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Hydrocarbon Analysis

James C. Fitch' and Mark Barnes'?

THE AIM OF THIS CHAPTER IS TO BRIEFLY PRESENT SIX ANALYTICAL
METHODS for characterizing hydrocarbon compounds found
in fuels and lubricants. The methods presented are NMR
spectrometry, gas chromatography, liquid chromatography,
ultraviolet spectroscopy, mass spectrometry, and infrared
spectroscopy. The analysis of hydrocarbons deploying these
methods is well-founded in scientific laboratories and is the
basis of numerous ASTM standards.

Because of the large body of published work on these
methods, it is not the intention of the authors to attempt
complete coverage of all methods, but rather to provide an
overview of their use in the analysis of fuels and lubricants.
Following each section are summaries specific to ASTM D 02
standards where the analytical method is deployed in the ar-
eas of fuels and lubricants.

NUCLEAR MAGNETIC RESONANCE (NMR)
SPECTROSCOPY

Introduction

Nuclear magnetic resonance (NMR) spectroscopy is one of
the most widely used analytical tools in chemical analysis.
Just like infrared (IR) and ultraviolet (UV) spectroscopy,
NMR is a form of absorption spectrometry, whereby the
amount of absorbed electromagnetic radiation at a given fre-
quency can be related to the concentration of certain chemi-
cal species that absorb at that frequency. However, unlike IR
spectroscopy, which looks at functional groups within a
molecule, or UV spectroscopy, which looks at the molecule as
a whole, NMR is used to determine the concentration of spe-
cific atoms within a sample.

It is not the mandate of this chapter to provide a detailed
quantum physical explanation of NMR or any other analyti-
cal method described herein. However, the basic theory be-
hind NMR spectroscopy will be outlined in this section, so
that the reader can obtain an understanding of NMR and
how it can be applied to the analysis of large hydrocarbon
molecules typically found in fuels and lubricants.
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Basic Principles of NMR Spectrometry

Absorption spectrometry works because applied electromag-
netic radiation of an appropriate frequency induces a transi-
tion from one (lower) energy level to another (higher) energy
level within the molecule, causing the radiation to be ab-
sorbed by the sample. In IR and UV spectrometry, these en-
ergy levels are the vibrational and electronic energy levels of
the molecule, whereas in NMR the energy levels are associ-
ated with the nuclear spin of the nuclei that make up the
molecule. For the purpose of detailing how NMR works, we
will focus on the most commonly studied nucleus, the hydro-
gen nucleus 'H, which has a nuclear spin of .

A nucleus such as 'H with a spin of 4 possesses two nuclear
spin states, +% and —%. Under normal circumstances, these
spin states have the same energy and are said to be degener-
ate. However, in the presence of a strong magnetic field (typ-
ically 2.33 tesla (T) for the 'H nucleus), the two nuclear spin
states split into two energy levels, their separation being pro-
portional to the applied magnetic field as shown in Fig. 1 [1].

Applying a source of electromagnetic radiation and slowly
scanning the frequency can induce absorption when the ra-
diation frequency matches or is in resonance with the energy
separation of the two nuclear spin states under the applied
magnetic field. The frequency of radiation that must be ap-
plied to induce such a transition is typically in the radio fre-
quency (rf) range. For a 'H nucleus under an applied mag-
netic field of 2.33 T, the resonance frequency is around 100
MHz [2]. For practical reasons, NMR spectrometers usually
work in the opposite sense, with a fixed electromagnetic ra-
diation frequency (commonly 100 MHz for "H NMR) and a
scanning magnetic field [3]. However, the same principle ap-
plies: the magnetic field is scanned until the energy separa-
tion of nuclear spin states induced by the field comes into res-
onance with the applied electromagnetic radiation.

In reality, the magnetic field that must be applied to bring
a nuclear spin transition into resonance with the applied
electromagnetic radiation varies slightly with the chemical
environment of the nuclei in question. This phenomenon is
known as shielding and can be attributed to the effects of the
electrons surrounding a particular nucleus, shielding the nu-
cleus from the effects of the magnetic field [2]. Because the
electron density surrounding a particular nucleus is directly
related to the chemical structure of the molecule, the electron
distribution within the molecule gives rise to shielding ef-
fects, which are typically called the chemical shift, which can
be used to differentiate between the same nuclei (for example
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'H) in different chemical environments. Take for example the
molecule toluene:

H
H . € . H
H H
H H
H

Toluene has two types of protons, either as part of the
methyl group, or attached to an aromatic carbon. Because
the shielding experienced by these two different types of pro-
tons will depend on both electron density and ring current ef-
fects, the resonance frequency for interaction with the ap-
plied feld will be different. The NMR spectrum for toluene

M Field of
Strength

Magnetic

will thus be split into two groupings, one associated with the
methyl hydrogen nuclei, the second with the aromatic hy-
drogen nuclei. The relative intensities of the absorption peaks
for the two groups will be in the ratio 3:5 corresponding to
the relative ratios of the nuclei in the two environments, The
'"H NMR spectrum for toluene is shown in Fig. 2 [4].

The chemical shifts reported in NMR spectrometry are
usually expressed as the parts-per-million (ppm) shift from
the resonance frequency of a reference standard, usually
tetramethylsilane (TMS). The chemical shift can be calcu-
lated using the following formula [5]:

Chemical shift (m ppm) = (RFS_RFTMS)/RFTMS X 10°

Where RFs is the resonance frequency of the sample and
RFzys is the resonance frequency of the TMS reference.
Some typical chemical shifts for 'H in hydrocarbon
molecules are shown in Table 1 [5].

The key to using NMR spectrometry in the analysis of hy-
drocarbon molecules is to recognize the chemical shifts ob-
served in the NMR spectra and relate the relative concentra-
tions of nuclei in these different environments to help
elucidate the bulk properties of a hydrocarbon sample, for
example the concentration of aromatic molecules in a hydro-
carbon oil.

13C NMR Spectrometry

NMR spectrometry is not limited to just hydrogen nuclei. In
fact, any nucleus with an odd sum of protons and neutrons
will possess a magnetic moment and can thus be analyzed us-
ing NMR. Aside from 'H, the second most commonly studied
nucleus is *C, which like 'H has a nuclear spin of %. Carbon
exists in two naturally occurring isotopes '*C and '3C, with
relative natural abundances of 98.9% and 1.1%, respectively.
Although '*C has an even sum of protons and neutrons and
thus does not possess a magnetic moment, with sufficient ex-

TABLE 1—Typical chemical shifts for 'H nuclei in

hydrocarbon molecules.
~ 'H Nucleus Environment Chemical Shift/ppm
'CH; and CH; H atoms far from 0.5-2.0
aromatic rings ,
‘CHzandGHzHatDmsmthea 2.0-4.0
position relative to an aromatic rings
H atoms in manecydiu aromatic rings 6.0-7.2

7.2-9.0




TABLE 2—Typical chemical shifts for '*C nuclei in
hydrocarbon molecules.

3C Nucleus Environment Chemical Shift/ppm

Aliphatic and naphthenic carbon atoms 10.0-60.0

Carbon atoms in terminal CHj groups 14.1

Carbon atoms in CH; groups in the middle 29.2
of a chain

Carbon atoms in aromatic rings 110-160

perimental resolution, the NMR spectrum of samples con-
taining '*C nuclei in natural abundance can be recorded and
analyzed, in much the same way as '"H NMR spectra can be
analyzed to determine key structural properties of the
molecules that comprise the bulk sample.

Just like '"H NMR, the resonant frequency of the '*C nuclei
are influenced by the chemical environment in which they
are surrounded and again, chemical shifts can be calculated
in ppm relative to a calibration standard such as TMS using
the same formula used to calculate 'H chemical shifts. Chem-
ical shifts for '*C nuclei tend to be somewhat larger than 'H
shifts in hydrocarbon molecules. Some typical chemical
shifts for !*C nuclei in hydrocarbon molecules are shown in
Table 2 [5].

Because the natural abundance of '*C is so low, the exper-
imental measurement of *C NMR spectra is slightly more
difficult than *H NMR spectra because the spectra tend to be
much weaker. To overcome this difficulty, the spectra are
recorded not by scanning the frequency as for 'H NMR (a
technique often called continuous wave or CW) but by puls-
ing a series of short pulses of broad band radiation (of the or-
der of 0.5-50 us) and monitoring the free induction decay of
the signal from the '*C nuclei. This time domain single is
then converted into the frequency domain using Fourier
Transformation [2]. This, coupled with other techniques too
advanced to discuss here, have made the recording and in-
terpretation of *C NMR spectra commonplace [5].

The Use of 'H and '*C NMR in the Analysis of
Hydrocarbons

Because 'H and '3C are the two nuclei most commonly ana-
lyzed by NMR spectrometry, it stands to reason that NMR
has proven useful in hydrocarbon analysis. There are two
main areas where NMR has been used for hydrocarbon fuel
and lubricant analysis, specifically the identification of hy-
drogen content in aviation fuels (ASTM D 3701) and
petroleum distillates (ASTM D 4808), and in determining the
aromatic hydrogen and aromatic carbon content using 'H
and '*C NMR spectrometry (ASTM D 5292).

The determination of hydrogen content is an important
property of a fuel or lubricant because it is closely related to
key performance characteristics and can be used as a mea-
sure of quality control both during and after production.
Both test methods (ASTM D 3701 and ASTM 4808) work by
taking the ratio of the total integrated hydrogen signal from
the sample NMR spectrum to a known n-dodecane standard
run on the same NMR instrument. In each case, the total hy-
drogen content by mass (H%) is then calculated using the
formula,

H(%) = SIR X (Wg/Ws) X 15.39
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where S is the total integrated hydrogen signal from the sam-
ple, R is the integrated signal from the n-dodecane reference,
Wx is the weight of n-dodecane used, W is the weight of sam-
ple used, and 15.39 simply reflects the percentage by mass of
hydrogen in the n-dodecane reference standard. The accu-
racy of this test method is around 0.2-0.4% for a typical hy-
drogen content of 14% [5]. Other variations on this method
have also been used, which involve pulsed FT NMR, which
are capable of errors as low as 0.05% [6, 7].

Hydrocarbon oils made by the refining of crude petroleum
are generally classified paraffinic or naphthenic depending
on the predominant class of hydrocarbon compounds found
in the oil [8]. Despite this, most oils of this type contain a sig-
nificant proportion of aromatic hydrocarbons. The aromatic
content of an oil can affect a number of physical and chemi-
cal properties such as boiling range, viscosity, stability, and
compatibility. For this reason, it is important to be able to de-
termine to amount of aromatic hydrocarbon content in a hy-
drocarbon oil [9].

One way of characterizing the aromatic content is to count
the number of aromatic carbon and hydrogen atoms in a
bulk sample. Because NMR is capable of separating signals
from different atoms within molecules based on their chem-
ical structure and environment using the concept of chemical
shifts, NMR is a natural for this type of determination: this is
the basis behind ASTM D 5292. In this case, the test method
is even simpler than measuring total hydrogen content. The
sample is analyzed using pulsed FT NMR and the total aro-
matic 'H and 3C content determined by taking the ratio of
the aromatic carbon or hydrogen nuclei integrated signal to
the corresponding aliphatic signal. For the purpose of as-
signing 'H nuclear environments, peaks in the chemical shift
range —0.5 to 5.0 ppm are considered aliphatic hydrogen,
while those in the 5.0-10.0 ppm range are considered aro-
matic. A typical NMR spectrum of this kind is shown in Fig.
3. For '*C NMR, peaks in the —10 to 70 ppm range are con-
sidered aliphatic, while those in the 100-170 ppm range are
considered aromatic carbons [9].

The biggest drawback with NMR is the expense of pur-
chasing and running an NMR instrument. However, in cir-
cumstances where the determination of the relative propor-
tions of various constituents of a bulk sample in different
chemical environments at high precision are required, NMR
offers a quick simple means of obtaining quick, accurate
data. For this reason, the use of NMR as a tool for hydrocar-
bon analysis will continue to grow.

ASTM Petroleum Products and Lubricants NMR
Test Standards Under Subcommittee D 02.04

Aromatics in Hydrocarbon Oils by High Resolution
Nuclear Magnetic Resonance (HR-NMR)

(ASTM D 5292)

This method is applicable to a wide range of hydrocarbon oils
that are completely soluble in chloroform and carbon tetra-
chloride at ambient temperature. The data obtained by this
method can be used to evaluate changes in aromatic contents
of hydrocarbon oils due to process changes. Hydrogen ('H)
NMR spectra are obtained on sample solutions in chloro-
form-d using a continuous wave or pulsed FT high resolution
NMR spectrometer. Carbon ('*C) NMR spectra are obtained
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FIG. 3—'H NMR spectrum of gas oil showing the aliphatic
(—0.5 to 5.0 ppm) and aromatic (5.0 to 10.0 ppm) hydrogen
peaks. Reprinted from ASTM D 5292-93.

on the sample solution in chloroform-d using a pulsed FT
high resolution NMR.

GAS CHROMATOGRAPHY (GC)

Introduction

GC is one of the most widely used analytical tools in the eval-
uation of petroleum products, as witnessed by the number of
relevant standards summarized at the end of this section that
use GC. Its principal value lies in the fact that the technique
can be used to separate complex mixtures of different
molecules or groups of molecules based on their physical
properties, which is precisely why it is such a valuable
method for fuel and lubricant analysis.

Because GC involves first getting the sample into the gas
phase, it is used in the analysis of the more volatile compo-
nents of fuels and lubricants. Less volatile fractions are typi-
cally analyzed using the related technique of Liquid Chro-
matography, which will be discussed in the following section.
GC is also used to simplify several spectrometric techniques
such as Mass Spectrometry (MS) and Fourier Transform In-
frared Spectroscopy (FTIR) by first separating the sample
into different molecular component types. The use of GC in
GC-MS and GC-FTIR is covered under the relevant spectro-
scopic technique. The direct application of Gas Chromatog-
raphy (GC) to the evaluation and analysis of hydrocarbons
will be discussed in this section.

Gas Chromatography

Gas Chromatography can be subdivided into two categories,
gas-liquid chromatography and gas-solid chromatography
[10]. In each case, the technique involves the separation of
mﬁm m;ﬂeusingastauamayphme ei-

bon analysis rely on gas-liquid chromatography, we will fo-
cus exclusively on this method, although the same basic prin-
cipals apply to both methods.

In gas-liquid chromatography, it is the interaction between
the gaseous sample being carried through the column by
means of an inert gas (the mobile phase) and a standard lig-
uid (the stationary phase), which causes the separation of dif-
ferent molecular constituents. The stationary phase is either
a polar or nonpolar liquid, which either coats the inside of
the column, in the case of a capillary column, or is impreg-
nated onto an inert solid, which is then packed into the GC
column [11]. A schematic layout of a GC instrument is shown
in Fig. 4. The basic components are an inert carrier gas, most
commonly helium, nitrogen or hydrogen, a GC column,
which will be described below, held inside an oven that al-
lows for precise temperature control, and some type of de-
tector capable of detecting the sample as it elutes from the
column,

Gas-liquid GC works because the molecules in the samples
are carried along the column in the carrier gas and partition
between the gas phase and the liquid phase. Because this par-
titioning is critically dependent on the solubility of the sam-
ple in the liquid phase, different molecular species travel
along the column and exit or elute at different times. Those
molecules that have a greater solubility in the liquid phase
take a longer time to elute and thus are measured at a longer
time interval. Because solubility is dependent on the physical
and chemical properties of the solute, separation between
different components of the sample occurs based on molecu-
lar properties such as relative polarity (for example, oxy-
genated molecules, aromatics and nonaromatics) and boiling
point. A typical gas chromatogram is shown in Fig. 5.

In order to create this separation, a number of different
liquid phase materials are used that can be broadly classified
as either polar or nonpolar. For hydrocarbon analysis the two
most commonly used liquid phase materials are TCEP (1,2,3-
tris(2-cyanoyethoxy)propane) for polar columns, and methyl
silicone for nonpolar columns, although a multitude of dif-
ferent polar and nonpolar columns suitable for hydrocarbon
analysis are commercially available. In general, polar
columns are used to separate aromatics from nonaromatics,
while nonpolar columns are used to separate hydrocarbon
components by their boiling point.

There are two basic ways in which GCs are used for hydro-
carbon analysis, either to separate different components of
the sample based on their differing chemical characteristics
(for example, aromatics versus nonaromatics), or to separate
different chemically similar fractions based on their boiling
point. To separate molecules based on their chemical prop-
erties, a GC is run in the method described above, with a po-
lar column used to provide longer retention times for com-
pounds such as aromatics relative to paraffins and olefins.
For accuracy, it is vital that the oven temperature in which
the GC column is housed is precisely controlled. This method
is called isothermal GC analysis [10].

GCs can also be used in another mode called temperature
programming. In temperature programming, the oven tem-
perature is slowly swept from an initially low temperature
(30°C) to a much higher temperature (typically 350-400°C) at
a camﬁ-tlly controlled rate [12]. The effect is to cause an in-
creased separation of chemically similar species based on
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FIG. 4—GC instrument with a thermal detector.

their boiling point; those low boiling fractions eluting at a
faster rate than fractions with higher boiling points. Temper-
ature programming is used in hydrocarbon GC analysis to
determine boiling point ranges for various crude and refined
petroleum fractions.

Whether isothermal or temperature programmed GC anal-
ysis is used, a detector capable of measuring molecules as
they elute is required. For hydrocarbon analysis, the two
most common types of detectors are flame ionization and
thermal conductivity [13]. In flame ionization type detectors,
the column effluent is mixed with hydrogen and air and ig-
nited. This flame burns any organic material (such as hydro-
carbons) when they elute from the column producing, among
other things, ions and electrons. This increase in charged
particle concentration causes an increase in current between
the tip of the burner, which is held at a high electrical poten-
tial, and a collector electrode above the flame. It is this in-
creased current that is used to measure the elution of sample
molecules from the column. An illustration of a flame ion-
ization type detector is shown in Fig. 6.

Thermal conductivity detectors contain a tungsten fila-
ment that is heated using a constant current [10]. The elution
of pure carrier gas (helium) has a cooling effect on the fila-
ment, which controls the temperature and hence the resis-
tance of the filament to the applied constant current. As hy-
drocarbon molecules elute, they have less of a cooling effect
than the carrier gas, resulting in an increased temperature.
Sample molecule elution is determined based on a change in
resistant of the filament, commonly measured using a
Wheatstone bridge electrical circuit [10].

For specialized applications where element specific detec-
tion is required (for example, the determination of sulfur
content in light petroleum liquids by GC (ASTM D 5623)),
other detection systems are used such as atomic emission
(AED) and chemi-luminescence. These will not be covered in
detail in this chapter.

The Use of GC in Hydrocarbon Analysis

The use of GC in the analysis of petroleum products falls into
three general categories: the evaluation of the relative con-
centrations of different types of molecules (for example, aro-
matics, olefins, naphthenes etc.), the determination of boil-
ing point ranges and carbon numbers in fuel and lubricants
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FIG. 5—Gas chromatogram of C? to C® species in gasoline.
Reprinted from ASTM D 2427.
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using temperature programming, and the detection of cer-
tain contaminants such as diesel fuel or ethylene glycol in en-
gine oil or oxygenated additives such as MTBE.

The determination of the aromatic content of hydrocarbon
fuels is an important application of GC because benzene,
toluene, and other aromatics pose a serious health threat and
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is carefully regulated in gasolines and other petroleum prod-
ucts. There are a number of test methods that use GC for this
purpose, all of which follow the same basic principle (see
ASTM D 3606, D 4420, and D 5580). In each case, a sample
containing an internal calibration standard is injected into a
GC instrument equipped with two columns, one containing a
nonpolar liquid phase such as methyl silicone, the second us-
ing a polar liquid phase such as TCEP. The polar liquid phase
separates aromatics and nonaromatics because aromatics
take longer to elute from a polar column, while the nonpolar
column separates the aromatic components by their boiling
point, allowing the concentrations of benzene, toluene, and
heavier aromatics to be determined. In each case, the mea-
surements are carried out isothermally (that is at a fixed col-
umn temperature). A typical gas chromatogram of the aro-
matic components of gasoline using this method is shown in
Fig. 7.

Another important application of GC to hydrocarbon
analysis is the simulated distillation of crude petroleum [13].
Determining the boiling point range of petroleum fractions
has a variety of uses, from determining the composition of
feed stocks to evaluating the presence of volatile components,
which may have implications on the performance or safety
characteristics of finished hydrocarbon fuels and lubricants.
Historically, the boiling point range of petroleum fractions
has been determined by trial distillations in the laboratory.
While this method still has some validity, and in some cir-
cumstances may be advantageous, the use of gas chromatog-
raphy offers a quick, simple alternative for controlling refin-
ing processes and product evaluations.

Boiling point range determination of petroleum products
using GC involves injecting a sample into a nonpolar column,
which is housed in a temperature programmable oven. The
GC is first calibrated using a calibration solution containing
known concentrations of normal paraffins. The temperature
of the column is increased at a known rate and the retention
time of the n-paraffins is plotted against their known boiling
points, as shown in Fig. 8. The crude sample is then analyzed
in the same way, and the retention times of the eluting sam-
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FIG. 8—Typical boiling point ranges of n-paraffins as a func-
tion of column retention time. Reprinted from ASTM D 5307.

ple fractions converted to boiling points using the calibration
curve shown in Fig. 8. An example of the simulated distilla-
tion of a crude oil sample using gas chromatography is
shown in Fig. 9.

The third area where GC has an increasingly important role
to play is in the determination of certain contaminants in used
oil samples, such as ethylene glycol, used as a coolant in many
combustions engine, and fuel dilution in diesel engine sam-
ples. While used oil analysis is a subject unto itself, it is in-
structive to review how GC is applied in this area.

The determination of fuel dilution in engine oil samples is
of prime importance because it can impair the performance
of the lubricating oil [14]. Because diesel fuel is chemically
very similar to the oil itself, it is almost impossible to quan-
tify fuel dilution by conventional wet chemistry tests. While
other physical tests such as changes in viscosity, FTIR, and
flash point offer means of determining the presence of fuel in
a lubricating oil, GC is generally a more precise and reliable
means of determining fuel dilution based on the temperature
programmed elution of fuel relative to the larger (higher boil-
ing point) fractions of the lubricating oil.

The same can be said for ethylene glycol coolant detection.
Ethylene glycol is an insidious contaminant in engine oil
samples that can result in catastrophic engine failure if left
gndtﬂeked‘[lﬁ Manumber ofwetchemisuyiesb
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FIG. 9—Gas chromatogram of calibration mixture and crude oil sample used to deter-
mine bolling point range. Reprinted with permission from ASTM D 5307.

to detecting contaminants in used oil samples makes it an
ideal test where high precision test data is required.
Whether it is used for evaluating different molecular com-
ponents of gasoline, determining boiling point ranges for
crude oil fractions, or detecting contaminants, one of the ma-
jor drawbacks with GC is that while its is excellent at quanti-
fying the relative concentrations of various eluted fractions,
it cannot determine empirically what those fractions actually
are [11]. Without the application of suitable calibration stan-
dards, which requires at least some knowledge of the sample
constituents, this problem could severely limit the use of GC

with complex mixtures such as fuels and lubricants. How-

ever, one way of addressing this issue is to couple GC with

some other applicable method that is capable of not only de-

tecting eluting fractions, but can also identify their chemical

composition. For this reason, the dual combination of GC

with mass spectrometry (GC-MS), infra-red spectrometry

(GC-FTIR), and atomic emission (GC-AES) will continue to
grow in importance in the quantitative analysis of hydrocar-
bon fuels and lubricants [16,17]. The application of GC to MS
and FTIR is covered in the appropriate spectrometric analy-
sis sections of this review.
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ASTM Petroleum Products and Lubricants GC
Test Standards

Aromatics in Finished Gasoline by Gas
Chromatography (ASTM D 4420)

This test method determines benzene, toluene, Cz, Co, and
heavier aromatics, and total aromatics in finished motor
gasoline and gasoline blending components. A two column
chromatographic system connected to a dual filament ther-
mal conductivity detector (or two single filament detectors)
is used.

Aromatics in Finished Gasoline by GC (ASTM D 5580)

Aromatics in the following concentration range can be deter-
mined by this test method: benzene 0.1-5; toluene 1-15; in-
dividual Cg aromatics 0.5-10; total Cg and heavier aromatics
5-30; and total aromatics 10-80 liquid volume percent. The
aromatic hydrocarbons are separated without interference
from other hydrocarbons in the finished gasoline. A two col-
umn chromatographic system equipped with a column-
switching valve and a flame ionization detector is used.

Benzene/Toluene in Gasoline by Gas Chromatography
(ASTM D 3606)

This test method determines benzene and toluene in finished
motor and aviation gasoline by gas chromatography. The
sample is doped with an internal standard, methyl ethyl ke-
tone (MEK), and is then injected into a gas chromatograph
equipped with two columns connected in series.

Boiling Range Distribution of Crude Petroleum by Gas
Chromatography (ASTM D 5307)

The method covers boiling range distribution of water-free
crude petroleum through 538°C (100°F). A solution of crude
oil in carbon disulfide is injected into a gas chromatographic
column that separates hydrocarbons by their boiling point
order.

Boiling Range Distribution of Gasoline Fractions by
Gas Chromatography (ASTM D 3710)

This test method is designed to measure the entire boiling
range of gasoline with either high or low Reid vapor pressure.
The sample is injected into a gas chromatographic column,
which separates hydrocarbons in boiling point order.

Boiling Range Distribution of Petroleum Distillates by
Gas Chromatography (ASTM D 6352)

The gas chromatographic (GC) determination of boiling
point ranges is used to replace conventional distillation
methods for control of refining operations. A nonpolar open
tubular capillary GC column is used to elute the hydrocarbon
components of the sample in order of increasing boiling

R{mgcbimﬂzurm nf Petroleum Fractions by
s Chiromatog
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time axis from a calibration curve, obtained under the same
conditions by running a known mixture of hydrocarbons cov-
ering the boiling range expected in the sample.

Diesel Fuel Diluent in Used Diesel Engine Oils by Gas
Chromatography (ASTM D 3524)

This test method covers the determination of diesel fuel as a
contaminant in used lubricating oil. A mixture of n-decane
and used lubricating oil is introduced into a gas chromato-

graphic column that separates hydrocarbons in the order of
their boiling points.

Estimation of Engine Oil Volatility by Capillary Gas
Chromatography (ASTM D 6417)

The determination of engine oil volatility at 371°C is a re-
quirement in some lubricant specifications. A sample aliquot
diluted with a viscosity reducing solvent is introduced into
the gas chromatographic system, which uses a nonpolar open
tubular capillary gas chromatographic column for eluting the
hydrocarbon components of the sample in the order of in-
creasing boiling point.

Ethanol Content In Denatured Fuel Ethanol by GC
(ASTM D 5501)

This test method covers the determination of ethanol content
of denatured fuel ethanol by gas chromatography. A fuel
ethanol sample is injected into a gas chromatograph
equipped with a methyl silicone bonded phase fused silica
capillary column.

Ethylene Glycol in Used Engine Oil (ASTM D 4291)

This test method provides for early detection to prevent
coolant from accumulating and seriously damaging the en-
gine. The sample of oil is extracted with water and the analy-
sis is performed on the water extract, which is injected into a
gas chromatograph using on-column injection. The eluting
compounds are detected by a flame ionization detector.

Engine Oil Volatility by GC ASTM (D 5480)

This test method provides the determination of the amount
of engine oil volatilized at 700°F (371°C). The sample is
mixed with an internal standard and a dilute tetracosane so-
lution, and injected into a gas chromatograph.

Gasoline Diluent in Used Engine Oils Gas
Chromatography Method (ASTM D 3525)

This test method uses gas chromatograph equipped with a
flame ionization detector and a programmable oven.

Hydrocarbon Types in Gasoline by Gas
Chromatography (ASTM D 2427)

This test method provides information on C; through Cs car-
bon paraffins and mono-olefins in gasolines. The sample is
injected into a gas-liquid partition column. The components
are separated as they pass through the column with an inert
carrier gas and their presence in the effluent is detected and
recorded on a chromatograph.

Methyl Tert-Butyl Ether in Gasoline by GC
(AST M D 4815)

I{lﬂsmwhoddetermesethersandaleoholsmgamline
by gas ch -aphy, and is applicable to both quality




control in the production of gasoline and the determination
of deliberate or extraneous oxygenate additions or contami-
nation. A gasoline sample is doped with an internal standard
such as 1,2-dimethoxyethane, and is injected into a gas chro-
matograph equipped with two columns and a column switch-
ing valve. The eluted components are detected by a flame ion-
ization or a thermal conductivity detector.

Olefins In Engine Fuels by GC (ASTM D 6296)

This test method can determine olefins in the C4 to Cyo range
in spark ignition engine fuels or related hydrocarbon streams
such as naphthas and cracked naphthas. A sample fuel is in-
jected into a computer controlled gas chromatographic sys-
tem, which consists of a series of columns, traps, and switch-
ing valves operating at various temperatures. The final eluted
olefins are detected by flame ionization detector.

Oxygenates in Gasoline by Gas Chromatography
(ASTM D 5599)

This test method provides sufficient oxygen-to-hydrocarbon
selectivity and sensitivity to allow determination of oxy-
genates in gasoline samples without interference from the
bulk hydrocarbon matrix. An internal standard of a nonin-
terfering oxygenate (for example, 1,2-dimethoxyethane) is
added in a quantitative proportion to the gasoline sample. An
aliquot of this mixture is injected into a gas chromatograph
equipped with a capillary column operated to ensure separa-
tion of the oxygenates. Oxygenates are detected with the oxy-
gen-selective flame ionization detector.

Oxygenates O-PONA Hydrocarbons in Fuels by
GC (ASTM D 6293)

This test method provides for the quantitative determination
of oxygenates, paraffins, olefins, naphthenes, and aromatics
in low-olefin spark-ignition engine fuels by multidimensional
gas chromatography. A fuel sample is injected into a com-
puter-controlled gas chromatographic system consisting of
switching valves, columns, and an olefin hydrogenation cat-
alyst, all operating at various temperatures. The eluted hy-
drocarbons are detected by flame ionization detector.

Sulfur Determination by GC-Sulfur Detector

(ASTM D 5623)

This test method covers the determination of volatile sulfur
compounds in light petroleum liquids. The sample is ana-
lyzed by gas chromatography with an appropriate sulfur se-
lective detector.

LIQUID CHROMATOGRAPHY (LC)

Introduction

The technique of liquid chromatography (LC) is closely allied
with gas chromatography (GC) and other chromatographic
methods. Just like GC, liquid chromatography separates dif-
ferent molecules or molecular groups based on their physical
and chemical properties. However, unlike gas chromatogra-
phy, LC as the name implies the use of a liquid mobile phase
to analyze samples. The field of liquid chromatography is
very broad ranging and is used in many different areas of an-
alytical chemistry. In this section, we will cover just those ar-
eas of liquid chromatography that are used in the analysis of
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hydrocarbon petroleum products, specifically, absorption
chromatography, high performance liquid chromatography
(HPLC), fluorescent indicator absorption (FIA) and super
critical fluid chromatography (SFC).

Liquid Chromatography (LC)

In classical LC, a liquid sample is introduced either neat or
diluted with an appropriate solvent into a glass column,
which has been prepacked with an appropriate solid material
such as silica, alumina, or some other solid medium. The
sample is then washed down the column using a flowing
stream of solvent, starting with a relatively low strength sol-
vent and progressing to stronger and stronger solvents until
the sample has been washed out or eluted from the column
[18]. Depending on the nature of the interaction between the
sample (the mobile phase) and the column material (the sta-
tionary phase), mixtures can be separated by retention time
in the column; those molecular species present in the mobile
phase which have a greater affinity for the stationary phase
material take a longer time to elute than those that have little
or no affinity for the stationary phase. This is called absorp-
tion chromatography and the columns used for this kind of
methodology are absorption columns.

An illustration of absorption liquid chromatography is
shown in Fig. 10. In this example, a mixture of two com-
pounds, x and o, are added to an LC column packed with a
stationary phase that has a greater affinity for compound x
than compound o. The mixture is washed down the column
with a suitable solvent, however, because compound x has a
greater affinity for the stationary phase than compound o, it
will take a longer time to exit or elute from the column. Sep-
aration is thus affected between the two compounds, which
can then be monitored as a function of their elution times by
a suitable detector. This methodology is called absorption
chromatography and is the most commonly used method for
hydrocarbon analysis. In certain circumstances, absorption
by the stationary phase is so effective that the absorbed com-
ponents of the sample can only be removed by washing with
a solvent that has a stronger affinity for the absorbed sample
component than the stationary phase.

Two other types of LC columns exist, specifically partition
columns and exclusion columns. Partition columns work in
much the same way as GC columns. In partition chromatog-
raphy, instead of being filled with a solid stationary phase,
the LC column contains a liquid, which is coated or chemi-
cally bonded onto a solid medium contained within the col-
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FIG. 10—The chromatographic process.
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umn. Separation is affected by the interaction between the
liquid mobile phase and the liquid stationary phase (often
called the partitioning phase), which separates components
of the sample based on their relative solubilities in the parti-
tioning liquid [19]. This method is often referred to as liquid-
liquid chromatography. It is less commonly used for hydro-
carbon analysis, but can be used to separate hydrocarbons of
the same family, which differ only by their substituents [20].

Exclusion column chromatography is another form of
solid-liquid chromatography, like absorption chromatogra-
phy. However, instead of separation being affected by the
rate of absorption (and desorption) by the solid stationary
phase, exclusion columns are packed with porous materials
with carefully controlled pore sizes. In this case, the rate of
elution is controlled by molecular size, and the ability of the
sample molecules to enter the pores of the stationary phase
material. In general, very small molecules, which are smaller
on average than the pore of the stationary phase material be-
come trapped in the column and take longer to elute, while
larger molecules cannot fit inside and thus elute faster than
smaller molecules. This method is typically used to separate
large polymeric additives, such as viscosity index (VI) im-
provers from base oils [21,22].

Liquid chromatography can be further subdivided into two
categories: open column liquid chromatography (OCLC) and
high performance liquid chromatography (HPLC). With
OCLC, the mobile phase (sample and solvent) is forced
through the column either under gravity, or a small head
pressure of gas, typically 25 psig or less [19]. Most modern
analytical instruments now use HPLC. Originally standing
for “high-pressure liquid chromatography,” HPLC or high
performance liquid chromatography uses significantly
higher pressures than OCLC to force the mobile phase
through the column, resulting in shorter analysis times. A
schematic illustration of the basic components of an HPLC
instrument is shown in Fig. 11. A detailed review of HPLC in-
strumentation can be found in Ref 23.

Whether an absorption column, partition column or exclu-
sion column is used, or whether gravity (OCLC) or high pres-
sure (HPLC) is used to push the mobile phase through, a de-
tection system is required to measure the sample fractions as
they elute from the column. The most common methods in-
clude UV spectrometers, used to measure the characteristic

UV absorption of organic molecules as they elute from the
column; refractive index (RI) detectors, which record a
change in RI as sample molecules elute relative to the solvent
being used; and flame ionization (FID) detectors, which mea-
sure a change in conductivity through a hydrogen flame as
the eluting molecules are ionized in the flame.

The Use of LC in Hydrocarbon Analysis

Like gas chromatography (GC), LC is used for the analysis of

petroleum fuels and lubricants because of its ability to sepa-

rate complex mixtures based some physical or chemical

property. Although lower in sensitivity than GC, LC has sev-

eral distinct advantages, which make it more widely applica-

ble to hydrocarbon analysis. Some of these advantages in-

clude [21]:

® Shorter analysis times

® Higher precision for identifying and quantifying compo-
nents

® Analysis in series using the same column

® Selectivity for certain classes of hydrocarbons

¢ Ability to measure high molecular weight and high boiling
point compounds

The main application of chromatographic techniques to
hydrocarbon analysis is the separation of different fractions
that possess wildly different physical and chemical proper-
ties such as polar compounds, aromatics, and saturates. This
is the principle behind ASTM D 2007, which is used to define
APT base stock categories and engine oil interchangeability
rules [24].

In this test method, a dual column apparatus is used con-
taining two columns in series. The first column contains clay,
which retains any polar compounds allowing both saturates
and aromatics to pass through using n-pentane as a solvent.
The second column contains clay and silica gel, which retains
aromatics but again allows saturates to pass through. Col-
lecting the total effluent through both columns allows the
percentage by mass of saturates to be calculated as a function
of total sample mass, because both polar compounds and
aromatics are stripped from the sample by the two columns.
The clay column is then removed and washed with a toluene
acetone mixture allowing the absorbed polar compounds to
elute. The percentage by mass of polar compounds can then
be calculated as the total polar effluent from the toluene-ace-
tone washed column, again as a function of the total sample
mass. Finally, the silica gel/clay column is rinsed with
toluene, which allows the aromatics to elute, again allowing
their percentage by mass to be calculated. The precision of
determining the saturate and aromatic content using this
method (as per API 1509) is around 2% [25].

A similar method is used in ASTM D 2549, this time to sep-
arate aromatic and nonaromatic components of high boiling
oils. In this method, a single absorption column containing
activated bauxite and silica gel is used. Initially, n-pentane is
used as a solvent, allowing nonaromatics to pass through the
column. These are then collected and expressed as a percent-
age by mass of the initial sample, after evaporation of the n-
pentane solvent. The column is then washed with diethyl
ether, chloroform, and ethyl alcohol which allows the elution
of the aromatics compounds, which are then weighed and ex-
pressed as a percentage by mass of the initial sample mass. A
number of related techniques have been used to achieve sim-
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FIG. 12—The use of liquid chromatographic separation to differentiate mono and di-aro-
matics in aviation fuel. Reprinted with permission from ASTM D 6379.

ilar separations, which differ simply by the column material
and solvents used [21].

These simple absorption techniques under atmospheric
pressure have, to a large part, been superceded by high per-
formance liquid chromatography (HPLC), principally be-
cause of the much shorter analysis times afforded with HPLC
[21]. However, just like absorption chromatography, HPLC is
used mainly as a tool for separating samples based on physi-
cal and chemical properties.

Just like absorption chromatography, separation of com-
plex mixtures into saturates and aromatics is possible with
HPLC, as well as differentiating between similar molecules
such as mono-aromatics (MAHSs) and diaromatics (DAHs).
This method is used in ASTM D 6379 to determine MAH and
DAH content in petroleum products. In this case, an amino
bonded stationary phase is used, together with n-heptane, as
the solvent to resolve different compounds based on elution
times. An example of a chromatogram of this type is shown
in Fig. 12.

Aside from absorption chromatography and the related
technique of HPLC, there are two other LC methods used for
hydrocarbon analysis that are worth mentioning, specifically
fluorescent indicator adsorption (FIA) and supercritical fluid
chromatography (SFC).

Fluorescent Indicator Adsorption (FIA)

Despite its rather grandiose name, FIA is a relatively simple
technique. First developed in the early 1940s, it is used to de-
termine the relative amounts of aromatics, olefins, and satu-
rates in petroleum fractions [18]. The technique involves
standard OCLC using a silica gel column. However, in addi-
tion to being packed with silica gel, the column contains a
small portion of the gel towards the top that is doped with a

mixture of dyes. The dye mixture is carried along the column
with the petroleum sample, which starts to separate because
the saturates have less of an affinity for the silica gel than the
olefins, which in turn have less of an affinity than aromatics.
The dye mixture contains three different components, one
which has an affinity for silica gel, which is greater than that
of the saturates, but less than that of the olefins. This dye
component thus marks the interface between saturate
molecules and olefins as they move through the column be-
cause the dye's retention time will be between the saturates
and olefins. A second dye component has an affinity for silica
somewhere between that of olefins and aromatics and thus
marks the olefin-aromatic boundary, while a third dye com-
ponent falls between aromatics and the isopropyl alcohol
used as the solvent, marking the final boundary. By measur-
ing the separation of each dye, the relative proportions of sat-
urates, olefins, and aromatics can be determined to within
1-2% depending on conditions. This test is described under
ASTM D 1319.

Super Critical Fluid Chromatography (SFC)

Although not strictly a liquid chromatography technique,
SFC shares many of the same basic principles of HPLC. The
principal difference between SFC and HPLC is that the mo-
bile phase containing the sample is neither a liquid, as used
in HPLC, or a gas, as used in gas chromatography, but is a su-
percritical fluid, most commonly CO; [23]. A supercritical
fluid is one that has been heated above its critical tempera-
ture and pressure such that it exists in a new state of matter,
with properties between that of a gas and a liquid. In partic-
ular, supercritical fluids have greater mobility (are less vis-
cous) than liquids, but are denser than gases. This property
of supercritical fluids has great advantages as the mobile
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phase carrier over conventional HPLC or gas chromatogra-
phy (GC).

For hydrocarbon analysis, SFC has an advantage over GC
for fuel samples because it uses much lower temperatures
than GC and is thus less likely to cause thermal decomposi-
tion. SFC also typically offers high resolution than HPLC,
making it a more accurate test for determining different
molecular components in hydrocarbon fuels [26].

ASTM Petroleum Products and Lubricants
LC Test Standards

Hydrocarbon Types by Fluorescent Indicator
Adsorption (ASTM D 1319)

This test method determines hydrocarbon types in the range
of 5-99 volume percent aromatics, 0.3-55 volume percent
olefins, and 1-95 volume percent saturates in petroleum frac-
tions that distill below 315°C.

Hydrocarbon Types Aromatic Hydrocarbon Types in
Aviation Fuels and Petroleum Distillates
(ASTM D 6379)

This test method is intended for use as one of several possible
alternative instrumental test methods that are used for quan-
titative determination of hydrocarbon types in fuels. This test
method determines mono-and di-aromatic hydrocarbon con-
tentsin aviation kerosenes and petroleum distillates boiling in
the range from 50-300°C, such as Jet A or Jet A-1 fuels. The
sample is diluted 1:1 with a solvent such as heptane, and a
fixed volume of this solution is injected into a high perfor-
mance liquid chromatograph fitted with a polar column.

Aromatics and Polynuclear Aromatics in Diesel and
Aviation Turbine Fuels By SFC (ASTM D 5186)

The aromatic hydrocarbon content of motor diesel fuels af-
fects their cetane number and exhaust emissions. The aro-
matic hydrocarbon and the naphthalene content of aviation
turbine fuels affects their combustion characteristics and
smoke forming tendencies. In the test, a small aliquot of the
fuel sample is injected onto a packed silica adsorption col-

umn and eluted using supercritical carbon dioxide mobile
phase. The detector response to hydrocarbons is recorded
throughout the analysis time corresponding to the mono-,
polynuclear, and nonaromatic components determining the
mass percent content of these groups.

ULTRAVIOLET SPECTROSCOPY

Introduction

Ultraviolet (UV) spectroscopy, also known as UV spectrome-
try, was one of the first spectroscopic techniques used to
quantify chemical composition [27]. Like other spectro-
scopic techniques, it is used to identify characteristic molec-
ular fingerprints enabling the quantitative detection of spe-
cific molecules or molecular species in complex mixtures. UV
Spectroscopy is most commonly used in hydrocarbon analy-
sis as a detection tool after high performance liquid chro-
matography (HPLC).

Basic Principles of UV Spectroscopy

In order to understand UV spectroscopy, we need to first un-
derstand the electronic structure of molecules. While a de-
tailed quantum mechanical explanation of molecular elec-
tronic structure is beyond the scope of this book, there are a
few simple concepts that will allow us to understand the ba-
sic theory behind UV spectroscopy.

The total energy of a molecule is given by the sum of the
electronic energy, vibrational energy, and rotational energy,
with the electronic energy being significantly greater than the
vibrational energy, which in turn is significantly greater than
rotational energy. While rotational energy levels are only of
significance in gas phase spectroscopy, the electronic and vi-
brational energy levels will be important in solution phase
spectroscopy such as FTIR and UV spectroscopy. An illustra-
tion of the electronic and vibrational energy levels of a
molecule is shown in Fig. 13.

Under normal conditions, most of the molecules in a sam-
ple will be in the ground (lowest energy) electronic state. By

excited electronic state ~

FT1T

increasing

> electronic energy levels,
measured using UV spectroscopy

measured using FTIR spectroscopy

} vibrational energy levels,




passing infrared light through the sample at the exact fre-
quency corresponding to the difference in energy of the vi-
brational levels, transitions within the vibrational levels of
the ground state can be induced, which is the principle be-
hind FTIR spectroscopy.

For the same reason, passing light through the sample at an
appropriate frequency corresponding to the separation of the
electronic energy levels can induce a transition between these
levels, resulting in absorption of the light. For some
molecules, the frequency of light required to induce electronic
transitions is in the visible region of the electromagnetic spec-
trum, however, for most hydrocarbon molecules, the energy
that is required is much higher and requires ultraviolet radia-
tion. This is the principle behind UV spectroscopy.

For hydrocarbon analysis, the most important factor deter-
mining the energy separation of the electronic energy levels is
what is often referred to as the molecular chromophore [28].
A chromophore is simply a covalently unsaturated bond or
group of bonds that is responsible for electronic absorption.
In typical hydrocarbon fuels and lubricants, the most com-
mon types of molecules to possess a chromophore will be aro-
matic molecules, which have characteristic absorption bands
in the 185-400 nm wavelength range [28]. This range of the
electromagnetic spectrum is typically called the near-UV.

Beer's Law

In order to use UV spectrometry as a quantitative tool, we
need to understand the relationship between the concentra-
tion of specific molecules and the amount of light they ab-
sorb. This fundamental property is determined by Beer’s
Law:

A = sbe

where A is the absorbance, ¢ is the molar absorptivity, 4 is the
cell path length containing the sample, through which the UV
light passes, and ¢ is the concentration in mol/L [27]. Because
the molar absorptivities of most molecules of interest have
been measured, and b is a known quantity based solely on in-
strument design, measuring the amount of light absorbed by
the sample (A in the above equation) allows the concentra-
tion ¢ to be determined simply by rearranging the Beer’s law
equation.

UV Spectrometers

A schematic illustration of a UV spectrometer is shown in Fig.
14. The main components are a white light source, which is fo-
cused onto the entrance slits of a spectrometer, a cuvette or cell
containing the sample to be analyzed, and a photocell detector
to measure light intensity. The spectrometer is equipped with
a diffraction grating, which acts much like a prism to split the
white light into discrete wavelengths. Because the angle of
diffraction is defined by the wavelength of light, slowly chang-
ing the angle of the grating relative to the incoming light allows
the wavelength of light that exits the spectrometer through the
exit slits to be slowly scanned, allowing an absorption spec-
trum to be recorded, as shown in Fig. 15. The amount of light
absorbed at the maximum excitation wavelength (Apmax), will
be dependent on the concentration ¢, path length b, and molar
absorptivity &max as per Beer's Law.,

CHAPTER 24: HYDROCARBON ANALYSIS 661

lamp

entrance

/ slit

sample
cell u diffraction
| grating
photo cell alit
detector
FIG. 14—UV spectrometer.
A
emax
0 ; »
Amax A
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The Use of UV Spectrometers in the
Analysis of Hydrocarbons

UV spectrometers are used both directly and in conjunction
with high performance liquid chromatography (HPLC) in-
struments, principally to detect aromatics because they typi-
cally have strong UV absorption bands in the near UV region
(200400 nm). The specific maximum absorption wavelength
and absorptivity is determined by a molecule’s electronic
structure, however, in general it is found that mono-aromat-
ics (those with a single aromatic ring such as benzene and
toluene) have an absorption maximum around 197 nm, di-
aromatics have absorption maxima around 230 nm, while
polyaromatics absorb around 260 nm [29].

One application of this method, employed by several oil
companies, follows the work of Burdett [29, 30]. A typical UV
absorption spectrum of mono-, di-, and tri-aromatics is
shown in Fig. 16. The method of Burdett employs UV spec-
trometry to record the absorption spectrum in the range
175-270 nm. The molar absorptions is then recorded at the
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FIG. 16—UV absorption spectrum for monocyclic,
dicyclic and tricyclic aromatic hydrocarbons.

three characteristic absorption maxima, 190, 230, and 260
nm corresponding to mono-, di-, and poly-aromatics and can
be converted to a percent by weight of each type of molecu-
lar species using a simple formula based on molecular mass,
and the average molar absorptivity of each species at the
three wavelengths. Details of this procedure can be found in
Ref. 29.

One of the most common applications of UV spectrometry
to the analysis of hydrocarbon fuel and lubricants is its use in
determining the amount of toxic impurities, particularly
PAHs (polyaromatic hydrocarbons). The term PAH covers a
multitude of different hydrocarbon molecules, with one com-
mon theme: the presence of multiple aromatic rings. A num-
ber of different PAHs, which are known to be present in hy-
drocarbon fuels and lubricants, have been found to be
carcinogenic. For this reason, the EPA and other regulatory
bodies have established limits for PAH concentrations in fu-
els, lubricants, and other media. Because UV spectrometry is
capable of detecting polyaromatic species such as PAHs in
hydrocarbons by their characteristic absorption at 260 nm, it
is only natural that it has been used in this manor for deter-
mining PAH concentrations and carcinogen content in hy-
drocarbon oils [31].

While UV absorption is incapable of differentiating be-
tween two different molecules that may have absorption
bands in the same region (for example, two different PAH
molecules, both of which will absorb at 260 mm), the use of
separation techniques such as liquid chromatography (LC)
or gas chromatography (GC) can be employed to differenti-
ate between different molecular species. In this case, the UV
spectrometer is fixed at a known absorption wavelength (for
example, 197 nm for mono-aromatic species), and is used to

measure different molecular species as they elute from the
GC or LC column; this provides a more molecule specific

means of detection than flame ionization or thermal detec-

 used with GC and LC instruments.
&lﬁbﬂgﬂe ela»b- mlamd to uv absorption

trofluorometry [29]. The principle behind spectrofluorome-
try is illustrated in Fig. 17, which shows theoretical absorp-
tion spectra for two different polyaromatic molecules
(molecules A and B), together with the corresponding fluo-
rescence spectra. Because both molecules are polyaromatic,
the absorption spectrum for each will show a maximum
around 260 nm. Recording the absorption spectrum for a
mixture of molecule A and molecule B will not allow the rel-
ative concentrations of each to be determined because both
absorb simultaneously at 260 nm. However, after excitation
at 260 nm, both molecules are in an excited electronic state
and will emit radiation to return to a lower lying electronic
state, typically in the form of light. Because molecule A and
molecule B possess different electronic structures, the en-
ergy of the lower lying electronic states will not necessarily
be the same. Because the emitted radiation is quantized,
measuring the emission (fluorescence) spectrum as opposed
to the absorption spectrum allows the concentration of two
molecules to be determined independently of each other.
Used in conjunction with LC, spectrofluorometry is an ex-
tremely sensitive technique capable of detecting concentra-
tions of polycyclic aromatics and other species as low as

picograms [32].

ASTM Petroleum Products and Lubricants UV
Test Standards

Naphthalene Hydrocarbons in Aviation Turbine Fuels
by Ultraviolet (UV) Spectrophotometry (ASTM D 1840)

This test method covers the determination of the total con-
centration of naphthalene, acenapthene, and alkylated
derivatives of these hydrocarbons in straight-run jet fuels
containing no more than 5% of such components and having
end points below 600°F. The total concentration of naph-
thalenes in jet fuels is measured by absorbance at 285 nm of
a solution of the fuel at known concentration.

MASS SPECTROMETERY

Introduction

Mass spectrometry is used to detect the presence of different
molecules in bulk samples. The technique involves the gas
phase analysis of samples that are either already gases, or are
liquids or solids that can be vaporized prior to mass spectro-
metric analysis. In conventional mass spectrometry the gas
phase sample is ionized to form various primary and frag-
mentation ions, which are then analyzed according to their
mass-to-charge ratio. The mass spectrum thus generated can
then be used as a characteristic fingerprint to detect the pres-
ence of certain molecules with the relative intensity of the
mass spectra allowing an estimate of the concentration of the
molecule or molecular species within a bulk sample. The ap-
plication of Mass Spectrometry (MS) to the analysis of hy-
drocarbon fuels and lubricants is outlined in this section.

MS Theory

As previously mentioned, MS works on the principal of sepa-
rating primary and fragmentation ions according to their



mass-to-charge (m/z) ratios. Take for example the water
molecule H,0O. Bombarding water vapor with a high-energy
electron source will create both primary ions and fragmenta-
tion ions as follows:

HOH —— HOH* + OH* + OF
] ~

primary ion secondary ions

m/z=18 m/z=17 m/z=16 miz=1

+ H*+ 3e”

Recording the mass spectrum of a bulk sample and mea-
suring the relative intensities of the m/z = 1, 16, 17, and 18
peaks will allow the presence of water to be determined, and
by inference its concentration, provided a suitable calibra-
tion standard has been determined.

The biggest drawback with MS is that the complexity of the
mass spectrum increases exponentially with increasing
molecular size (molecular mass). Take for example benzene,
a relatively simple hydrocarbon. The electron ionization
mass spectrum of benzene (Fig. 18) has 17 different peaks
corresponding to m/z values ranging from 27-79, which in-
clude primary and fragmentation ion mass peaks, as well as
peaks associated with the naturally occurring isotope e
[35]. Now consider applying mass spectrometry to a mixture
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of hydrocarbons typically found in petroleum fuels and lu-
bricants. With many thousands of different components in-
cluding paraffins, branched paraffins, naphthenic molecules,
and aromatics, the mass spectrum of a typical petroleum
fraction is extremely complex. Nevertheless, mass spectrom-
etry can and has been successfully applied to the analysis of
complex petroleum mixtures as will be discussed later.

MS Instrumentation

The basic components of a mass spectrometer are shown in
Fig. 19. The system comprises an inlet source, which is de-
signed to introduce the sample in the vapor phase to the spec-
trometer, an ionization source that serves to ionize the sam-
ple, a mass analyzer which separates the ions by their m/z
ratio, and an ion detector for detecting the ions once they
have been mass selected. The inlet system for most basic
mass spectrometers is called a batch inlet and comprises a
means of injecting a gas, or more commonly a liquid sample
under reduced pressure and elevated temperatures such that
the sample can be vaporized for presentation to the spec-
trometer [34]. In modern instruments, the liquid is com-
monly injected into the vacuum chamber using a hypodermic
syringe arrangement called a probe [35].

— energy
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FIG. 17—Theoretical fluorescence emission spectrum of two different polyaromatic

molecules, A and B.
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FIG. 18—Mass spectrum of benzene.
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FIG. 19—Basic components of a mass spectrometer.

Once in the gas phase, the sample is drawn into the ioniza-
tion section of the instrument where it is intersected at right
angles by a high-energy electron beam created by a hot fila-
ment. This is called an electron ionization mass spectrome-
ter. The electron beam ionizes the sample into primary and
fragmentation ions, which are accelerated into the mass an-
alyzer section using an electrostatic field formed by a series
of electrodes, which serve to focus and accelerate the ions
into the mass analyzer.

There are many different types of commercial mass spec-
trometers available. They all differ slightly in their design,
but all use one of three basic methods to mass analyze the
ionized sample, namely magnetic field deflection,
quadrupole mass spectrometry, or time-of-flight [35]. A de-
tailed explanation of these different types of mass analyzers
is beyond the scope of this chapter, but an excellent descrip-
tion of these different methods can be found in Ref. 35. No
matter what type of mass analyzer is used, they all separate
ions according to their m/z ratio, with the ion signal being de-
tected, amplified, and recorded as a function of their mass-
to-charge (m/z) ratio.

Gas Chromatography-Mass Spectrometry (GC-MS)

One adaptation, which has served to simplify the interpreta-
tion of MS data, is to use a standard Gas Chromatograph (GC)
as the sample inlet source for the mass spectrometer. As ex-
plained earlier in this chapter, a gas chromatograph is an in-
strument that separates complex mixtures of chemicals into
single molecular components, or groups of components with
2 ures ¢ M as :

The usual way in which GC-MS is used for the analysis of
petroleum products is to fix the mass spectrometer to detect
one specific ion peak, for example m/z = 78, corresponding
to the primary ion peak for benzene. The ion intensity at
this fixed m/z ratio is then measured for different retention
time in the GC. The retention time is simply the time taken
for a specific molecular component of a complex mixture to
emerge or elute from the GC column, which in turn is re-
lated to the physical and chemical properties of the
molecule. By separating the signal in the m/z = 78 into dif-
ferent elution times, the true signal due to benzene can be
differentiated from other fragmentation ions from different
molecular species that may have an m/z ratio of 78, but
have different retention times in the GC column. This
makes the difficult task of interpreting the MS data signifi-
cantly less complicated.

The Application of MS to Hydrocarbon Analysis

Mass spectrometry is an important tool in the analysis of
petroleum products because it can give information that can-
not be obtained by other means. Just like other spectromet-
ric techniques, it gives important information on the chemi-
cal composition of complex mixtures of hydrocarbons
commonly found in fuels and lubricants, particularly when
coupled with other techniques such as gas chromatography.

The most common application of mass spectrometry to hy-
drocarbon analysis is in determining the composition of dif-
ferent process stream and boiling fractions during the refin-
ing process. There are a number of ASTM test procedures that
cover the use of MS in this area, which are listed in Table 3.

In each case, chemical composition is determined by cal-
culating mass groupings, which correspond to the summa-
tion of characteristic mass peaks for different classes of
molecules that are likely to be present.

The m/z peaks that are used to calculate the different mass
groupings in the ASTM procedures listed in Table 3 are sim-
ply based on the known primary and fragmentation ions pat-




TABLE 3-—ASTM test procedures that use mass spectrometry for
determining the composition of different fractions.

ASTM Test Procedure Significance

D 2425 Saturates and aromatics in middle distillates
D 2786 Saturates in gas oil [ractions

D 2789 Hydrocarbon types in low olefinic gasoline
D 3239 Aromatics in gas oil fractions

2786 that is based on the Hood and O’'Neal method, the mass
grouping >71 is defined as the sum of peaks at m/z = 71,85,
99, and 113 and is used to determine alkane content [37,38].
The difference in masses between each peak in the summa-
tion is simply the extension of the alkane chain by one CH,
unit, with a corresponding increase in molecular mass of 14
atomic mass units. The biggest drawback with this method,
and indeed MS in general, for the analysis of hydrocarbons is
that the number of mass peaks that must be considered in-
creases significantly with molecular size. To illustrate this
complexity, consider the complete list of mass groupings,
which must be considered under ASTM D 2786, and the cor-
responding molecular types they represent:

271 =71+ 85+99 + 113 alkanes
269 =69 + 83 + 97 + 111 + 125 + 139 1 ring naphthenes
>109 =109 + 123 + 137 + 151 + 165
+ 179 + 193
2149 = 149 + 163 + 177 + 191 + 205
+ 219 + 233 + 249
2189 = 189 + 203 + 217 + 231 + 245

2 ring naphthenes

3 ring naphthenes

+ 259 + 273 + 287 + 301 4 ring naphthenes
2229 = 229 + 243 + 257 + 271 + 285
+ 299 + 313 + 327 + 341 + 355 5 ring naphthenes

2269 = 269 + 283 + 297 + 311 + 325
+ 339 + 353 + 367 + 381
+ 395 + 409
391 =91 + 105 + 117 + 119 + 129
+ 131 + 133 + 143 + 145 + 147 Mono-aromatics

+ 159 + 171

Because of this, it is not surprising given the complex nature
of different hydrocarbon fractions, each of which may con-
tain several thousand different types of molecules, that the
precision of using MS in this mode for different samples
types is at best 10% [36].

To circumvent these difficulties, MS is often used in con-
junction with other techniques such as gas chromatography
(GC) or liquid chromatography (LC). In this case, chro-
matography is used to reduce the number of different
molecule types that enter the mass spectrometer, reducing
the number of mass peaks observed, and hence the complex-
ity of interpreting the data accurately. In fact, separation of
the sample into aromatic and nonaromatic fractions using
liquid chromatography (ASTM D 2549) prior to MS analysis
is a prerequisite for ASTM D 2425 [39].

One way in which MS can be combined with GC is in fact
not to record a complete mass spectrum of the sample, but
rather to fix the mass (or more strictly the m/z ratio) of the
spectrometer to a known ion peak, and monitor this mass as

6 ring naphthenes
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a function of elution time. This can either be done directly by
recording the signal in a fixed mass channel, or by scanning
the spectrometer across all mass ranges and reconstructing
the signal in a single mass channel using software. The latter
is the method used under ASTM D 5769. In this method, sep-
aration of molecular species according to their characteristic
primary and fragmentation ions allows a more complete
analysis to be performed. This is illustrated in Fig. 20. In this
case, by combining the selectivity of GC in separating differ-
ent molecular species with the mass specificity of MS, the dif-
ferent molecular concentrations of specific molecules such
as benzene, toluene and other aromatics can be determined.
Without this mass selectivity, the gas chromatogram would
be extremely complex, with no guarantee that the elution
peak corresponds to a specific molecule such as benzene or
toluene.

Although limited by its ability to resolve information from
complex mixtures of chemicals typically found in petroleum
products, mass spectrometer, particularly when combined
with other separation techniques such as LC and GC is an im-
portant tool in the analysis of hydrocarbons.

ASTM Petroleum Products and Lubricants MS
Test Standards Under Subcommittee D02.04

Hydrocarbon Types in Gasoline by Mass Spectrometry
(ASTM D 2789)

This test method covers the determination by mass spec-
trometry of total paraffins, monocycloparaffins, dicy-
cloparaffins, alkylbenzenes, indans, or tetralins or both, and
naphthalenes in gasoline. Samples are analyzed by mass
spectrometry, based on the summation of characteristic
mass fragments, to determine the concentration of the hy-
drocarbon types.

Aromatics in Gasoline by Gas Chromatography-Mass
Spectrometry (GC-MS) (ASTM D 5769)

This test method can be used for gasolines that contain oxy-
genates such as alcohols and ethers as additives. They do not
interfere with the analysis of benzene and other aromatics by
this test method. The sample is injected either through the
capillary splitter port or a cool-on-column injector into a gas
chromatograph equipped with a dimethylpolysiloxane
WCOT column interfaced to a fast scanning mass spectrom-
eter. The mass analyzer processes the signal at specific m/z
values corresponding to the principal ion masses for various
components allowing benzene, toluene, and total aromatic
content to be measured in gasolines.

INFRARED SPECTROSCOPY

Infrared spectroscopy is a widely applied, nondestructive test

method for assessing a variety of molecular physical qualities

of a lubricant or fuel sample. The spectrum analyzed by the

method is considered a distinct physical property of the sam-

ple and, as such, is unique from other physical and chemical
properties, such as viscosity, specific gravity, flash point, etc.
From the spectrum, in most cases, a positive identification of
the sample and its greater molecular constituents can be ob-
tained [40].
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Most petroleum products, and more specifically, lubri-
cants, fuels, additives, and contaminants are mixtures, which
results in the spectrum being a composite of many different
spectral components that are additive. Nevertheless, for most
fluids, the spectrum is sufficiently characteristic to enable
the identification of the unique spectral features of individual
components. Still, in certain cases, a physical or chemical
separation of the target components from the rest of the sam-
ple, such as gas chromatography, may be desirable to im-
prove detection limits and resolving power of the technique,

The infrared spectrum of a substance is produced when a
portion of a beam of infrared energy passing through a fixed
path length of the sample is absorbed by a specific functional
group within a specific molecule present in the sample. This
absorption has unique wavelength dependencies relating to
the sample’s molecules. Most molecules are in constant
modes of rotation, stretching, and bending at unique and of-
ten multiple frequencies. In addition, these vibrational fre-
quencies will vary as the bonded atoms, functional groups,
and bond strengths are changed. These differences in ab-
sorption at certain wavelengths in the mid-infrared spectrum
collectively describe the quality and quantity of molecular
makeup of the sample [41].

Infrared spectroscopy is especially well suited for the anal-
ysis of organic compounds comprised of characteristic
molecular structures. The various groups, called functional
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groups, which make up part of a molecule’s structure, give
rise to absorption at specific infrared frequencies but more
typically spectral bands comprising a broader ran ge of wave-
lengths. These are commonly referred to as group frequen-
cies. For example, a well-defined group frequency is associ-
ated with C=0 at around 1700 wavenumbers (cm ™).

Wavelength, Wavenumber and Frequency

The frequency or energy at which unique infrared absorp-
tions occur is usually expressed as wavelength in microme-
ters (um) or wavenumbers in reciprocal centimeters (cm™!),
Studies have shown that a typical organic molecule requires
an average energy of 1.6 X 1072 joules (J) for vibrational ex-
citation, which corresponds to 12 pm of infrared radiation.
The reciprocal of the wavelength is referred to as wavenum-
bers and represents the number of cycles passing a fixed
point per unit of time. The scale in Fig. 21 shows the conver-
sion of wavelength to wavenumbers [42]. The use of
wavenumbers (cm™!) in infrared spectroscopy is preferred to
a scale of wavelengths (um) because wavenumbers are linear
and proportional to the energy and frequency being ab-
sorbed. Wavenumbers are sometimes incorrectly referred to
as frequencies, an error because the wavenumber is ex-
pressed in reciprocal centimeters (cm™ ') and frequency is ex-
pressed in units of reciprocal time (s™) [42].
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FIG. 20—Typical mass selected gas chromatogram showing the abil-
ity of GC-MS to separate molecular species by their elution time and

characteristic ion mass peak. Reprinted with permission from ASTM D







