters 2, 3, and 4.
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5.2.3 Procedures

The in-line chromatography using three dimensions was done as follows. A twenty-
microliter sample of the light gas oil MB13C or heavy gas oil was injected onto the DNBS
column using the experimental conditions described in Chapter 2. The absorbance of the
eluent was monitored using the UV detector set to 336 nm and a 50-microlitrer cut of a peak
was transferred to the cold C18 monomeric column by switching valve C (Figure 2.1). The
second dimension chromatogram was developed using the monomeric C18 column, operated
at 0 C using an ice/water bath with pure acetonitrile as the eluent. The chromatogram was
monitored using the laser induced fluorescence detector and a cut of a desired peak was
transferred to the third dimension by switching a Rheodyne 7000 valve (shown as D). The
third dimension was either an additional reversed phase separation using the Vydac polymeric
column or a normal phase separation using the TCP column. The Vydac separation was
developed at 0 C using acetonitrile as the eluent and was monitored using the laser
fluorescence detector. Six cuts of the second dimension were done using the 6 loop Valco
valve and Rheodyne 7000 valve coupled together. The Rheodyne 7000 valve was used to
transfer the first cut directly to the third dimension and the Valco valve was used to trap 5
additional cuts. After completion of the first chromatogram in the third dimension, the HPLC
pump was connected to the Valco valve and the remaining cuts were transferred for analysis.

The same procedure was used to char;ucterize the third dimension separation using the TCP
column. The eluent was hexane with 30 percent dichloromethane. The TCP column was
operated at 30 C using the Agilent Model 1100 oven. All runs were isocratic.

Off-line characterization of the sample was done by collecting fractions from 5
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injections of light gas oil onto the DNBS column, combining fractions for the peaks of
interest, removing the solvent under nitrogen, and dissolving the samples in acetonitrile.
These concentrates were used for additional characterization of the second and third

chromatographic dimensions.

5.3 Results and Discussion

Problems are observed in multi-dimensional separations if solvents with different
eluotropic strength are used. This can lead to degradation in chromatographic performance.
In extreme circumstances the injected solvent plug may be immiscible with the eluent causing
the entire separation to fail. In this study, the first dimension used hexane or
hexane/dichloromethane as the primary eluent. The second dimension was a reversed phase
separation that used acetonitrile as the eluent. Since hexane has limited solubility in
acetonitrile, the effect of composition of the solvent plug was examined on the monomeric
octadecylsilane (ODS) stationary phase that was to be used as the second dimension. Figure
5.1 shows the results of two chromatograms developed on the monomeric C18 column using
a mixture of alkylated pyrenes in hexane and then solvent exchanged to acetonitrile. A
dramatic loss in overall retention of the sample was observed for the hexane case along with
noticeable degradation of resolution. The solute is not introduced directly onto the stationary
phase that is wetted by the immiscible eluent. The solute tends to travel down the column as

a plug exhibiting retention only after being extracted into the eluent. This is the type of
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Figure 5.1: Chromatograms developed on the monomeric C18 columns. Top figure
shows a mixture of alkylated pyrenes injected in hexane. Lower figure shows the same
mixture injected in acetonitrile. Each injection was 20 uL.
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behavior expected with in-line analysis of the cuts between dimensions. Retention data for
standard compounds were all obtained using acetonitrile as the injection solvent.
Characterization of the cuts was not possible due to this discrepancy in k’ values obtained
from standards and cuts from a normal phase separation. This was overcome with off-line
analysis using collected fractions from the normal phase separation. The fractions were
evaporated to near dryness and then reconstituted with acetonitrile for direct injection onto
the monomeric C18 column.

Resolution decreases as the injection volume increases unless the injection solvent is
weaker than the eluent. This is common to HPLC regardless of whether using normal or
reversed phase chromatography. It stands to reason, therefore, that the size of the loop used
in the cuts would have some effect on the chromatography in the second dimension especially
considering the previous discussion concerning unlike solvents. Various loop sizes were
tested using cuts from a normal phase column to the monomeric C18 column. In order to
maximize sensitivity, it would be preferred to utilize as large a cut loop as possible without
sacrificing chromatographic efficiency. Figure 5.2 shows the effect of changing the cut loop
volume on retention and resolution on the monomeric ODS. It is obvious that a cut volume
of fifty microliters could limit the chromatographic ability of the reversed phase separation.
Retention of the compounds on the reversed phase increases as cut volume decreases.
Resolution follows a similar relationship.

A twenty microliter cut loop volume displayed good resolution with only a minor
decrease in relative k’ values for the compounds cut onto the monomeric ODS columns. An
apparent loss in fluorescence response (peak height) by a factor of 10 was observed in going

from a fifty microliter loop to the twenty microliter loop. A similar loss of a factor of 3 was



138

1.00+6
— 50 ul cut volume
8.00+5 -
6.00+5 -
4.00+5
2.0e+5 -
o'o ng T T T T T T T | EEEEE S S L B S S
g 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
.§
3
E 4
g 1.5+5 —— 20 ulL cut volume
b
o 1.0e+5 -
£
[}
3
3 5.00+4 -
[ =S
8
g o-o T T v - L2 T 14 T L S S B IAI
g 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
T
s
Q
P 50e+4

10 ul cut volume

- v T

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Time (min)

Figure 5.2: Chromatograms of cuts from normal phase separation to monomeric C18
columns in order to probe the effect of cutting loop volume on chromatographic
performance. Cutting loop volumes are listed with corresponding chromatograms in
figures.
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observed in going from the twenty microliter loop to the ten microliter loop. The losses are
a result of both the amount transferred from one column to the next, the fraction of peak cut
by the loop, and the effect of solvent strength on the chromatography of the second column.
For this reason, in-line experiments should proceed with twenty microliter cuts from the first
to the second dimension. Increased sensitivity through larger sample volumes will need to
be performed using collected fractions so as to maintain reasonable chromatographic
performance. The fractionation experiments with the DNBS column were performed using

off-line fraction collection.

5.3.2 Characterization of the L.C Chromatographic Dimensions

Two columns were chosen in this study to represent the third dimension of liquid
chromatography. The first was a Vydac polymeric ODS reversed phase column, operated
isocratically with acetonitrile submersed in an ice\water bath. The second separation to be
examined used a TCP column as a normal phase separation. Each column is characterized
with a series of standards; the retention times for these standards on the monomeric C18 and
Vydac polymeric C18 are shown in Table S.1. The retention times for the standards on the
TCP column were outlined in Chapter 2. The differences in selectivity for each column were
exploited to develop a method capable of resolving the complex oil mixtures into single
compounds and elucidating structural information with respect to the type of aliphatic

substitution.
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Table 5.1: Retention times and k’ values for the Vydac and monomeric C18 columns.
Retention times are in minutes. The calculation of k’ values were done using the retention
time for benzene as t,.

Compound Monomeric Vydac (k’)
C18 (k)

Naphthalene 3.63 (0.21) 3.33(0.11)
2,6-dimethylnaphthalene 4.67 (0.56) 433 (0.44)
1,8-dimethylnaphthalene 2.93 (0.43) 3.92(0.31)

2,3,5-trimethylnaphthalene 5.00 (0.67) 4.33 (0.44)
Phenanthrene 4.54 (0.51) 4.17 (0.39)
2-methylphenanthrene 5.29 (0.76) 5.25 (0.75)
9-methylphenanthrene 5.29 (0.76) 5.00 (0.67)
3,6-dimethylphenanthene 5.59 (0.86) 483 (0.61)
4H-cyclopenta[def]phenanthrene 5.00 (0.67) 4.50 (0.50)
Anthracene 4.75 (0.58) 4.58 (0.53)
2-methylanthracene 5.79 (0.93) 6.83 (1.28)
2-ethylanthracene 6.29 (1.10) 6.25 (1.08)
Pyrene 5.79 (0.93) 5.83 (0.94)
4-methylpyrene 7.25(1.43) 8.00 (1.67)
1-ethylpyrene 7.92 (1.64) 8.25(1.75)
1,6-diethylpyrene 1134 (2.78) | 13.67 (3.56)
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Typically a gradient is used with a polymeric column. Initial gradient studies with the
Vydac required long analysis times due to the retention of PAHs and the need to reequilibrate
the column after each gradient separation. Chromatographic operations at subambient
temperatures reduced the strength of the eluent which enabled the Vydac separation to be
done isocratically. This increased sample throughput during the cutting experiments and
reduced solvent mixing difficulties. Retention on the Vydac column is based on the number
of aromatic rings, the number of alky! substituents and the length to breadth ratio of the
compound.

The monomeric C18 column (second dimension) separates in a similar fashion as the
Vydac polymeric phase. The main difference between the two columns is the degree of
geometric recognition. Temperature plays a significant role in the ordering of the stationary
phase. A monomeric ODS phase has been shown to exhibit retention behavior comparable
to that of a polymeric column at temperatures of -15 C [77]. However, if there is little
difference in the retention between theses two columns, they are not useful in multi-
dimensional separations under these circumstances. At 0 C the monomeric ODS phase has
been shown to display properties intermediate between that of a polymeric phase and a
monomeric phase [77]. An examination of k’ values shown in Table 5.1 for phenanthrene and
anthracene suggests differences in selectivity for the two stationary phases. The similarity of
the k’ values for anthracene and phenanthrene on the monomeric phase suggests a lack of
geometric recognition (0.58 and 0.51 respectively). The k’ values for phenanthrene and
anthracene on the polymeric phase (0.39 and 0.53 respectively) show more resolution
between these two compounds. Phenanthrene has a decreased k’ value on the polymeric

phase due to a smaller length to breadth ratio compared to anthracene.
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The second separation examined was a normal phase TCP separation. The TCP
separation offers more selectivity than the Vydac polymeric stationary phase due to the nature
of the interactions between the solute and the stationary phase. The TCP phase is electron
deficient and therefore acts as an electron acceptor. For maximum interaction the PAH
should align parallel to the TCP group. Non-planarity of the parent PAH or sterically
hindering substituents will force the PAH to have larger distances between the stationary
phase and the pi cloud of the PAH. This may result in lower energies of formation for the
electron donor-acceptor complexes, hence retention will be reduced. The addition of small
substituents which are not able to rotate out of the plane which contains the PAH’s aromatic
carbons will tend to increase the k’ value of the parent compound. The addition of a methyl
group to a parent PAH donates electrons to the PAH, which increases the electron density
within the aromatic pi cloud. A comparison of the k’ values for the series of anthracene
(1.94) standards illustrates this observation. The k’ for 2-methylanthracene (2.34) is greater
than that of anthracene. However, the value of 2-ethylanthracene (1.50) is less than that of
anthracene. In general, the elution of PAHs within an aromatic class will follow this order:
ethyl; parent PAH, methyl; dimethyl. 2,3,5-trimethylnaphthlene with a k’ value of 1.54 is
more retained than naphthalene (k’ 0.37) but is less retained than either 1,8-
dimethylnaphthalene (k’ 2.09) or 2,6-dimethylnaphthalene (k’ 1.84). This suggests that
several methyl groups surrounding a considerable portion of the perimeter of the parent PAH

could cause steric interactions that would decrease the retention of the solute.
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5.3.3 Analysis of LC DNBS Fraction 6 using Three-Dimensional LC

Three-dimensional LC allows mixtures to be further separated if resolution is not
obtained after two dimensions of chromatography. First, multiple separations may allow a
greater number of isomer to be identified. Second, the utilization of analyte retention
behavior on each dimension may enable the elucidation of structural information. Fraction
6 from the DNBS normal phase separation of the light gas oil separated on the cold
monomeric ODS column is shown in Figure 5.3 with 6 peaks identified. The six peaks
identified were examined using both the Vydac polymeric reversed phase separation and a
normal phase TCP separation. Also present in this figure are mass chromatograms that result
from APCI-MS. The masses were monitored using single ion recording. The mass
spectrometer was unable to collect data in scan mode due to limited sensitivity. The masses
were selected from the GC-MS data for this fraction in Chapter 4.

These six peaks were chosen to represent a significant cross section of the major
components present in this fraction. Many of the fluorescence spectra observed in this
chromatogram were closely related except for the peak at 7.80 minutes, which was identified
as pyrene. Three aromatic classes of compounds were observed in this fraction, fluorene,
phenanthrene, and pyrene. The fluorescence spectrum of peak 4 from the monomeric C18
separation of DNBS fraction 6 is shown in Figure 5.4. Examination of this fluorescence
spectrum suggests that there is indeed a possibility that two compounds were present under
this peak. In addition, three ions (m/z 218, 220, 222) were observed for this peak according
to the APCI-MS data. The fluorescence spectra suggest the presence of a fluorene and

phenanthrene species. The APCI-MS data allows a tentative assessment as to the amount
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Figure 5.3: LC fraction 6 from the DNBS separation on the monomeric C18 column.
Each chromatogram was developed with 100% acetonitrile at a flow rate of 1.0 mL/min.
Temperature was maintained at 0 C. Heartcuts onto the third dimension

were done for the six peaks labeled in the figure. APCI-MS mass chromatograms shown in

lower figures used single ion recording.
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Figure 5.4: Fluorescence spectrum of peak 4 from the chromatogram shown in Figure 5.3
The spectrum resulted from excitation with the 266 nm laser.
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of aliphatic substitution. It is believed that these compounds in peak 4 were a phenanthrene

with a reduced ring attached (218 m/z), a phenanthrene with 3 aliphatic carbons (220 m/z),
and a fluorene with 4 aliphatic carbons (222 m/z). This assignment was supported by the GC-
MS data.

The chromatograms that result from a cut of peak 4 onto the Vydac and TCP columns
are shown in Figure 5.5. The single peak from the monomeric C18 separation was further
separated into 7 additional peaks on the polymeric C18 column and 7 peaks with the TCP
column. The spectra associated with each of the peaks observed in the Vydac chromatogram
of the cut are shown in Figure 5.6 and the spectra for the TCP separation are shown in Figure
5.7. The spectra of the peaks labeled “d” and “e” from the RP chromatogram show the
presence of two species. Therefore, 8 compounds were observed in total in this separation.
Each of these peaks in the third dimension was believed to result from a single peak in the
second dimension. The cuts were performed using a twenty microliter loop. A cut of this
volume corresponds to a time of 1.2 seconds in the chromatogram at a flow rate of 1.0
mL/minute. This time is short relative to peak separation time of 48 seconds. Under these
circumstances very little overlap was expected between adjacent peaks for each of the six cuts
from the monomeric C18 column. Many of these spectra are quite similar to each other. The
determination of the exact number of individual compounds co-eluting can be difficult if they
all have similar spectra. However, there were subtle differences between the spectra that
were used to follow the elution of compounds on the Vydac and TCP separations.

The use of three dimensions of chromatography was able to increase the number of

compounds observed in LC-DNBS fraction 6. Still, without a complete complement of
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standards, identification of the additional peaks can be difficult. The geometric selectivity of
both the Vydac column and the TCP column may help to infer additional information with
regards to aliphatic substitution patterns. Consider the fluorene species observed. The LC-
MS data suggest that fluorene was substituted with 4 aliphatic carbons (222 m/z). Two
compounds were observed on the RP Vydac separation (retention times 7.30 and 7.53
minutes) and two were observed for the TCP separation (4.83 and 5.50 minutes). The
retention times for these two compounds on the TCP column were greater than that of
fluorene (2.85 minutes). This suggests that both compounds were tetramethyl substituted
fluorenes because they were strongly retained compared to fluorene. These fluorenes were
also well retained by the Vydac column. This suggests that the majority of the methyl
substitution may predominate at the 2, 3, 7, and 8 positions. Substitution at these positions
will produce larger length to breadth ratios for a tetramethyl fluorene resulting in longer
relative retention times on the Vydac column.

Seven peaks with fluorescence spectra indicative of phenanthrene species were
observed from the Vydac separation. These peaks ranged in retention times from 6.20 to
8.73 minutes. Earlier it was discussed that most of these compounds were phenanthrenes
with three aliphatic carbons (220 m/z) and at least one phenanthrene with an aliphatic ring
attached (218 m/z). The broad range of retention times suggests that different alkyl
substitution patterns were present. Similarly, these peaks produced a wide range of retention
times on the TCP column. The peak at 4.10 minutes on the TCP column was of particular
interest since it eluted before phenanthrene (4.67 minutes) suggesting the presence of ethyl
or branched alkyl substitution. The later eluting peaks most likely correspond to methylated

materials or possibly compounds substituted with an aliphatic ring (218 m/z).
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The analysis of peak 4 was extended for the remaining five heartcuts from the
monomeric C18 to the Vydac and TCP columns. Table 5.2 contains a summary of the cuts
for each peak. A survey of the information presented displays the apparent mixture of
compounds that were separated on the monomeric stationary phase. Specifically, 6 peaks on
adjacent peaks for the monomeric C18 separation. Several exceptions were observed for the
cuts of peaks 2, 3, and 4 from the monomeric C18 separation. However, as mentioned earlier
overlap was not expected for cuts between adjacent peaks. Therefore what may appear as
overlap between cuts, most likely represents different compounds that share the same
retention time on the Vydac column.

The analysis of LC-DNBS fraction 6 using multiple chromatographic dimensions
further supports and confirms the finding from earlier GC analysis. However, adequate
structural determination was not always viable through with GC analysis, particularly when
multiple components elute at low concentrations. The added geometric recognition capability
of the Vydac and TCP columns provided additional information about structure and class.
Furthermore, three-dimensional LC was capable of resolving approximately 40 unique peaks
compared to roughly 70 peaks observed using LC-GC. However, not all peaks were cut from
the second dimension monomeric separation onto the third dimension LC. If all of the peaks
were cut from the second dimension monomeric column onto the third chromatographic
dimension then three-dimensional LC might be able to surpass LC-GC in overall peak
speciation. This coupled with the additional information provided through array detection

creates a powerful tool for the elucidation of components in complex mixtures.
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Table 5.2: Summary of the 6 cuts from monomeric ODS onto Vydac and TCP columns.

Peak Mass Monomeric C18 Polymeric C18 TCP t,(min)
Number t. (min) t.(min)
1 202, 206 5.76 470 * 273 *
520* 6.20*
5.43 *** 990 *
10.83 ***
2 206, 208 6.18 563* 473 *
6.00 ** 5.27 **
6.67* 7.10*
8.10*
990 *
11.07 *
3 206, 218 7.34 5.7* 457*
6.00 * 530*
6.23 * 7.03*
793 *
8.10*
4 218,220, 8.11 6.20 * 410*
222 580* 483 * **
6.57 * 5.50 * **
7.07* 6.10 *
7.27 % ** 6.73*
7.53 % ** 8.13*
873 *
5 232, 246, 10.88 9.86* 490 *
248 12.13 * 5.77*
12.73 * 693 *
13.20 *
1547 *
17.90 *
6 246, 248 12.42 16.0 * 336*
16.40 * 497+
17.37 * 460*
20.38 * 5.27*
7.10*

* fluorescence spectrum of substituted phenanthrene
** fluorescence spectrum of substituted fluorene

*** fluorescence spectrum of pyrene




Chapter 6 Air Particulate and Diesel Exhaust Particulate Samples

6.1 Introduction

The primary focus of this work was the development of analytical methods suitable
for the analysis of both atmospheric particulates and diesel exhaust particulates. Specifically,
methods were developed to allow accurate identification and quantification of the sixteen
priority PAHs, as well as the following nitro-PAH components, 2-nitrofluorene, 9-
nitroanthracene, 3-nitrofluoranthene, 1-nitropyrene, 6-nitrochrysene, 7-
nitrobenz[a]anthracene, and 6-nitrobenzo[a]pyrene.

This chapter is organized according to the following steps in method development:
extraction of particulate samples, comparison of stationary phases for a LC cleanup separation
of the particulate samples, LC reversed phase separation for the priority PAHs, GC/MS
separation for PAHs, SFC separation of the priority PAHs, reversed phase LC C18 analysis
for the amino-PAHs, and an SFC separation for the amino-PAHs. Finally, a quantitative
comparison of the PAHs and the nitro-PAH:s levels will be given for the Environment Canada
diesel exhaust filters and several air particulate samples that were collected in-house.

Two possible analytical methodologies were investigated for the quantification of
nitro-PAHs in particulate samples. Nitro-PAHs do not fluoresce well. However, amino-
PAHs do tend to exhibit good fluorescence. The reduction of nitro-PAHs to the
corresponding amino-PAHs allows the use of fluorescence detection to monitor these
compounds. The first method developed for the analysis of the amino-PAHs used two-

dimensional LC chromatography coupled with fluorescence detection. The first
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chromatographic dimension was a DNBS column described earlier in the oil studies. This was
used to fractionate the particulate extracts into classes and remove polar interferences. The
nitro-PAHs were then reduced and analyzed as amines using a reversed phase separation as
the second dimension. The second method developed used a one-dimensional SFC separation
with the aminopropyl stationary phase. In this case an off-line reduction was performed to
produce the corresponding amine before the SFC separation and detection using laser excited
fluorescence.

The priority PAHs in the diesel exhaust particulates were quantified using one of three
possible two-dimensional chromatographic procedures. In each case the LC-DNBS normal
phase clean up separation was used as the first dimension to remove the larger more polar
species that may interfere with analysis. The second or analytical dimension consisted of one
of a reversed phase C18 separation, a SFC separation using an aminopropyl column described
in chapter 3, or a capillary GC separation using mass spectrometric detection. Laser excited

fluorescence detection was used for both the SFC and the reversed phase LC separations.

6.2 Experimental

6.2.1 Apparatus

A pressurized fluid extraction (PFE) system was designed and built in house. A

schematic of this system is shown in Figure 6.1. The system consisted of a Shimadzu LC-
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Figure 6.1: A schematic of the pressurized fluid extraction apparatus used to perform the
extractions on the particulate samples.
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10AT HPLC pump, Valco Tee (shown as 1), a nitrogen gas cylinder, 2 SSI two-way shut off
valves (shown as 2 and 3), Fisher Isotemp oven Model 106G, extraction cell (12.64 cm x 5.09
cm, 43 mL volume) fabricated in-house, and a collection flask. Valve 2 was used to prevent
solvent from expanding back into the nitrogen pressure regulator during extraction. Valve 3
was used to seal the exit of the extraction vessel and opened to collect the extract. The
extraction cell was machined from a cylindrical piece of solid stainless steel stock. Valco
unions were milled and silver soldered into each of the ends to allow the use of standard
1/16’’ HPLC fittings and 1/16”’ tubing (0.002 mm diameter). A groove was cut into the top
of the cell to accommodate a Teflon® O ring used to seal the cover of the cell.

The GC/MS system used for the analysis of the priority PAHs in the particulate
samples was described in chapter 4. The LC-DNBS separation that was used as a first
dimension fractionation for the PAHs and nitro-PAHs consisted of an Agilent model 1100
quaternary pump, a Rheodyne 7725 injection valve with a 200 microliter sample loop,
Keystone aminopropyl column (25 cm x 4.6 mm, 5 p particles) derivatized as described in
chapter 2, an Agilent 1100 oven, an Agilent 1100 diode array detector, and an Agilent 1100
fluorescence detector. The LC system used for priority PAH analysis consisted of an Agilent
model 1100 quaternary pump, a Rheodyne 7725i injection valve with a 20 microliter sample
loop, Supelco PAH column (15 cm x 4.6 mm, 3 p particles) and a Supelco PAH column (5
cm x 4.6 mm, 3 u particles) coupled in series, an Agilent 1100 oven, an Agilent 1100 diode
array, and an Agilent 1100 fluorescence detector.

The reversed phase amine separation used an Agilent 1100 quaternary HPLC pump,
a Rheodyne 7725i injection valve with either a 20, 200 or 1000 uL sample loop, in-house

packed zinc powder column, a Rheodyne 7000 switching valve, a Supelco (25 cm x 4.6 mm,
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5 p particle) deactivated C18 column, and either an Agilent 1100 fluorescence detector or the
laser excited fluorescence detector described in chapter 2. A schematic representation of this
system is shown in Figure 6.2

The SFC system for the analysis of the PAHs and nitro-PAHs in the parficulate
samples was as described in chapter 3 using the Keystone aminopropyl column and laser

excited fluorescence detector with the high-pressure flow cell.
6.2.1 Chemicals

The standards SRM 1649d, SRM 1647a, SRM 1650a, and SRM 1587 were provided
through NIST. Dichloromethane, hexane, methanol and acetonitrile solvents were Optima
grade provided by Fisher Scientific and used without further purification. Diesel particulate
combustion solids were supplied by Syncrude Canada. Diesel exhaust particulate samples
were collected from the exhausts of Ontario Transit buses by Environment Canada and
shipped to Halifax for analysis. Ambient air particulate samples were collected in Halifax with

a low volume active ambient air sampler.
6.2.3 Procedures

Three separate solvent systems were investigated for the extraction of the particulate
matter with pressurized fluid extraction (PFE): methanol, acetonitrile, and dichloromethane.
Particulate samples were weighed with an analytical balance to 0.1 mg, and then introduced

into a cellulose thimble (Whatman International Ltd. 10 mm x 50 mm), covered with a glass
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Figure 6.2: A schematic of the on-line reduction apparatus with the C18 column and

fluorescence detectors.

158



159

wool plug and placed into the PFE cell. The cell was then filled with solvent at ambient
temperature and pressurized to between 200 and 250 bar. Next, the cell was heated to the
appropriate temperature after being placed into the oven. The temperature was set to 100 °C
for the dichloromethane extractions. The methanol and acetonitrile extractions were done
using a temperature of 140 °C. All extractions were performed under static conditions. Both
the methanol and acetonitrile extractions utilized three cycles. The first extraction was
performed for 20 minutes. The remaining cycles lasted 10 minutes each. The
dichloromethane extractions were performed using 2 cycles, 20 minutes for the first cycle
followed by a final 10 minute static cycle. Between the extraction cycles, the extraction cell
was purged using nitrogen at a pressure of 30 to 50 pounds per square inch (psi). Extracts
were collected in a 150 mL round bottom flask containing 10 mL of the extraction solvent.
The tubing from the extraction vessel was submersed in solvent as an added trapping
measure. Samples were then pre-concentrated using a rotary evaporator to near dryness and
then reconstituted with hexane to approximately 1-2 mL total volume for subsequent analysis.
The volume was calculated by weighing the extracts with an analytical balance.

An LC-DNBS separation was used as a cleanup for the particulate samples. Two
hundred microliter samples of a standard containing the priority PAHs and several nitro-PAHs
were injected onto the DNBS column and monitored using the diode array and the 1100
fluorescence detector in series. The diode array detector was set to monitor wavelengths at
220 nm and 254 nm whereas the fluorescence detector used excitation at 260 nm and
monitored the fluorescence emission at 430 nm. Three injections were performed to establish
a fraction or collection region that contained both the PAHs and nitro-PAHSs but not the

larger and more polar constituents. The replicate injections also served to establish the
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precision of the separation, after which the detectors were switched off and particulate
extracts were injected. Collections were based upon the times observed from the standard
chromatograms. Injections were repeated until roughly one half of the sample had been
fractionated. The collected region of interest was taken to near dryness using a ‘rotary
evaporator and reconstituted to approximately 1 mL with acetonitrile for reversed phase LC
analysis of the priority PAHs or nitro-PAHs. The remainder of the raw extract was treated
in a similar way, except that the sample was spiked with a deuterated PAH standard and
reconstituted with hexane for GC analysis of the priority PAHs or SFC analysis of the nitro-
PAHs and priority PAHSs.

Analysis of the priority PAHs was facilitated through the use of three methods. The
first method used a reversed phase LC separation. Twenty microliters of reconstituted
particulate sample dissolved in acetonitrile was injected onto the two Supelco C18 columns
in series and monitored using the laser excited fluorescence detector with the 266 nm laser.

The columns were thermostated at 25 C using the Agilent 1100 oven. A water/acetonitrile
gradient that started at 60% water/40% acetonitrile and increased linearly to 100%
acetonitrile over 10 minutes, remaining constant for 10 minutes, was used to elute the priority
PAHSs. The flow rate was set to 1.5 mL/min.

The second analytical method used a capillary GC separation to perform the analysis.

Samples were eluted from the GC into the mass spectrometer using a temperature program
shown in Table 6.1. Helium was used as the carrier gas at a flow rate of 2.0 mL/min. Two
microliter splitless injections were performed into the GC inlet set to 325 C. The mass
spectrometer was operated using retention windows for selected masses. The parameters are

shown in Table 6.2. The source and the transfer line were set to 320 C.
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Table 6.1: Temperature program conditions for GC separation of priority PAHSs

Time (min) Temperature ("C)
0 50
12.5 250
16.5 250
21 320
24 320

Table 6.2: Retention windows and masses used for the detection of the priority PAHs with
GC-MS.

Mass Dwell Time (seconds) Retention Window
128.1 0.05 0-12.50 minutes
152.1 0.05

154.1 0.05

164.1 0.05

165.1 0.05

178.1 0.10 12.60-16.50 minutes
188.1 0.10

202.1 0.10

228.1 0.15 16.60-20.00 minutes
240.1 0.15

252.1 0.20 20.10-24.00 minutes
264.1 0.20

276.1 0.20 24.10-28.00 minutes
278.1 0.20

292.1 0.10




162

The third method was a SFC analysis of the priority PAHs using the aminopropyl
column. This separation was performed as described in chapter 3. Analysis of the nitro-PAHs
was examined using two methods. The first method was a reversed phase LC separation that
used a pre-separation on-line reduction of the nitro-PAH:s to the corresponding amino-PAHs.

A deactivated Supelco C18 column thermostated to 35 C was used for the separation.
Gradient conditions for the separation are shown in Table 6.3. This separation required the
use of an aqueous 100 mM acetate buffer. The buffer was prepared as follows. One liter of
0.1 M acetic acid was prepared by diluting 5.75 mL of glacial acetic acid with one liter of
distilled water. 8.2 grams of solid anhydrous sodium acetate was dissolved in the 0.1 M
acetic acid. To this solution 0.85 grams of copper(Il) chloride was added to improve
reduction efficiency. A small Supelco HPLC guard column (1cm x 4.6 mm) was sacrificed
and repacked with zinc powder and used as the reducing agent for the nitro-PAHs. Twenty

microliters of sample were injected, passed through the zinc column and then onto the

Table 6.3: Gradient conditions for reversed phase separation of aromatic amines

Time (min) % Aqueous Buffer % acetonitrile
0 70 30
10 10 90
15 0 100
20 0 100
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analytical column. After 2 minutes the zinc column was switched out of the eluent stream to
prevent excess zinc salts from being passed onto the analytical column. The amino-PAHs
were detected using either the Agilent 1100 fluorescence detector set to excite at 260 nm and
monitored at 315, 366, 430, and 525 nm or the laser excited fluorescence detector using the
266 nm laser.

A second method was investigated for the analysis of nitro-PAHs present in
particulate samples. This method used the Keystone aminopropyl column in a SFC
separation. Two hundred microliters of sample was injected onto the zinc column, batch
reduced and eluted with the aqueous buffer. This procedure was repeated until 1 mL of
extract was processed. The products of the reduction were collected, combined and then
evaporated to dryness and reconstituted with hexane. Twenty five microliters of this sample
were then injected onto the aminopropyl column using the Alcott auto sampler. The aromatic
amines were separated with a constant organic modifier concentration of 16 %. The organic
modifier was a mixture of 2.5% propylamine in acetonitrile. The pressure of the mobile phase
was maintained at 250 bar. Flow rate was set at 1.0 mL/min. Oven temperature was
maintained at 60 °C. The eluent was monitored using the laser excited fluorescence detector

with excitation using the 266 nm laser.

6.3 Results and Discussion

6.3.1 Extraction of the Particulate Matter

The particulate samples presented a different challenge than the light gas oils studied
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in previous chapters. The focus here was to obtain quantitative results on samples with much
lower concentrations of PAHs. The first step was method development of the extraction of
the analyte from a solid matrix.  Primarily, the single most important factor with such
extractions is that they provide a complete and exhaustive removal of the all of the analytes
of interest from the particulate matrix. Otherwise, subsequent analysis for the target
compounds would produce erroneous results. Typically, Soxhlet extractions have proven
popular for such complex matrices. Typical Soxhlet extractions use 200 - 300 mL of solvent
and 24 -48 hours, so it was decided to explore methods that use both less time and solvent.

Chapter 1 discussed various protocols for the proper validation of extraction methods. For
example, spiking experiments tend to produce PAHs more as a ‘deposit’ instead of in a
physically adsorbed state. Deposited PAHs are much more easily extracted because they
generally only require solubilization from the surface of the particulate. The goal was to use
a standard reference material to test the extraction method and develop a general protocol for
diesel exhaust particulates. Pressurized fluid extraction (PFE), sonication and supercritical
fluid extraction (SFE) were examined as alternative methods to Soxhlet extraction.

Initial experiments were done using the supercritical fluid chromatograph to simulate
the SFE of materials. The test sample was a graphite support (Specpure) spiked with known
amounts of acenaphthylene, fluorene, phenanthrene, anthracene, pyrene, benzo[a]anthracene,
chrysene, benzo[b]fluoranthene, benzo[4]fluoranthene, benzo[a]pyrene,
dibenz[a, hlanthracene, benzo[g,h,/]perylene, and indeno[/,2,3-c,d]pyrene. It was observed
that even for this sample SFE could not fully extract all of the priority PAHs in a reasonable
time period without the aid of an organic modifier such as methanol. Increasing the methanol

concentration decreased the time required to extract the PAHs as well as increased the
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relative recovery of the PAHs that were spiked onto the graphite. For example, using 10%
methanol, the recoveries of the PAHs phenanthrene and benzo[g, A, /]perylene were observed
to be 84% and 6%, respectively. Increasing the methanol concentration to 20% was found
to increase the recovery of phenanthrene to 93% and benzo[g, h,i]perylene to 51%.
Additional testing of the SFE extractions was performed with combustion particulates
supplied by Syncrude Canada. The particulates were combustion solids deposited on the
exhaust walls of an instrument used to measure the cetane number of a diesel fuel. The
instrument was operated over a period of 4-6 months before a collection of the combustion
solids. It was found that SFE did allow for a much more selective extraction of these
particulates. In this case many of the polar interferences could be left behind in the original
matrix. In fact, extractions performed with pure CO; at low temperature (50 C) and pressure
(100 bar) were able to selectively extract the compounds with one to four aromatic rings.
However, complete extraction of these compounds could not be confirmed due to the fact
that the PAH concentration for these particulates was unknown. Furthermore, trapping the
extracts during depressurization presented significant challenges. In addition, restrictor
damage became a problem. The pressure (350 bar) and temperature (150 C) limitations of
this instrument were below those of commercial SFE instruments. These limitations and the
cost of replacement restrictors prevented the use of SFE for further method development.
In terms of equipment and design sonication would seem to be the simplest extraction
procedure available. To determine the relative extraction ability of sonication compared to
PFE, a comparison was performed using the combustion particulate sample provided by
Syncrude Canada. These particulates were ideal because they were a real sample that would

better represent the nature of the matrices associated with the Environment Canada exhaust
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samples. The chromatograms that result from the reversed phase LC fluorescence of these
extracts are shown in Figure 6.3. Each extraction was replicated to ensure that particulate
sample inhomogeneity did not skew the comparison. The chromatograms were normalized
based upon original particulate mass and final solvent volumes to allow a direct quantitative
comparison. This method of comparison was undertaken because of the limited number of
standards available during the time of this preliminary study and the fact that procedures had
not yet been fully developed to analyze all of the components under investigation. A
comparison of the signal intensities shown for each of the chromatograms in Figure 6.3
suggests that slightly more material was extracted (~20% for pyrene) with the pressurized
fluid extraction when compared to sonication. However, recent literature reported that
sonication offered complete extraction from diesel exhaust particulates using an
acetone/dichloromethane solvent mixture [152]. However, lengthy extraction times of several
hours were required to achieve these results. The sonication extraction tested in this work
used dichloromethane as the solvent and an extraction time of 60 minutes. The PFE method
used methanol as the solvent. A typical PFE experiment required 35 minutes to complete.
Sonication extractions when performed with methanol extracted less material than when
performed with dichloromethane.

PFE was found to offer a more exhaustive extraction of the PAHs from the Syncrude
particulates compared to sonication. In addition, PFE was found to extract the PAHs in less
time than either sonication or Soxhlet. PFE was selected as the extraction method of choice.

Once selected, the PFE was subjected to a rigorous validation by extracting the standard
reference materials Urban Dust 1649a and Diesel Particulate Matter 1650a supplied by NIST

and comparing our measured values with certified values.



Total Fluorescence

Total Fluorescence

167

80000

—— PFE

70000 -

60000 4 Flow 1.5 mL/min.
50000

40000 -

30000 -

20000 -

10000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (min)
70000 110

pyrene

50000 -

sonication i
- acetonitrile gradient

[
o

40000 -

T
o
o

chrysene
benzo[a)pyrene

30000 -

L
~
o
% acetoitrile

20000 -
benzo[g,h,iJperylene

¥
[« ]
(=]

10000 -

- 50
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time (min)

Figure 6.3: Reversed phase C18 chromatograms of diesel particulate extracts
monitored using the laser excited fluorescence system and the 266 nm laser.
Upper chromatogram results from the use of pressurized fluid extraction with
methanol at 100 °C and 250 bar of the Syncrude diesel particulates. The lower
chromatogram results from the extraction of Syncrude diesel particulates with
sonication for one hour with dichloromethane. Chromatographic conditions
are shown in the figure.
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Each static extraction cycle required 35-40 mL of solvent to fill the extraction cell and
5 mL to purge the cell. Increasing the number of extraction cycles may increase the total
amount of material extra;:ted but also increases the total volume of extract that must be
preconcentrated before instrumental analysis. It would be beneficial to extract the analytes
from the matrix with a minimum volume of solvent. In order to test the number of static
extraction cycles that were required for exhaustive extraction of the PAHs from the standard
reference materials, the extract from each static cycle was analyzed individually. Figure 6.4
shows the chromatograms that result from each of the individual extracts using methanol.
Exhaustive extraction for the priority PAHs was achieved after 3 static cycles using methanol
as the solvent. The total volume of solvent required for each extraction under these
circumstances was between 120 -140 mL. This represents a considerable volume of solvent
to remove before further sample preparation commences. A more practical solvent was
investigated in an attempt to lessen the total extract volume through reduced extraction
cycles.

Acetonitrile and dichloromethane were examined as alternative solvents to methanol
in an attempt to reduce the total extract volume through a reduction of the number of static
cycles required for exhaustive extraction. Three cycles were found to be sufficient for
complete extraction of the sample matrix using acetonitrile. This provided little benefit in
terms of solvent reduction but extraction efficiencies for compounds such as
benzo[b]fluoranthene, benzo[k]fluoranthene, and benzo[a]pyrene were enhanced with
acetonitrile as compared to methanol. Table 6.4 summarizes the recoveries of the Priority
PAHs from standard reference materials NIST 1649a urban dust and NIST 1650a diesel

exhaust particulates using each of the three solvent choices, methanol, acetonitrile, and



169

250
200 -

—— Extraction 1

150 -
100 -
50 -

° v L] Ll
15 20

. . .10
Time (min)
250

200 - —— Extraction 2

150 4
100 -

50 W

Ti .. 10 15 20
250 ime (min)

200 4 —— Extraction 3

150 4
100 -

50 -
PR P m
0 Y T

0 S

Time (min) ° 15 20

Fluorescence emission at 430 nm using 260 nm excitation
[=]

250
200 A
150 -

——— Extraction 4

100 -
S0 A

0 L] 1 L]

0 5 10 15 20
Time (min)

Figure 6.4: Chromatograms of individual extracts from a single Urban Dust
(1649d) sample separated on a reveresed phase C18 column using Agilent
fluorescence detection. Methanol (140°C) was used as the

extraction solvent. Extracts were injected without prior cleanup.
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dichloromethane. As well, the recovery of 1-nitropyrene was documented for NIST 1650a.

Several of the priority PAHs, naphthalene, acenaphthene, acenaphthylene, and fluorene were

Table 6.4: Data for the extractions of the priority PAHs from NIST 1649a and NIST1650a
using methanol (140°C), acetonitrile (140°C), and dichloromethane (100°C). Values in
brackets represent NIST certified values.

Compound Methanol MeCN DCM DCM
NIST1649a | NIST1649a | NIST1649a | NIST1650a
Phenanthrene 4.05+0.16 3.89:0.16 3.81:0.11 61.5+9.2
(4.14:0.37) | (4.14:0.37) | (4.14+0.37) | (68.4+8.5)
Anthracene 0.40+0.02 0.40:0.02 0.39+0.01 **NP
(0.43+.08) |[(0.43+.08) | (0.43+.08)
Fluoranthene 6.44:026 |6.77+0.27 6.12+0.25 449135
(6.45+0.18) | (6.45+0.18) | (6.45+0.18) |(49.9+2.7)
Pyrene 5.18+0.21 5.34:0.27 5.13+0.21 43.7+3.9
(5.26+0.5) | (5.261£0.5) | (5.26x0.5) (47.5+£2.7)
Benz[a]anthracence 1.90+0.06 2.08+0.02 2.07+0.02 5.95+0.30
(2.21+.073) | (2.21£.073) | (2.21+£.073) | (6.33+0.77)
Chrysene 2.77+0.11 3.23+0.20 3.23:0.19 13.88+1.1
(3.049+.60) | (3.049+.60) | (3.049+.60) | (14.510.8)
Benzo[b]fluoranthene 5.54:0.22 5.86+0.12 5.86+0.12 7.90+0.95
(6.45+0.64) | (6.45+0.64) | (6.45:0.64) | (8.81+0.6)
Benzo[k]fluoranthene 1.57+0.05 1.76+£0.02 1.76+£0.02 2.40:0.84
(1.91+.031) | (1.91+.031) | (1.91+.031) | (2.64+0.61)
Benzo[a]pyrene 2.21+.09 2.28+0.07 2.36+0.07 1.21+0.56
(2.51+.087) | (2.51+.087) | (2.51+.087) | (1.33+0.35)
Dibenz[a, #]anthracence *NA *NA *NA *NA
(0.29+.023) |{ (0.29+.023) | (0.29+.023)
Benzo[g,A,ilperylene 3.05:0.09 |[3.61+0.14 3.76+0.11 5.2+0.73
(4.01:0.91) | (4.01:091) | (4.01:0.91) | (6.5+0.94)
Indeno[/, 2, 3-c,d]pyrene 2.99:0.18 3.37+0.24 2.89:0.32 4.89+0.44
(3.18+0.71) | (3.18+0.71) | (3.18+0.71) | (5.62+0.53)
1-nitropyrene **NP **NP **NP 179+3.8
(19+2)

Values in parenthesis represent NIST certified values
All values in ug/g of particulate

*Not done

**Not present or below detection limit
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omitted from this table because NIST does not provide certification for these compounds.
Dichloromethane was found to produce the most efficient extraction with only two static
cycles required for complete extraction of the PAHs from the particulates. These numbers,
however, reflect the total procedure of extraction cleanup, and instrumental analysis. Typical
recoveries were 91-98% for the urban dust and 80-96% for the diesel particulates. All of the
recoveries were within the 95% confidence limits specified by NIST except for
dibenz[a,A]anthracene and benzo[a]pyrene.

The use of dichloromethane represented the smallest volume of extract to evaporate
or pre-concet{trate. Furthermore, the relatively low boiling point of this solvent compared
to acetonitrile and methanol allowed more efficient removal of the solvent at low temperature
using a rotary evaporator. This minimizes the loss of some of the more volatile PAHSs such
as naphthalene during the pre-concentration of the extract. Dichloromethane also has the
added advantage of being more compatible with the analytical methods. For example, the
cleanup procedure that was used prior to instrumental analysis was normal phase
chromatography with hexane and dichloromethane eluents. Furthermore, polar solvents result
in peak fronting when used in conjunction with a HP-5ms capillary GC column. Acetonitrile
was found to be incompatible with the normal phase separations. Poor resolution and
precision were observed with the chromatograms that used acetonitrile in the injection
solvent. Therefore, the use of acetonitrile as an extraction solvent required an additional step
in sample preparation as the initial extract had to be taken to near dryness and solvent
exchanged to a compatible solvent. This presents an added risk of contamination or sample
loss. Although no notable loss was observed for components with molecular weights greater

than phenanthrene, the possibility of loss of more volatile species such naphthalene may
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occur. In addition, extraction with acetonitrile produced a precipitate that was believed to
result from extracted silicates from the urban dust. This was not observed with the
dichloromethane extracts. The precipitate that formed after extraction with acetonitrile may
occlude some of the PAHs affecting accurate quantification. In order to prevent such errors
the precipitate would have to be completely resolubilized. This presented difficulties as the
precipitate required an acidic aqueous solvent for dissolution. Such solvents were not
compatible with the sample workup procedure. Dichloromethane was chosen as the primary
solvent for performing the extractions of the Environment Canada filter samples. Extra care
must be taken with such chlorinated solvents as they pose a greater risk of human exposure

due to elevated vapor pressures at room temperature.

6.3.2 Characterization of the Cleanup Separation for the Air Particulate and Diesel
Exhaust Particulate Samples

Preliminary analysis of the NIST urban dust extracts (chromatogram shown in Figure
6.10b) suggested that a cleanup or fractionation of the raw extracted sample was required for
accurate quantification of the priority PAHs using reversed phase chromatography. More
importantly, preliminary studies of the diesel exhaust filter extracts separated using reversed
phase chromatography revealed very complex chromatograms with many unresolved peaks
resulting in poor quantification of the PAHs. The sub fractionation of the PAHSs present in
such a sample may provide less complex reversed phase chromatograms resulting in better
quantification. Three stationary phases were investigated as possible candidates for this
purpose. A silica, an aminopropyl and a DNBS column were each characterized with a simple

standard mixture that contained both the priority PAHs and selected nitro-PAH compounds
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The nitro-PAHs in the standard were l-nitronaphthalene, 2-nitrofluorene, 9-
nitroanthracene, 2-nitrobiphenyl, 3-nitrofluoranthene, 1-nitropyrene, and 6-nitrochrysene. A
diesel exhaust particulate sample was injected onto each column to establish the usefulness
of each separation. Figure 6.5 shows the results of this characterization for the preparative
silica column. The chromatogram of the PAH standards and nitro-PAH standards in this
figure suggest that a fractionation between these regions may be possible. However, as the
chromatogram suggests there is insufficient resolution to enable a fractionation of the priority
PAHs in the Environmental Canada sample according to the number of aromatic rings
present. Diesel exhaust samples are often similar to light gas oils in that they contain
alkylated PAHs as well as the parent PAHs. It was hoped that a cleanup separation would
permit both a PAH fractionation based upon the number of aromatic rings and removal of late
eluting compounds. The silica column had the largest capacity with 400 microliter injection
volumes as long as the injection plug was comprised almost entirely of hexane. The addition
of dichloromethane or acetonitrile to the injection solvent degraded chromatography to the
point that considerable overlap was observed between regions. However, overlap between
the high molecular weight PAHs and the nitro-PAHs was not of primary concern as they are
well separated (vide infra) in reversed phase chromatography. It was found, however, that
polar compounds interfere with the reversed phase separation of the amino-PAHs. An
example of this is shown later in this chapter in Figure 6.28. The silica column was unable
to provide sufficient resolution to retain these polar compounds and separate them from the
nitro-PAHs. Furthermore, the silica column required large quantities of solvent (~90-100 mL)
to cleanup a reasonable amount of sample. The silica column was not used in further

experiments.
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Figure 6.5: Chromatograms of Enviroment Canada's diesel exhaust filter sample
B-2 separated on the silica column. Flow rate was 3.0 mL/min. A
hexane/dichloromethane gradient was used as the eluent. A standard PAH and
nitro PAH mixture was used to characterize the separation. The PAHs were
monitored with the fluorescence detector while the nitro-PAHs were detected
using a diode array detector set to record absorbance at 254 nm.
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The Keystone aminopropyl column was investigated next and was characterized in the
same manner as the silica column. The chromatograms are shown in Figure 6.6. As with the
silica column, insufficient resolution was present within the PAH region to allow for the
fractionation of the compounds. As well, poor peak shapes were observed for this separation.

This was found to be a result of injection solvent composition. Similar to the silica column,
the efficiency of the aminopropyl column was susceptible to small quantities of
dichloromethane and acetonitrile. Closer inspection of the priority and nitro-PAH regions
indicates that significant overlap exists for these compound classes. The greatest difficulty
with this separation was the capacity of the aminopropyl column. The maximum injection
volume was limited to 20 microliters. This makes the cleanup of the particulate sample
extract of 1-2 mL impractical. A larger column may offer more capacity and more reasonable
results. However, the resolving capability of this column with the diesel samples did not
appear to warrant the expense of purchasing a larger column. An alternative was to use a
more powerful stationary phase such as the DNBS, in lieu of a larger column.

The final separation examined for the cleanup of the particulate samples used a DNBS
stationary phase derived from a commercial Keystone aminopropyl column. The DNBS
column offered excellent capacity and could easily handle 200 microliter injection volumes
despite that fact that it had the same column dimensions as the aminopropyl column. In
addition, this column was much less prone to losses in column efficiency due to injection
solvent composition when compared to the silica and aminopropyl columns. The
chromatograms of an Environment Canada filter sample with the priority and nitro-PAHSs are
shown in Figure 6.7. The separation observed within the priority PAH region of this

chromatogram suggests that the collection of sub-fractions may be viable. An overlap was
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Figure 6.6: Chromatograms of Environment Canada's diesel exhaust filter sample
B-2 separated on the aminopropyl column. Flow rate was 1.0 mL/min. A
hexane/dichloromethane gradient was used as the eluent. A standard PAH and
nitro-PAH mixture was used to characterize the separation. The PAHs were
monitored with the fluorescence detector while the nitro-PAHs were detected
using a diode array dector set to record absorbance at 254 nm.
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Figure 6.7: Chromatograms of Enviroment Canada’s diesel exhaust filter sample
B-2 separated on the DNBS column. Flow rate was 1.0 mL/min. A

hexane/dichloromethane gradient was used as the eluent. A standard PAH and
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observed between the priority and nitro-PAHs. However, the polar compounds that interfere
with the analysis of the amino-PAHs were well retained by this stationary phase. The
conditions in Figure 6.7 lend themselves to the greatest resolution they also generate extended
analysis times. Since multiple injections were required to clean up an entire sample a faster
gradient was examined with a slight loss of resolution. The results are shown in Figure 6.8.
Examination of the chromatograms generated by the PAH and nitro-PAH standards in
Figures 6.7 and 6.8 suggest that indeed a reduction was observed for the retention times of
the priority and nitro-PAHs. However, this reduction in analysis time was not evident with
the particulate samples from the Environment Canada filter B-2 and the NIST diesel exhaust
particulate SRM 1650a. In Figure 6.8, the methoxy-PAHs as well as the large polars that
were found to prevent accurate quantification of the nitro-PAHSs and some priority PAHs are
clearly shown. These compounds appear less prevalent in the chromatogram of the
Environment Canada filter (B-2) extract shown in Figure 6.7. This was due to differences
between the two samples and increased retention on the DNBS column due to weaker eluent
concentrations used during the separation of SRM 1650a. The preliminary studies with
reduced eluent concentrations required flushing with 100% dichloromethane to remove polar
compounds from the column. There were differences in the relative PAH distribution
between the two samples as observed through the chromatograms in Figure 6.7 and Figure
6.8. The SRM 1650a displayed an increased concentration of PAHs with a number of
aromatic rings greater than pyrene compared to the B-2 filter. In fact, the B-2 filter appeared
to have greatest percentage of the PAHSs eluting before fluoranthene and pyrene. These
differences will be examined in greater detail later in this chapter.

Since many of the priority PAHSs such as benzo[a]pyrene were sensitive to
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photodegradation, it was decided that the cleanup separation would have to be performed
with the fluorescence excitation light source turned off. Otherwise, photodegradation may
occur causing inaccurate quantification. Hence, there was a need to establish the precision
of the separation so as to ensure the correct collection of each fraction. Figure 6.9 shows
three replicate injections of the standard reference material NIST 1650a using the same
chromatographic conditions as in Figure 6.8. From the three chromatograms there is good
inherent precision in retention times with the DNBS separation. A separate study, done by
Kathleen Duggan looked at the recovery of a PAH standard using the same separation [153].
The results suggested that complete recovery for all of the priority PAHs was observed with
the exception of naphthalene and fluorene. It was believed that the volatility of these
compounds resulted in losses during the rotary evaporation of the solvent. Otherwise the
DNBS cleanup provided an ideal separation for the cleanup of urban dust and diesel exhaust
particulate samples after extraction with the PFE system. The majority of the quantification
experiments described later, used a collected fraction that consisted of the Priority PAHs and
the nitro-PAHs. This fraction represents between 3 to 23 minutes of the chromatogram
shown in Figure 6.9. Although, the DNBS separation displayed sufficient resolution to enable
some fractionation of the priority PAHs (according to the number of aromatic rings) in diesel
exhaﬁst filter samples, in practice this was less successful for two reasons. First, it was
difficult to collect specific regions relatively close in retention times without the aid of a
detector. Second, the fractions that were examined from the DNBS column based upon
aromatic group size still presented complex chromatograms on the reversed phase columns
due to large numbers of alkylated PAHs. This observation was most prominent for the diesel

particulate samples from Environment Canada and to a lesser extent with the NIST SRM
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1650a. As a result, there was little benefit to collect fractions within the PAHSs based upon
the number of aromatic rings as opposed to a single region that contained all of the PAHs as

well as the nitro-PAHs.

6.3.3 Reversed Phase LC Analysis of the Priority PAHs

Preliminary quantitative experiments attempted to analyze the priority PAHs directly
without prior sample cleanup because multi-dimensional chromatographic operations add
complexity to the analysis. Initial studies used the Agilent 1100 commercial fluorescence
detector because of the higher sensitivity associated with this detector when compared to the
laser excited fluorescence detector. The Agilent system used a larger bandpass (20 nm) that
lowered the spectral resolution. The laser excited fluorescence detector developed in-house
provided better spectral resolution but initially the system was much less sensitive than the
Agilent detector. However, several modifications were performed to the laser system to
enhance the sensitivity of this detector. Specifically, a | mW 266 nm laser was replaced with
a 43 mW output 266 nm laser and a single fiber optic was replaced with two smaller fiber
optic bundles. Table 6.5 shows the detection limits for each detector. The detection limits
were estimated by extrapolation from calibration data as 3 times the standard deviation of
baseline noise. With the increase in sensitivity, it was believed that the laser excited
fluorescence detector might offer much better selectivity through spectral resolution
compared to the Agilent detector and thereby allow quantification of the priority PAHSs using
a reversed phase separation without a cleanup procedure. The results for the standard

reference material NIST 1649a separated on the C18 columns before and after cleanup are
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Table 6.5: Detection limits for the analysis of the priority PAHs and the amino-PAHs.

Compound Priority PAHs

LC- LC-Laser GC-MS SFC-laser

Agilent 43 mW 43 mW
Naphthalene 0.7 23 1.1 6.7
Acenaphthene Not done 1.3 1.2 3.7
Acenaphthylene Not done 1.3 1.5 3.9
Fluorene 0.1 0.2 0.5 0.6
Phenanthrene 04 2 0.4 5.6
Anthracene 0.1 11 0.5 >32
Fluoranthene 0.6 04 0.8 1.1
Pyrene 0.5 0.3 0.7 0.8
Benz[a]anthracene 0.1 0.2 0.9 0.6
Chrysene 0.1 0.07 0.8 0.2
Benzo[b]fluoranthene 0.1 0.3 34 08
Benzo(k]fluoranthene 0.1 0.3 39 0.8
Benzo[a]pyrene 0.2 0.2 4 0.6
Dibenz[a, h]anthracene 0.2 0.3 7 0.9
Benzo(g,hA,i]perylene 0.1 0.07 7.3 0.2
Indeno[/,2, 3-c,d]pyrene 02 04 8.5 1.1
Compound Amino PAHs

LC- LC-laser SFC-laser

Agilent 43 mW 43I mW
1-aminonaphthalene 0.0018 0.9 2.6
2-aminofluorene 0.0012 1.3 38
9-aminoanthracene 0.00009 0.01 0.04
3-aminofluoranthene not done 0.7 19
1-aminopyrene 0.0004 0.07 02
6-aminochrysene not done 19 54
7-aminobenz[a]anthracene  not done 0.8 2.2
6-aminobenzo[a]pyrene not done 0.5 1.3

All Detection Limits in ng/mL



184

shown in Figure 6.10. The chromatogram of the raw sample indicated that there was polar
material that eluted from the column between 0 and 7 minutes. This material was absent from
the chromatogram of the cleaned sample. In fact, as the spectra shown in Figure 6.11
suggest, the quantification of phenanthrene was difficult without a cleanup using the DNBS
column. Interestingly, the chromatograms in Figure 6.10 for both the raw and cleaned NIST
1649a appear to be very similar beyond 7 minutes. This suggests that the DNBS cleanup
procedure offered little benefit for the larger PAHs in the NIST Urban Dust. In fact, this
observation was consistent with all of the samples submitted for analysis on the C18 column
after DNBS cleanup.

Typically the 266 nm laser was used to excite fluorescence from the sample
components because this excitation wavelength was more suited to a broader range of
compounds. However, certain compounds such as anthracene and pyrene were more
selectively excited using the 325 nm laser. Figure 6.12 shows the Environment Canada diesel
exhaust particulate sample B-4 separated on the reversed phase C18 columns after DNBS
cleanup using the two excitation wavelengths. The chromatogram that results from the 325
nm laser appears to be less complex than the chromatogram associated with the 266 nm laser.

This is due to the selectivity imparted through excitation at 325 nm. Figure 6.13 shows two
spectra taken from the chromatogram in Figure 6.12b and two spectra with the same retention
times taken from the chromatogram shown in Figure 6.12c. The spectra shown in this figure
suggest that the 266 nm laser would provide better excitation for chrysene and

benzo[a]pyrene. In fact, the spectra that resulted from the 325 nm laser excitation appear to
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Figure 6.10a-c: Chromatograms of NIST 1649d with and without the DNBS
cleanup separation and NIST PAH standard separated using a reversed

phase C18 column and laser excited fluorescence detection with 266 nm laser.
The chromatographic conditions are listed in the figure.

Peak Identification: 1 phenanthrene, 2 fluoranthene, 3 pyrene, 4 benz[a]anthracene,
5 chrysene, 6 benzo[b]fluoranthene, 7 benzo[]fluoranthene, 8 benzo[a]pyrene,
9 dibenz[a, h]anthracene, 10 benzo[g,h,i]perrylene, 11 indeno[/,2, 3-c,d)pyrene
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Figure 6.11: Two spectra corresponding to selected peaks in Figure 6.10.
Upper chromatogram results from an urban dust (1649d) sample whereas the
lower spectrum is for the same retention time in a chromatogram of a

dust sample that was fractionated using the DNBS separation.
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Figure 6.12a-c: Chromatograms of Environment Canada diesel exhaust filter B-4
after DNBS cleanup separation and NIST PAH standard separated using a
reversed phase C18 column and laser excited fluorescence detection.
The chromatographic conditions listed in the figure.

Peak Identification: 1 phenanthrene, 2 fluoranthene, 3 pyrene, 4 benz[a]anthracene,
5 chrysene, 6 benzo[b]fluoranthene, 7 benzo[k]fluoranthene, 8 benzo[a]pyrene,
9 dibenz[a, h]anthracene, 10 benzo[g,A,i]perrylene, 11 indeno[/,2, 3-c,d]pyrene
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give evidence for an alkyl substituted pyrene co-eluting with chrysene. The major peaks in
the chromatogram shown in Figure 6.12c showed spectra suggestive of pyrene and alkylated
pyrenes. However, the information presented using the 266 nm laser chromatogram also
suggested that phenanthrene and chrysene with various alkyl substituents were present.

There is an interesting comparison to be drawn between the 266 nm chromatograms
present in Figure 6.10c for the urban dust and Figure 6.12b with the Environment Canada
diesel exhaust sample. Primarily, the reversed phase chromatogram of the diesel exhaust
extract seems much more complex than the urban dust with a greater number of partially
resolved peaks. Most of the peaks appear at retention times prior to 12 minutes for the B-4
filter suggesting that high molecular weight priority PAHs were present at lower levels in the
B-4 diesel exhaust sample than in the urban dust.

Figure 6.14 introduces the reversed phase chromatograms of another Environment
Canada diesel exhaust filter E-155. Qualitatively, the chromatograms for this sample look
similar to that of the B-4 filter. Each chromatogram in this figure results from the analysis
of one half of the filter. In this case each filter half was extracted and processed individually.
The filter was processed in this manner to investigate the possibility of dividing the filter
paper and analyzing partial filters. This was of interest since the Environment Canada diesel
exhaust filter collections were both expensive to purchase and limited in availability. An initial
inspection of the two chromatograms in Figure 6.14 suggests that the deposition of particles
as well as particle composition appears to be relatively homogenous. A quantitative analysis
of each half of the E-155 filter paper was performed to characterize the homogeneity of the
deposition of PAHSs upon the filter. The results for several selected PAHs are listed in Table

6.6. The data in this table suggest that there was minimal variation between the halves of the
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Figure 6.14: Two chromatograms of an Environment Canada diesel exhaust filter E-155
after DNBS cleanup separation. Each chromatogram results from the analysis of
a separate half of the filter. Chromatographic conditions are listed in Figure 6.12.
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Table 6.6: Total PAHs extracted from Environment Canada Filter E-155

Compound First Half Second Half Percent
Mass ug Mass ug Relative
Difference
Phenanthrene 0.0607 0.0584 10
Pyrene 0.251 0.309 15
Chrysene 0.0607 0.0739 13
Benzo[a]pyrene 0.0170 0.0213 16

filter. The variation associated with pyrene and benzo(a)pyrene appeared much larger than
for phenanthrene. However, the relative instrumental precision for the analysis of the PAH
components was on the order of 6-10 percent. This suggests that there was most likely little
difference in composition between each half of the filter.

Accurate quantification requires reproducible chromatography. Initial studies with
replicate standard injections on the reversed phase C18 columns found that there was a large
variability in the peak shapes of several of the larger PAHs such as benzo[a]pyrene.
However, temperature control was not used for the initial separations with these columns.

Figure 6.15 shows the PAH standard NIST 1647d separated at 15, 25, and 40 C. The
chromatograms show a change in peak height for benzo[a]pyrene as the solvent strength
decreases. This is not the only effect. The number of plates calculated for benzo[a]pyrene
triples from 30000 plates at 15 C to 109000 plates at 25 C. This is a dramatic change in the
column efficiency. For example, increasing column efficiency leads to narrower peaks and

increased peak height. A closer look at the elution of peaks 12, 13, and 14 for any two
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Figure 6.15: Reversed Phase C18 chromatograms of the standard NIST 1647d

performed at 15°C, 25°C, and 40 °C. Chromatographic conditions shown in

the figure.

Peak Identification: 1 naphthalene, 2 acenaphthene, 3 acenaphthylene, fluorene,

4 phenanthrene, 5 fluoranthene, 6 pyrene, 7 benz[a]anthracene, 8 chrysene,

9 benzo[b]fluoranthene, 10 benzo[k]fluoranthene, 11 benzo[a]pyrene,
12 dibenz[a,h]anthracene, 13 benzo[g, A i]perylene, 14 indeno[/,2, 3-c,d]pyrene
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temperatures suggests a change in selectivity for these compounds. One possible explanation
might be that the temperature affects the ordering of the stationary phase and therefore alters
the retention behavior of the column. Once temperature control was set at 25 C the
separation was found to be reproducible. Using the background subtracted intensities of the
spectra (described in Chapter 3), quantification was possible in Urban Dust (SRM 1649a) and
diesel exhaust particulate (SRM 1650a) extracts for each of the priority PAHs except for
naphthalene, acenaphthene, acenaphthylene, fluorene, phenanthrene, anthracene, and
dibenz[a,hlanthracene. Phenanthrene and anthracene could be quantified with a DNBS
cleanup. Anthracene was not detected well using the 266 nm laser to excite molecular
fluorescence. However, the 325 nm laser provided enough sensitivity to allow quantification
in the Urban Dust particulate extracts. Similar results were observed with the extracts from
the Environment Canada diesel exhaust filter extracts. However, the analysis was less
successful with the quantification of larger PAHs such as benzo[g,A,i]perylene and
indeno[/,2,3-c,d]pyrene. This was most likely due to low concentrations of these

components in the samples as well as the presence of interferences.

6.3.4 Analysis of the Priority PAHs using GC-MS

Quantitative methods that use a mass spectrometer as the detector require additional
care during analysis compared to methods that utilize typical spectrophotometric detectors
such as a diode array.  For example, changes in the MS source due to compound deposition
upon the electronic lenses will alter the focus of the ions moving through to the mass

analyzer. In addition, variations in the number of electrons that leave the ionizing filament
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will create differences in the number of molecules of analyte that are ionized. Each of these
variations could have the effect of altering the response factor for the analyte and decreasing
the accuracy of the analysis. For this reason, most quantitative work with a mass
spectrometer involves the use of at least one internal standard. In addition, significant error
can be associated with manual injections onto a capillary GC. In order to characterize the
precision of the GC-MS analysis, a NIST 1647d PAH standard was spiked with the following
deuterated compounds, d,o acenaphthylene, dio phenanthrene, d,; chrysene, and d,. perylene.
Ratios of the areas for each of the deuterated PAHs to the priority PAHs in close proximity
were calculated according to the following relationship, where 1 and 2 represent different

runs,

Ratio = (areal;/area2;)/(arealpan/area2pan) [6-1}

Ratios that have a value close to unity would suggest that biases such as instrument response
and injection volume were accurately corrected using the appropriate internal standard. Table
6.7 shows these ratios for selected PAHSs resulting from two consecutive injections onto the
GC. The internal standard for each PAH was selected by choosing an internal standard that
eluted as close as possible to the analyte. For example, using deuterated chrysene (t,=15.12
min.) and chrysene (t=15.18 min.) provided a good correction(ratio=1.05) due to their similar
retention times. On the other hand, the use of deuterated acenaphthene (t,=8.02 min.) with
chrysene results in much poorer ratios (1.66) that would introduce significant error into the
analysis. Good agreement was achieved as long as the priority PAH was within 2 minutes in

retention to the deuterated internal standard. Outside of this interval poorer correction
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Table 6.7 Calculated correction ratios between multiple injections of the SRM 1649d spiked
with deuterated internal standards.

Compound Peak Area Peak Area Correction Ratio
Run 1 Run 2

Naphthalene 32115 30212 0.95 (with #1)

Phenanthrene 3105 2662 0.99 (with #2)

Pyrene 5357 4473 1.02 (with #2)

Chrysene 614 902 1.05 (with #3)
1.66 (with #1)

Benzo[a]pyrene 791 847 0.96 (with #4)

Benzo[g,A,i]perylene 294 385 0.78 (with #4)

Indeno[/,2, 3-c,d]pyrene 412 578 0.73 (with #4)

#1 dio acenaphthene 863 768

#2 d,o phenanthrene 1084 919

#3 d;2 chrysene 491 507

#4 d,, perylene 269 276

resulted. As the data in this table suggests poor correction was observed for
benzo[g,h,i]perylene (t=21.80 min.), and indeno(/, 2, 3-c,d]pyrene (t=22.20 min.). This was
because the retention time of the closest deuterated compound (d,; perylene t,=19.51 min.)
was eluted too early to permit accurate correction. The addition of deuterated
dibenz{a, hlanthracene was found to solve this difficulty and provide correction for both of

these compounds. This underscores the need for multiple internal standards because the
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variation suggests that the response of the mass spectrometer was variable during the
chromatogram.

As a complementary technique to the reversed-phase, laser-excited fluorescence
analysis of the priority PAHs, capillary GC/MS was investigated. Initial studies; were
performed to test the requirement for a cleanup procedure. Experiments were designed using
the NIST urban dust standard reference material with triplicate analysis of three extractions
using the GC-MS. A portion of each extraction was cleaned using the DNBS column. The
remainder was analyzed directly using the GC-MS in single ion mode. Figure 6.16 shows two
chromatograms of the urban dust, with and without a cleanup. The raw dust sample showed
lower signal intensities but it appeared to be similar in complexity to the cleaned sample with
the exception of several additional peaks between 9 and 13 minutes. However, a comparison
of the NIST certified concentrations of PAHs to the values obtained from the analysis
suggested that the raw sample produced consistently high (>100%) values for phenanthrene,
anthracene, pyrene, and chrysene as indicated by the values in Table 6.8. The erroneous
values most likely resulted from fragment ions (with the correct unit mass) from compounds
co-eluting with the PAH of interest. The Quattro mass spectrometer did not have the
capability to allow more accurate mass detection. The values for the larger PAHs were
similar for the raw sample and the cleaned sample with the exception of chrysene. However,
the baseline noise was reduced for the cleaned sample compared to the raw extract. This
improved the detection limit for the larger PAHs and provided better signals for
quantification. This was particularly important because a lower sensitivity was observed for
these compounds. Similarly, accurate quantification of the NIST SRM 1650a was not

possible without a cleanup of the raw extract on the DNBS column. As a result all samples
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Figure 6.16: GC-MS chromatograms of standard reference material NIST1647d
before and after DNBS separation cleanup. Mass spectrometer operated in SIR
mode. Two microliter injections were performed.

Peak Identification: 1 naphthalene, 2 acenaphthene, 3 acenaphthylene, d;-acenaphthylene,
4 fluorene, 5 phenathrene, d,,-phenathrene, 6 anthracene, 7 fluoranthene,

8 pyrene, 9 benz[a]anthracene, d,-chrysene, chrysene, 10 benzo[b]fluoranthene,
benzo[k]fluoranthene, 11 benzo[a]pyrene,

12 d,,-perylene, 13 d,,-dibenz{a, h]anthracene, 14 dibenz[a, h]anthracene,

benzo[g, A, i]perylene, indeno[/,2, 3-c,d]pyrene
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Table 6.8: Comparison of the values from this work to NIST certified values of the Urban
Dust SRM 1649a using GC-MS. The values in the table result from the direct analysis of the
raw extracts without prior sample cleanup. Dichloromethane was used as the extraction
solvent (PFE 100°C).

Compound DCM NIST1649a
Percent Recovery
Phenanthrene 114
Anthracene 124
Fluoranthene 105
Pyrene 125
Benz(a)anthracence 89
Chrysene 174
Benzo(b&k)fluoranthene 113
Benzo(a)pyrene 93
Dibenz(a, h)anthracence 256
Benzo(g,h,i)perylene 88
Indeno(/,2, 3-c,d)pyrene 91

were subjected to a cleanup separation using the DNBS column before analysis on the GC.
The difficuity observed with the quantification of chrysene was still present after the cleanup
procedure. The problem with chrysene was believed to arise as a result of the co-elution of
this compound with triphenylene. Figure 6.17 shows the standards chrysene and triphenylene
injected separately on the GC. The co-elution of these compounds is evident. Furthermore,

the mass spectrometer was not able to discriminate between these compounds because they
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Figure 6.17: GC-MS chromatograms of chrysene and triphenylene
The mass spectrometer was operated in SIR mode for each run.
The chromatographic conditions are given in Figure 6.16.
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each have the same molar mass. Accurate quantification of chrysene was not possible using
GC-MS. Figure 6.18 shows a GC-MS chromatogram of an Environment Canada diesel
exhaust filter E-175 with a PAH standard mixture as well as saturated hydrocarbon standards.

The chromatogram of the filter sample suggested that many compounds were present on the
particulates. The chromatogram in this figure results from data collection with the mass
spectrometer in scan mode (40:400 amu) that enabled the mass spectrum of each peak to be
analyzed. A comparison of the chromatogram for the saturated standard mixture and the
filter sample suggests the possibility of saturates on the particulates. This is further suggested
with the mass spectra shown in Figure 6.19 for the peak at 20.73 minutes and the standard
spectra of triacontane. The mass spectrum does not provide unambiguous evidence for the
presence of triacontane since the mass spectra of such large saturated compounds are similar
as indicated by the mass spectrum of dodecane. Instead, the general presence of saturated
compounds is suggested. The collection of saturated compounds may result from inefficient
combustion inside the diesel engine. The unburned fuel may escape in the diesel exhaust
where it adsorbs onto particulate matter and is subsequently collected on the filter.

The priority PAHs with masses greater than chrysene were either present at extremely
low levels or below the detection limit in the Environment Canada diesel exhaust filter
extracts. Detection of the larger PAHs may have been made more difficult due to the low
sensitivity for these compounds on the GC-MS system. Table 6.5 listed the detection limits
for the GC-MS separation as well as the reversed phase fluorescence separation. Although

the mass spectrometer was found to have sensitivity comparable to fluorescence detection for
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Figure 6.18: GC-MS separation of environment Canada filter E-175 with
standards. The chromatographic conditions are shown in Figure 6.16.
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Figure 6.19: The mass spectrum from a peak at 20.73 minutes of GC-MS separation
of E-175 filter with mass spectra of triacontane and dodecane. The chromatograms from
which each spectrum originates are shown in Figure 6.18.
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the smaller PAHs, a loss in sensitivity was observed for the larger PAHs.

In real samples, GC-MS was more successful than LC-fluorescence for the
determination of both light and heavy PAHs in the diesel exhaust particulates. LC-
fluorescence was less reliable than GC-MS for the quantification of compounds above
chrysene due to background interferences present in the reversed phase chromatogram even
though detection limits were better than those observed for standard compounds with the GC-
MS. Accurate quantification of chrysene was not possible using the GC-MS due to co-

elution with triphenylene.

6.3.5 Analysis of the Priority PAHs using SFC and Laser Fxcited Fluorescence
Detection.

Chapter 3 discussed the possibility of using the Keystone aminopropyl column as an
SFC separation to analyze and quantify the priority PAHs extracted from diesel exhaust and
air particulate samples. This section will examine the application of this separation to several
real samples. The samples studied were a diesel combustion solids sample provided by
Syncrude Canada and an air particulate sample collected using a high volume sampler and
Environment Canada diesel exhaust particulate. Figures 6.20, Figure 6.21, and Figure 6.22
show the chromatograms that result for each of the samples, respectively. 'The three
chromatograms were presented in this manner to illustrate the differences between samples.

The chromatogram in Figure 6.20 for the Syncrude Canada sample appears to be less
complex than either the air particulate sample or the diesel exhaust filter E-175. The fact that
the chromatograms for E-175 and the Syncrude diesel particulates were dissimilar may reflect

differences in the collection processes for each sample. The Environment Canada filter was
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Figure 6.20: SFC of Syncrude diesel combustion solids separated using the
Keystone aminopropyl column. The compounds were detected using the
laser excited fluorescence detector with the 266 nm laser.

Peak Identification: 1 naphthalene, 2 acenaphthene, 3 acenaphthylene, fluorene,
4 phenanthrene, 5 fluoranthene, 6 pyrene, 7 benz{a]anthracene, 8 chrysene,

9 benz[b]fluoranthene, benzo[k]fluoranthene, 10 benzo[a]pyrene, 11dibenz[a,hA]-
anthracene, 12 indeno[/,2, 3-c,d]pyrene, 13 benzo[g,A,i]perylene
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Figure 6.21: SFC of an air particulate filter separated using the Keystone
aminopropyl column. The compounds were detected using the laser excited
fluorescence detector with the 266 nm laser.

Peak Identification: 1 naphthalene, 2 acenaphthene, 3 acenaphthylene, fluorene,

4 phenanthrene, 5 fluoranthene, 6 pyrene, 7 benz[a]anthracene, 8 chrysene,

9 benzo[b]fluoranthene, benzo[k]fluoranthene, 10 benzo[a]pyrene, 11dibenz{a,h}-
anthracene, 12 indeno[/,2, 3-c,d]pyrene, 13 benzo[g,A,i]perylene
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Figure 6.22: SFC ofan Environment Canada filter E-175 separated
using the Keystone aminopropyl column. Compounds were detected using the
laser excited fluorescence detector with the 266 nm laser.

Peak Identification: 1 naphthalene, 2 acenaphthene, 3 acenaphthylene, fluorene,
4 phenanthrene, 5 fluoranthene, 6 pyrene, 7 benz[a]anthracene, 8 chrysene,

9 benz[b]fluoranthene, benzo[k]fluoranthene, 10 benzo[a]pyrene, 11dibenz[a,h]-
anthracene, 12 indeno([/,2, 3-c,d]pyrene, 13 benzo[g,h,i]perylene
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collected from the exhaust pipe of a bus, stored, and then sent directly for analysis. On the
other hand, the Syncrude particulates were allowed to aggregate for several months and then
scraped from the exhaust pipe. As a result the Environment Canada sample contained a much
greater level of naphthalene, fluorene, phenanthrene and pyrene as well as their corresponding
methyl substituted components. By contrast, the Syncrude particulates displayed an increase
in thé non-substituted PAHs as well as the larger PAHs. The chromatogram of the air
particulates in Figure 6.21 was intermediate between the two diesel exhaust samples.
Quantification of the priority PAHs in both the air and Syncrude diesel particulates was
possible. The Environment Canada diesel exhaust particulate extracts contained elevated
levels of alkylated components that presented additional difficulty. For example, the
concentration calculated for phenanthrene using this method was almost double the
concentration calculated using either the reversed phase C18 separation or the GC-MS
separation for the filter E-175. The difficulty arises due to the lack of resolution of this
stationary phase to separate a methyl-substituted phenanthrene from phenanthrene.
Furthermore, the similarity of the fluorescence spectra for these two compounds would make
spectral resolution difficult particularly when superimposed upon each other.

Smaller collection regions using the DNBS cleanup may allow phenanthrene to be
fractionated from its methyl substituents since the DNBS phase was capable of resolving these
compounds. This may allow the subsequent quantification of phenanthrene using the
aminopropyl SFC separation but provides little benefit compared to the reversed phase
fluorescence analysis on the C18 columns. For example, Figure 6.23 compares the
chromatographic ability of the aminopropyl SFC separation to the reversed phase C18

separation for an air particulate sample collected near a busy intersection. The SFC
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Figure 6.23: Upper chromatogram is of an air particulate sample separated
using a reversed phase C18 column while the lower chromatogram results from
a SFC separation with an aminopropyl column. Both separations used
fluorescence detection with excitation from the 266 nm laser.
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separation displays a poorer ability to resolve all of the priority PAHs compared to the C18
column. In addition, a three-fold decrease in sensitivity was observed with the high-pressure

cell required to withstand the pressures associated with SFC conditions.

6.3.6 Analytical Separation of Aromatic Amines using a reversed Phase C18 Column
and Fluorescence Detection

Two methods were examined for the analysis of nitro-PAHSs present in diesel exhaust
and air particulate samples. The first method used a reversed phase C18 separation whereas
the second method was a SFC separation. The SFC separation will be discussed in the next
section. Since the nitro-PAHs were present at trace concentrations a more sensitive detector
than a typical diode array was required. Primarily, fluorescence detection was used for
aromatic amines.  Nitro-PAHs are weakly fluorescent but the corresponding aromatic
amines fluoresce strongly. The reduction of the nitro-PAHs was done using a column packed
with zinc powder and an acetate buffer set to pH 4.7. Copper(ll) chloride was spiked into
the buffer to increase the reduction efficiency.

Since the reduction column could be placed on-line, two possible scenarios were
available for the analysis, pre- and post-column reduction of the nitro-compounds to the
amines. In the first case, the nitro-PAHs would be reduced to the corresponding amino-PAHSs
and then separatgd as the amines on the C18 column. This required that the mobile phase be
suitably buffered to maintain the proper pH on the column. In the second case, since
reduction would take place post separation then the actual nitro-PAH components would be
separated on the C18 column. Under these circumstances the mobile phase would not be

buffered, therefore, a make-up stream of acetate buffer would need to be added prior to the
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reduction column. It was observed that poor reduction efficiencies occurred when no buffer
was present. Two chromatograms of a nitro-PAH standard mixture are shown in Figure 6.24,
the upper chromatogram results from using pre-column reduction whereas the lower
chromatogram used post-column reduction. The pre-column reduction shows that each of
the six amino-PAHs were resolved. The post-column chromatogram on the other hand, was
not able to resolve all of the compounds. The zinc column when used in conjunction with
post-column reduction caused dramatic losses in chromatographic efficiency. For this reason,
a pre-column reduction was investigated as the primary means to perform this analysis. It
should be mentioned that extended used of the reduction column could also cause losses in
chromatographic resolution. This is due to the consumption of zinc causing void volumes in
the reduction column. This did not present a problem for two reasons, the zinc column was
repacked weekly and low modifier concentrations during the start of the chromatogram pre-
concentrated the amines at the head of the chromatographic column.

Initial studies with pre-column reduction of the nitro-PAHs suggested that by using
high buffer concentrations (90%) at the start of the separation gradient, large injection
volumes could be performed without compromising the separation of the aromatic amines.

In this manner, the large injection volume (5 mL) could be viewed as an on-line pre-
concentration of the sample before analysis. However, the use of high buffer concentrations
produced elevated and variable backgrounds that complicated the analysis of the aromatic
amines. Figure 6.25a shows a blank chromatogram that was representative of the typical
interferences that were observed. The data in this figure suggest that the interference peaks
in the background may have resulted from the buffer solution (100 mM). A less concentrated

buffer (10 mM) was used to investigate the effect of buffer on the production of background
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Figure 6.24: The reversed phase separation of nitro-PAH standards with pre-column
reduction and post column reduction.

Peak Identification: 1 1-aminonaphthalene, 2 2-aminofluorene, 3 2-aminobiphenyl,
4 2-aminoanthracene, 5 2-aminofluoranthene, 6 1-aminopyrene
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Figure 6.25: Upper figures show blanks of the reversed phase separation with (a)

and without reduction buffer (b). Reversed phase separation of nitro PAH standard
mixture using the pre-separation reduction. Two replicate injections of a reduced nitro-
PAHs standard is shown as (c). The 266 nm laser was used to excite

fluorescence. The experiental conditions are given in Figure 6.24.

Peak Identification: 1 2-aminofluorene, 2 9-aminoanthracene, 3 2-amino-
fluoranthene, 4 1-aminopyrene, 5 6-aminochrysene, 6 7-aminobenz[a]-
anthracene, 7 6-aminobenzo[a]pyrene
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peaks.

However, severe peak broadening was observed with the chromatography. It was
believed that due to the lowered buffer capacity the pH could increase above pH 4.7 as the
zinc consumed some of the acid as it was oxidized. Switching the zinc column out of the
eluent stream after reduction restored the chromatographic peak shapes. However, the
number and variability of the background peaks was only slightly reduced. The two
chromatograms for a nitro-PAH standard are shown in Figure 6.25c. These chromatograms
indicate good peak heights but variable retention times.

This method of quantification, a reduction of the analyte, involves the chemical
transformation of the parent compound. The success of many chemical reactions often
depends upon such variables such as temperature and reactant concentration. Initially, such
factors were not considered important since both the standard and the unknown sample were
treated in the same manner, it could be expected that, if there was less than quantitative
reduction of the nitro-PAH to the amine, then the same error would apply to both the
standard and the unknown. This would effectively cancel the resulting error in the calculation
for the nitro-PAHs in the sample. However, since it could be expected that there would be
differences between the concentrations of the nitro-PAHs in both the standard mixture and
the particulate extract, it was decided that the effect of concentration upon the reduction
efficiency should be investigated. In this experiment, the following aromatic amine standards,
1-aminonaphthalene, 2-aminofluorene, 9-aminoanthracene, 2-aminofluoranthene, and 1-
aminopyrene were analyzed for their fluorescence response using concentrations that ranged
between 10 ng/mL to S ug/mL. The corresponding nitro-PAHs were then reduced on-line

and analyzed over a similar concentration range. Quantitative reduction was observed for



214

2.5e+8
—a&— 9-aminoanthracene
@ 9-nitroanthracene reduced on-line to 9-aminoanthracene
2.0e+8 -
g 1.5e+8 A
3
(7]
4
o]
2
w
©
< 1.0e+8 A
O
[t
5.0e+7 -
0.0 T | L { L}
0 1000 2000 3000 4000

Concentration (ng/mL)
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each of the nitro-PAHs. Figure 6.26 shows a calibration curve for 9-aminoanthracene. In this
figure the data points represent various concentrations of 9-nitroanthracene that were reduced
and then analyzed for response. The best agreement with the standard 9-aminoanthracene
occurs when the concentration of 9-nitroanthracene was below 500 ng/mL. As a result, the
nitro-PAHs in the particulate sample were quantitated with nitro-PAH standards as close as
possible in concentration to the unknown sample.

Figure 6.27 shows the separation of a standard mixture of the priority PAHs spiked
with selected nitro-PAH compounds analyzed using pre-column reduction on the reversed
phase C18 column. This chromatogram suggests that the PAHs were well resolved from the
amino-PAHs. As a result, the priority PAHs need not be fractionated from the nitro-PAHSs
as either could be analyzed independently, without interference. On the other hand, polar
compounds were removed prior to analysis because they presented interferences that
prevented detection of the amino-PAHs. It was mentioned earlier that the cleanup separation
was not successful using the silica column. Figure 6.28 shows the separation of a fraction
from the silica column (Syncrude combustion particulates) that would contain the nitro-PAHs
separated on the reversed phase C18 column after pre-separation reduction and again without
reduction. The resulting chromatograms on the C18 column contain multiple peaks that
eluted over a range of retention times that might have corresponded to aromatic amines. The
fact that the compounds fluoresced without reduction suggests that they did not correspond
to nitro-PAHs and were most likely interfering compounds such as methoxy-PAHs. As a
result fractionation or cleanup of this particulate sample using the silica column was not able
to provide quantitative information for the nitro-PAHs. Figure 6.29 shows similar

chromatograms of the Syncrude particulate sample fractionated using the DNBS column.
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Figure 6.27: A reversed phase separation of the amino and priority PAHs on 5 cm C18
Supelco column. Agilent 1100 flucescence detetor (excitation 260 nm) was used
to monitor the eluent. Flow rate 1.0 mL/min.

Peak Identification: 1 1-aminonaphthalene, 2 2-aminofluorene,

3 2-aminobiphenyl, 4 2-aminoanthracene, 5 2-aminofluoranthene,
1-aminopyrene, 6 6-aminochrysene, 7 7-aminobenz{a]anthracene,

8 phenanthrene, 9 fluoranthene, pyrene, 10 benz[a]anthracene,

11 chrysene, 12 benzo[b]fluoranthene, 13 benzo[)fluoranthene,

14 benzo[a]pyrene, 15 dibenz[a,h]anthracene, 16 benzo[g, A,i]perylene,
17 indeno(/, 2, 3-c,d]pyrene
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Figure 6.28: The eversed phase separation of the nitro-PAH fraction from silica column
(Syncrude particulates) using pre-separation reduction and no reduction on the

same sample. The 266 nm laser was used to excite fluorescence.

The experimental conditions are shown in Figure 6.27.

Peak Identification: 1 2-aminofluorene, 2 9-aminoanthracene, 3 2-amino-
fluoranthene, 4 1-aminopyrene, 5 6-aminochrysene, 6 7-aminobenz{a]-
anthracene, 7 6-aminobenzo[a]pyrene



218

12000

10000 -

8000 -

6000 -

4000 -

2000 -

— reduced sample

1-nitropyrene

Y o N

v v L] L] T L] v L)

o 1 2 3 4 5 6 7 8
Time (min)

\J L] L] T v

9 10 11 12 13

14

Total Fluorescence
o

12000

unreduced sample

10000 -

8000 -

6000 -

4000 -

2000 -

Time (min)

8 9 10 11

Figure 6.29: Reversed phase separations of the nitro-PAH fraction resulting from
the separation of Sycrude combustion solids on the DNBS column. The upper
figure used the zinc column reduction and the lower used no reduction.

The experimental conditions are given in Figure 6.27.

Peak Identification: 1 2-aminofluorene, 2 9-aminoanthracene, 3 2-amino-
fluoranthene, 4 1-aminopyrene, 5 6-aminochrysene, 6 7-aminobenz{a]-

anthracene, 7 6-aminobenzofa]pyrene
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The unreduced nitro-PAH fraction produced a chromatogram without peaks. After
reduction, several peaks were present. Many of the earlier peaks were not identified but were
believed to result from background interferences. The presence of 1-nitropyrene was
identified in the Syncrude particulates. Furthermore, the reversed phase chromatograms from
the nitro-PAH fraction on the DNBS column did not contain any of the peaks that were
observed for the silica separation. This suggests that the DNBS column provided a better
separation compared to the silica phase between the nitro-PAHs and other polar compounds.

Figure 6.30 shows the nitro-fraction (from DNBS column) of an Environment Canada
diesel exhaust bus filter (E-170) separated using a reversed phase C18 column with reduction.
This chromatogram displays many additional peaks compared to the Syncrude particulate
sample. Several of these péaks were not identified and believed due to the background from
the reduction procedure and sample matrix. However, 2-aminofluorene, 1-aminopyrene and
6-aminochrysene were identified and quantified in this sample. The laser excited fluorescence
detector was used to identify compounds from this chromatogram. Since spectra of the
amino-PAHs have less fine structure compared to PAHs the spectral resolution of the laser
excited fluorescence array detector was not required. The Agilent 1100 fluorescence detector
was investigated because of its higher sensitivity. In practice, the laser system was still more
beneﬁcial compared to the Agilent detector to distinguish between the amino-PAHs and

background interference peaks.

6.3.7 Analysis of Nitro-PAHSs using SFC and Fluorescence Detection

A second method of analysis for the amino-PAHs was a SFC separation using the
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Figure 6.30: Reversed phase separations of nitro-PAH standard mixture and
nitro region from DNBS column of filter sample E-170 using pre-separation
reduction. The 266 nm laser was used to excite fluorescence. The experimental
conditions are shown in Figure 6.27.

Peak Identification: 1 2-aminofluorene, 2 9-aminoanthracene, 3 2-amino-
fluoranthene, 4 1-aminopyrene, 5 6-aminochrysene, 6 7-aminobenz[a]-
anthracene, 7 6-aminobenzo[a]pyrene
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aminopropyl stationary phase. The on-line pre-separation reduction of the nitro-PAHs used
with the LC separation was a convenient means to introduce the sample on the column for
analysis. Although such an on-line operation was possible using the SFC configuration, there
was concern about the possible precipitation of salts in the restrictor. As a result, an off-line
reduction was performed using the zinc column and apparatus from the LC reduction
procedure. The reduced extract was collected on a Sep-pak® C18 column and eluted with
hexane before injection with the Alcott autosampler.

It was previously shown that the presence of interference or background peaks
observed during the LC analysis of the amino-PAHs presented some concerns. Some of the
interferences were due to the reduction process and some were due to the actual sample
matrix. It was hoped that the SFC analysis would provide a cleaner separation and an
alternate selectivity with the aminopropyl stationary phase. The aromatic amines interacted
strongly with the basic nature of the stationary phase. As a result, separation of the amines
on the aminopropyl column required high modifier concentrations. In addition, the modifier
had to be doped with a basic additive to compete with the active sites on the stationary phase.

Under these conditions, the priority PAHs, as well as some of the more polar material would
tend to elute at earlier retention times than the amino-PAHs. Figure 6.31 shows the
chromatograms of a PAH standard mixture and nitro-PAH standards analyzed on the
aminopropyl column after an off-line reduction. As this chromatogram suggests, the PAHs
were resolved from the amino-PAHs. However, incomplete chromatographic resolution was
observed for 3-aminofluoranthene and 1-aminopyrene. This does not present a problem since
these two compounds are well resolved spectrally at 430 nm and 520 nm. The use of

selective wavelength monitoring allows the accurate quantification of these two ‘compounds.
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Figure 6.31: SFC using the aminopropyl column
to separate standards mixtures of the priority PAHs
and amino-PAHs.

Peak Identification: 1 1-aminonaphthalene, 2 2-aminofluorene, 3 2-amino-
anthracene, 4 2-aminofluorene, 5 1-aminopyrene
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Figure 6.32 illustrates the effectiveness of selective wavelength programming for these
components. As mentioned in section 6.5.1 the spectra of the aromatic amines was somewhat
ill-deﬁned so it was important to determine the variation associated with the retention times
for these compounds on the aminopropyl column as the spectra were less reliable for
identification purposes compared to the priority PAHs. Figure 6.33 shows replicate injections
of a nitro-PAH standard after reduction as well as replicate injections of an aromatic amine
standard. In each case reasonable precision was observed. However, these experiments were
performed with the same batch of modifier. Significant variations in the retention times and
peak resolution were observed between batches of modifier. This most likely results from
small variations in the amount of n-propylamine spiked into the organic modifier acetonitrile.

This was avoided by mixing large batches of modifier solution.

Figure 6.31 showed that the priority PAHs were resolved from the amino-PAHs on
the Keystone aminopropyl column. This was further exemplified with the Environment
Canada diesel exhaust sample B-6. The chromatogram of this sample is shown in Figure
6.34. From this chromatogram, it would appear that the nitro-PAHs were present at lower
concentrations compared to the PAHs in this sample. This is as expected from a typical diesel
particulate sample. The lower two chromatograms in this figure have been scaled to
emphasize the amino-PAHs. As well, selective wavelengths (430 nm and 520 nm) have been
used to resolve the compounds present. There appears to be evidence for 9-aminoanthracene,
3-aminofluoranthene, 1-aminopyrene, and 6-aminochrysene within this sample. Multiple
injections were found to return good instrumental precision with relative peak area errors less
than 7-8 percent. However, what appears most significant with respect to the SFC separation

of the standard amino-PAHs as well as the particulate samples was the absence of the
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Figure 6.32: SFCs of a standard mixture of aromatic amines

separated on the aminopropyl column. Upper chromatogram results from
TOTAL FLUORESCENCE. Lower chromatograms result from fluorescence
emission at 430 nm and 520 nm.

Peak Identification: 1 1-aminonaphthalene, 2 2-aminofluorene, 3 2-amino-
anthracene, 4 2-aminofluorene, 5 1-aminopyrene
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Figure 6.33: Replicate chromatograms of amino-PAHs and nitro-PAHs (reduced)
on SFC aminopropyl column. The exerimental conditions are shown in Figure 6.32.

Peak Identification: 1 1-aminonaphthalene, 2 9-aminoanthracene,
3 3-aminofluoranthene, 1-aminopyrene, 4 6-aminochrysene,
5 7-benz[a]anthracene, 6-aminobenz{a]pyrene
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Figure 6.34: Environment Canada diesel exhaust filter collection B-6 separated
on the aminopropyl column. The upper chromatgram uses total fluorescence.
The center and lower chromatograms use specific emission wavelengths. These
two chromatograms have ben scaled to emphasize the amino-PAHs.

The experimental conditions are given in Figure 6.32.

Peak Identification: 1 9-aminoanthracene, 2 3-aminofluorene, 3 1-aminopyrene,
4 6-aminochrysene
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background and interference peaks that were observed with the LC analysis.

The SFC analysis using the aminopropyl column represented the second dimension
of a two-dimensional chromatographic analysis. The first chromatographic dimension was
the DNBS cleanup separation that removed polar compounds from the sample matrix. This
was required for the reversed phase C18 analysis of the nitro-PAHs. However, if the DNBS
cleanup separation could be removed then the nitro-PAH analysis would be performed with
a single chromatographic dimension. Figure 6.35 shows the chromatogram of an
Environment Canada diesel exhaust sample B-2 separated on the aminopropyl column without
prior sample cleanup. This chromatogram suggests that the Keystone aminopropyl column
operating under SFC conditions was capable of analyzing the aromatic amines directly
without prior sample cleanup. This has important implications with respect to analysis speed,

simplicity, and possible accuracy.

6.3.8 Quantitative Comparison of the Components Identified on the Diesel Exhaust
Particulate Samples and the Air Particulate Samples.

The final section in this chapter compares the relative amounts of target compounds
found on several of Environment Canada’s diesel exhaust filter samples and air particulate
samples that were collected in-house. Each of these samples wase characterized for the levels
of priority PAHs and selected nitro-PAHs. Several analytical methodologies were examined
earlier in this chapter to accomplish this task. Phenanthrene, anthracene, fluoranthene,
pyrene, benz{a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene,

benzo[g,A,i]perylene, and indeno[1, 2, 3-c,d]pyrene were quantified using GC/MS. Reversed
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Figure 6.35: SFC separations of Environment Canada’s diesel exhaust filter B-2 after off-
line reduction process. Separation was achieved using aminopropyl column with the
chromatographic conditions shown in Figure 6.32. The lower chromatogram has been
scaled to emphasize the amino-PAHs. Sample was not treated with a cleanup prior to
analysis.

Peak Identification: 1 3-aminofluoranthene 2 1-aminopyrene 3 6-aminochrysene
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phase LC coupled with laser excited fluorescence detection was used to quantify chrysene.
The most favorable analysis for the nitro compounds was found to result from the use of a
SFC separation and the aminopropyl column. Initially, it was hoped that tiie level of alkylated
PAHs could be estimated. In practice, this proved more difficult that expected. Two
problems were observed. First, the GC chromatograms of the diesel particulate samples were
complex and the co-elution of interference peaks was observed. Second, the lack of adequate
standards made it impossible to identify structural isomers between different aromatic
compounds. For example, there was no way to distinguish between a dimethylfluoranthene
and a dimethylpyrene species. Since such alkylated standards were not available at the time
of this experiment, the quantification of alkylated PAHs was not performed.

The levels of targeted compounds found on both the air filter collections as well as
the diesel exhaust filter collection from the Ottawa transit buses are summarized in Table 6.9.
Unfortunately very little was known about the actual collection and sampling process of the
Environment Canada samples as this information was not provided when the filters were
delivered. This makes it difficult to draw any comparisons with respect to the different
filters. In fact, the only way to report the levels of target compounds was in terms of mass
of PAH per filter paper. This was because the mass of the particulates on each filter was not
known. This is contrary to the accepted convention to report concentration in terms of mass
of PAH per gram of particulate or volume of air sampled. It should be mentioned at this point
the values reported for naphthalene, acenaphthylene, acenaphthene, and fluorene are most
likely low. As it was discussed earlier such volatile compounds were subject to losses during
rotary evaporation. In fact, NIST does not provide certification for these samples in their

SRM 1650a (diesel pzirticulates) and 1649d (urban dust). The values reported in Table 6.9



230

Table 6.9: Summary of the levels of compounds quantified on the Environment Canada diesel

exhaust filters and the in-house collections of air particulate samples.

Compound E170 | E155 |B2 | B4 | E177 | E175 | B6 | Airl | Air2 | Air3
Naphthalene 98 34 51 | 31 69 89 54 | NA | NA | NA
Acenaphthene 27 106 | 44 | 40 34 24 16 | NA | NA | NA
Acenaphthylene 14 4 7 2 1 1 1 | NA[NA| NA
Fluorene 54 28 36 | 114 143 126 | 153 | 14 | L1 | 18
Phenénthrene 663 | 566 | 635 | 587 | 535 188 [ 755 33 | 1.1 | 18
Anthracene 100 40 97 | 58 62 12 69 | NA | NA | NA
Fluoranthene 745 | 302 | 255258 | 270 | 215 [273 | 52 | 50 | 1.0
Pyrene 1089 | 442 | 295|329 312 | 251 | 348 | 27 | 28 | .68
Benz(a)anthracene 122 40 39 | 34 4 29 89 | .11 | 02 | .03
Chrysene 222 62 59 | 46 29 8 75 | (11 | 07 | .14
Benzo[bd&k]fluoranthene 264 74 62 | 74 | 145 0 150 .13 | 08 | .14
Benzo[a]pyrene 55 16 7 17 21 2 22 | 06 | 03 | .05
Dibenz[a,A)anthracene 0 0 0 | 20 0 9 0 0 0

Benzo[g,h,i]perylene 67 18 13 | 27 7 10 | 05 | .05 | .07
Indeno[/,2, 3-c,d]pyrene 96 24 12 | 29 0 23 | 04 | 04 | 04
nitrofluorene 6 NA | NA | NA
nitroanthracene 0.5 2 2 | NA [ NA | NA
nitrofluoanthene 0 0 Il | NA | NA | NA
nitropyrene 2 1 22 | NA | NA | NA
nitrochrysene 10 8 32 | NA| NA | NA
nitrobenzo[a]pyrene 1 0 8 | NA| NA | NA

NA not available or not done

All diesel particulate values in ng/filter; All air particulate values in ng/m’

Airl, Air2, Air3, refer to in-house sample collection performed on 10/26/2001,10/27/2001,
and 10/28/2001 respectively
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these four compounds were estimates.

A survey of the data collected for each of the Environment Canada filters suggests
that there were a number of similarities that exist between filters as far as the priority PAHs
are concerned. For example, the level of phenanthrene found on each of the filters was
relatively consistent except for the filter E-175. Similarly, the levels of pyrene and
fluoranthene were found to be consistent except for the filter E-170. These outliers are
difficult to explain without knowing the complete circumstances of sample collection.

Three of the Environment Canada diesel exhaust filter samples were analyzed for the
levels of nitro compounds present on the filters. Evidence for six nitro-PAHs was confirmed.
For the most part, the levels of these compounds were much lower than the levels of priority
PAH:s such as phenanthrene and pyrene. The levels of nitro-PAHSs on different diesel exhaust
filters appeared to be much more variable than the corresponding priority PAHs. For
instance, a comparison of the amount of 1-nitropyrene on filters E-177 and B-6 indicates that
the filter B-6 contained ten times the level as that reported on E-177 even though B-6
contained only a slightly elevated level of pyrene compared to the filter E-177. Similarly,
chrysene was present at roughly the same concentration for each of these filters and again,
the B-6 filter showed a threefold increase in the relative amounts of 6-nitrochrysene between
the filters. Althc;ugh the experimental sampling parameters were unknown, one may be able
to surmise that these observations may be indicative of changing engine conditions such as
opérating temperature resulting in the observed differences in PAH nitration.

The three air particulate samples included in Table 6.9 result from collection with a
high volume sampler located 500 m from a busy intersection at a residential location. These

samples were analyzed for the priority PAHSs using reversed phase LC coupled with laser
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excited fluorescence detection. These samples were collected as part of a parallel study to
monitor air quality in Nova Scotia. Airl, Air2, and Air3 in this table are air collections
performed on three sequential days. Initial inspection of the data for these samples suggests
that the levels of the priority PAHs remains relatively consistent over these three days. A
more interesting comparison may be drawn between the air samples and the diesel exhaust
particulate samples. The data from Table 6.9 are shown graphically in Figure 6.36, including
the PAH concentrations calculated from the NIST SRM 1650a and 1649d. The values
reported in this figure represent the fraction of a particular PAH with respect to the entire
mass of PAHs present in the sample. This allows the relative distribution of the priority PAHs
to be examined for each type of sample regardless of the manner in which the concentrations
of the priority PAHs were reported. A comparison of the samples in Figure 6.36 provides
some rather interesting observations. The SRM 1649a that corresponds to a typical urban
dust sample seems to show a shift in the distribution of the priority PAHs compared to the
other three samples. Specifically, the urban dust contains a much larger percentage of high
molecular weight priority PAHs such as benzo[g, /,i]perylene compared to smaller PAHs such
as phenanthrene. In fact the relative distributions of the priority PAHs for the E-177 sample
and the Air2 sample appear to follow a similar distribution observed with the SRM 1650a that
is supposed to be representative of a diesel exhaust particulate sample. In this case a much
higher distribution of low molecular weight PAHs was favored over the larger PAHs. The
similarity of the distribution patterns for the Environment Canada sample to the NIST diesel
exhaust standard reference material was understandable as they both were collected from the

exhausts of diesel engines. The fact that the distribution of an air particulate sample bears
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Figure 6.36: The relative distribution of PAHs in the Environment Canada diesel exhaust
E-177, the air particulate sample collected on 10/27-28/2001, and the two standard
reference materials, 1649d and 1650a.
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such a similarity to that of a diesel exhaust sample is at first quite perplexing, particularly
since there were no diesel engines operated within the vicinity of the air sampler. One
possible explanation may be that the observed distribution of the priority PAHSs contained
within the air filter sample results from emissions of home heating devices such as domestic
furnaces. In general, these devices burn either furnace or stove oil. This oil is quite close in
composition to diesel fuel resulting in a similarity in the resulting emission products between
diesel engines and domestic heating furnaces.

In closing, it should be mentioned that the sample composition determined the
complexity of the analytical procedures required. For example, the air particulate samples
could be quantified using standard reversed phase chromatography and fluorescence detection
without a prior cleanup separation. In fact, pressurized fluid extraction was found to offer
no benefits compared to sonication with acetonitrile. Under these circumstances the air
particulate samples were both easier and faster to analyze. The Environment Canada filters
required a much more complex methodology to obtain accurate quantitative information.
Much of the increased complexity of these samples was believed to result from the presence
of raw or un-combusted fuel condensing on the particulate matter. As a result, the
Environment Canada diesel exhaust filters as well as the SRM 1650a were the more taxing

samples to analyze compared to either the air particulates or the SRM 1649a.



Chapter 7 Conclusions

The first phase of this research was concerned with the development of qualitative
methods for the determination of PAHs in light gas oils. A DNBS column was used to
fractionate a light gas oil that had been subjected to a hydrotreating process at Sycrude
Canada. Eight fractions were collected in total for off-line characterization with two-
dimensional and three-dimensional chromatography. Additional dimensionality was
added through selective detection. Two-dimensional LC(DNBS)-GC/MS provided a
means to identify the aromatic class through the use of UV and fluorescence detection
(LC-DNBS) and characterize the amount of aliphatic substitution (GC-MS). The oil
MB13B was found to contain benzenes, naphthalenes, biphenyls, fluorenes,
phenanthrenes, and pyrenes. The analysis of the fractions containing the larger aromatic
classes (fluorenes to pyrenes, fractions 4-8) was more reliable than the earlier fractions.
This was because of the large number of unresolved compounds observed in the LC-
DNBS and GC-MS separations of fractions 1 to 3. Also, higher levels of alkyl
substitution with the earlier fractions made the compounds more prone to fragmentation
in the mass spectrometer. As a result, compound identification remained tentative for
these fractions and were reported solely in terms of double bond equivalents.

The goal of the first chromatographic dimension was to separate the oil by
aromatic class or ring number. The DNBS column was found to offer the best
fractionation compared to other stationary phases examined in this research. The DNBS
separation was still prone to overlap between aromatic classes when these were
substituted with alkyl groups. This was most evident with the larger classes (3 and 4

aromatic rings). Two-dimensional studies involving LC(DNBS)-SFC(DNBS) suggested
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that an improvement with class separation was observed when the DNBS column was
operated under SFC conditions.

Three-dimensional LC(DNBS)-RP(monomeric C18)-(polymeric C18 or NP-
TCP)) was investigated as an alternative to the two-dimensional procedures. Although,
each of the LC separations was observed to have low peak capacity when compared to
capillary GC, the combination of three LC separations showed a peak capacity to
comparable to GC. The geometric selectivity of the Vydac and TCP columns provided
structural information that aided with a tentative assignment of substitution patterns on
several phenanthrene species.

Evidence was observed for a series of PAHs with aliphatic rings attached for
pyrene and phenanthrene. A logical source for fhese compounds was from the
hydrotreating process. Since crude feed products contain much larger aromatic classes
(ie. chrysene, benzo[g,A,i]perylene), it stands to reason that the reduction of a single
aromatic ring on chrysene could produce a phenanthrene species. The presence of
aromatic compounds (phenanthrene and pyrene) with an aliphatic ring attached may
indicate relative inefficiencies with respect to the processing parameters involved with
the hydrotreating process. Additional oils were investigated that resulted from a variation
in temperature control during hydrotreating. The levels of phenanthrenes and pyrenes
observed in the product were dependent upon the temperature at which the hydrotreating
was performed.

The second phase of this research was concerned with the development of
quantitative methods for the analysis of priority PAHs and nitro-PAHs in diesel exhaust

and air particulate samples. A PFE extraction procedure using dichloromethane was
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found to provide quantitative extraction from a NIST SRM 1650a (diesel particulates)
and 1649d (urban dust).

Sample cleanup was required to remove polar material before analysis for the
priority PAHs. This was accomplished with a DNBS column. This column provided a
better separation between polar compounds resulting in lower background during
analysis. Three separations were investigated for the quantification of the priority PAHs,
a reversed phase LC-fluorescence, SFC(aminopropyl)-fluorescence, and a GC-MS. The
SFC method had the least resolution and highest detection limits of the three methods.
GC-MS was found to provide the best data. All of the priority PAHs except for
naphthalene, acenaphthene, acenaphthylene, fluorene, chrysene, and were analyzed with
this method. The smaller priority PAHs (naphthalene-fluorene) were not quantified
because NIST did not provide certification for these compounds in the standard reference
materia_ls. Chrysene had to be quantified with the LC-fluorescence separation due to co-
elution with triphenylene in the GC separation. Although the detection limits of the
larger PAHs (benzo[b]fluoranthene-indeno[/,2,3-c,d]pyrene) were higher for GC-MS
when compared to LC-fluorescence for standards, background interferences with real
samples made the LC separation less useful for these compounds.

Two methods were investigated for the analysis of nitro-PAHs. The first was a
SFC separation that required off-line reduction to the amine for fluorescence detection.
The second was a in-line RP-LC separation with fluorescence detection. The detection
limits were higher (~3 times) for the SFC method due to the design of the high-pressure
flow cell. The LC method had higher backgrounds and more interference peaks that

made quantification more difficult. The SFC method was used to quantify 2-
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nitrofluorene, 9-nitroanthracene 3-nitrofluoranthene, 1-nitropyrene, and 6-nitrochrysene
in several of the diesel exhaust filters.

Several exhaust filters were characterized for priority PAHs and nitro-PAHs.
Differences in the absolute levels of PAHs and nitro-PAHSs but similarity in the relative
distribution of PAHs was observed between filters. The difference may be due to
collection artifacts or may be engine related. Since the filters were supplied by an
external agency (no experimental conditions) it is difficult to speculate on an exact cause
of the differences. However, the general distribution of the priority PAHs on the diesel
exhaust filter was very different from that of a typical urban dust sample. The urban dust
contained a much greater percentage of large PAHs while the diesel particulates showed
evidence of larger concentration of smaller aromatics (below pyrene). These differences

may allow the fingerprinting of emissions to indicate the sources of diesel fuels.
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