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FOREWORD

This report was prepared by the Environmental Sciences
Group within the Research Institute of the University of Dayton,
Dayton, Ohio 45469. The work reported herein was conducted under
Task 40 of the Senior Investigator Program on Contract
F33615-77-C-2004, which was funded by the Aero Propulsion
Laboratory, Air Force Wright Aeronautical Laboratories, Wright-
Patterson Air Force Base, Ohio 45433-6563. The Project Officer
for this effort was Major Donald D. Potter (AFWAL/POSF). This
document is Volume I of the two-volume report and the experimental
nortion of this work was conducted between January and September
of 1980, while the literature review encompassed 1983.
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SECTION I

INTRODUCTION

Turbine engine fuels are complex hydrocarbon mixtures
normally derived from organic feedstocks such as petroleum.
Typical jet fuels are extremely complicated, as they contain
between 102 and 104 different chemical compounds. Although such
a fuel may consist primarily of normal paraffins, branched paraf-
fins, and aromatic hydrocarbon compounds, it will also contain
small quantities of organic substances that fall into several
chemical classes. Many of these low-concentration compounds can
have a profound effect on certain properties of a fuel. 1In view
of this extreme chemical complexity, the thorough chemical
characterization of such hydrocarbon mixtures requires highly

sophisticated analytical capabilities.

Recently, concern has increased for the development of
alternate hydrocarbon energy sources to serve as basic feedstocks
for the eventual production of high-quality turbine engine fuels.
0il shale deposits represent some of the most promising hydro-
carbon sources in the United States, and there is considerable
interest in developing full-scale processes for generating
abundant quantities of shale oil. Eventually jet fuels derived
from shale oil must be comparable and compatible with jet fuels
obtained from petroleum-based feedstocks.

High-resolution gas chromatography (HRGC) is the major
analytical technique for separating and analyzing complex mixtures
of volatile hydrocarbons. Although gas chromatography was intro-
duced commercially in the middle 1950's, this basic analytical
technique is currently experiencing expanded application,
particularly with respect to separating complex organic mixtures.
In the past few years, HRGC has been used to achieve enhanced
analytical separations and to obtain more descriptive analyses

of various crganic mixtures.,
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The chemical complexity of a turbine engine fuel continues
to challenge even the most sophisticated of the present HRGC
techniques. However, advances are continually being made in
this technology, and a variety of procedures are being researched
for improving the various chromatographic characterization methods
as applied to the detailed analysis of jet fuels.
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SECTION II

RESEARCH OBJECTIVES

The primary objectives of this research are to identify
and evaluate advanced high-resolution gas chromatographic (HRGC)
instrumental procedures which show potential for improving the
analysis of hydrocarbon jet fuels and various feedstocks. This

research concentrated on the following essential objectives:

1. Evaluate the performance of cormercial high-
resolution gas chromatography instrumentation
presently used in the Fuels Branch of the Fuels
and Lubrication Division of the Aero Propulsion
Laboratory at the Air Force Wricht Aeronautical
Laboratories, located at Wright--Patterson
Air Force Base. Recommend chromatographic
components, equipment, or procedural modifica-
tions which will permit continual expansion of
these analytical capabilities.

2. After evaluating the range of analytical
requirements, recommend, specify, or fabri-
cate a series of open tubular gas chromatographic
separation columns that would be most applicable
for chromatographically analyzing hydrocarbon
fuels and associated shale 0il products. Consider
the application of special-purpose HRGC columns
for conducting trace analyses with certain
types of fuels,

3. Identify and quantitatively evaluate the various
sources which contribute to chromatographic
output zone profile asymmetry, commonly referred
to as elution peak tailing. After characterizing
the various potential sources, recommend pro-
cedures for appropriately installing open
tubular gas chromatographic (GC) columns in GC



instruments. Such optimized installations
should minimize asymmetric elution behavior
and other chromatographic output signal dis-
tortions in conventional column arrangements
and in special column installations such as
capillary effluent splitters.

Investigate the various sample injection
procedures currently used for injecting
undiluted complex samples into capillary
columns. Determine the best available auto-
mated technique for injecting hydrocarbon fuels
into high-resolution GC columns. Determine the
parameters which affect the linearity of split
reproducibility of this particular injection
technique. Assess possible modifications to

improve sample injection performance.

Evaluate the application of the Kovats retention
index system to the various gas chromatographic
operational modes, such as isothermal gas
chromatography (ITGC), programmed temperature

gas chromatography (PTGC), and variations thereof.
Through the use of time normalization procedures,
recommend appropriate GC conditions for obtaining
the greatest amount of analytical GC data in a
given time for highly complex samples.

Study the potential benefits of multidimensional
gas chromatographic techniques for analysis of
complex hydrocarbon mixtures. Identify the
design and operational features which should be
included in an instrumentation assembly that
would be dedicated to the multidimensional gas
chromatographic analysis of jet fuels.



SECTION III

BACKGROUND

1, JET FUELS

For the past several decades, practically all aviation
turbine fuels have been obtained from petroleum-based feedstocks.
These jet fuels, produced in very large quantities at petroleum
refineries, have consisted essentially of complex mixtures of

petroleum~derived hydrocarbons.

The physical and chemical properties of jet fuels have
frequently been described in military specifications (e.qg.,
MIL-T-5624 [l] and its revision). Typically, petroleunm
based jet fuels have had to meet requirements relative to distil-
lation, density, surface tension, viscosity, resistance to
formation of gum deposits, and limitations with respect to
sul fur content, particulate matter, and acidity. These fuels
have also had to conform to vapor pressure, heat of combustion,
flame luminescence, thermal stability, freezepoint, flashpoint,
and smoke point criteria. 1In addition, these various jet fuels
have been required to meet specification requirements relative
to filtration time, the ability to separate water out of the
fuel, and chemical requirements with respect to aromatic and
olefinic content. Recently, there has been increased interest
in combustion and the possible formation of pollutants in jet
engine exhaust [2,3]. Accordingly, basic studies are being
conducted on the formation of soot and polycylic aromatic hydro-

carbons during combustion of gas turbine fuels.

2. SHALE OIL AND SYNFUELS

In the 1970's, increased attention was directed toward
obtaining hydrocarbon fuels from nonpetroleum feedstocks [4],
specifically, interest focused on obtaining acceptable fuels from
coal, oil shale deposits, tar sands, and various forms of biomass.

Indeed, the cumulative energy stored in these various synthetic



fuel (synfuel) sources is enormous. Fortunately, the United

States has very large deposits of coal and oil shale.

The feasibility of producing jet fuels from shale oil has
already been demonstrated [5,6]. This particular synfuel source
is promising [7,8] as many processes are being developed for
extracting hydrocarbons from our vast oil shale deposits, such
as those in the Green River formation in Colorado, Utah, and Wyoming.
It has been estimated that these particular deposits could
yield over 600 billion barrels of shale oil. Other large oil
shale deposits in the United States and in Europe are also seen
as future sources of energy and hydrocarbon feedstocks.

Different shale o0il materials are now being analyzed and
characterized. The U.S. National Bureau of Standards now
provides a standard reference sample of shale o0il, thus permitting
development of analytical procedures which can be readily

evaluated, tested, and compared in different laboratories.

3. THE 'ROLE OF CHROMATOGRAPHY

Chromatooraphy plays a major role in fuel characterization,
Chromatographic techniques were applied in the latter 1950's for
characterizing gasolines, kerosines, and the various jet fuels
of that day. However, there has been a tremendous increase in
the analytical capability of the various chromatographic tech-
nigues. Today, both gas chromatography and liquid chromatocraphy
are used to characterize petroleum feedstocks, shale oils [9],
kerosines, gasolines, and jet fuels. Even so, it is fair to say
that the extreme chemical complexity of these hydrocarbon
mixtures still requires greater chromatographic separation
than is possible by existing high-resolution chromatographic
techniques. Thus, chromatography is a very active area of
instrumental analysis research, advances are being made, and
the future is promising for obtaining highly sophisticated

analyses of these organic mixtures.

...............



In efforts directed at reducing sample complexity, high-
performance liquid chromatography (HPLC) is frequently used to
separate the very complex organic mixtures into families of
compounds [10,11], thereby simplifying the eventual analysis

of the various classified fractions [12].

High-resolution gas chromatography (HRGC) is the major
tool for obtaining the separation and chromatographic characteri-
zation of the individual compounds in these chemical mixtures.
HRGC, with its application to the analysis of jet fuels and
various shale oil samples, is the subject of this research report.

...................................



SECTION IV

APPROACH TO HIGH-RESOLUTION GAS
CHROMATOGRAPHIC INSTRUMENTATION SYSTEMS

A gas chromatograph can be viewed as an assembly of indi-
vidual components arranged to form a casual, time-invariant,
linear system [13]. Therefore, a systems approach is used
in this investigation to study, design, and modify high-
resolution gas chromatography (HRGC) instrumentation. It is
especially beneficial that a gas chromatograph can be represented
as a linear system, since this permits the detailed characteri-

zation of chromatographic zone migration.

il SYMMETRICAL ELUTION PROFILES

The chromatographic analysis of a complex organic mixture
requires a system capable of efficient quantitative transport of
the various solute molecules admitted to the system. Such
instrumentation must be capable of efficiently migrating the
various solutes, and it must permit the accompanying zone dis-

persion of the migrating species to be strictly random in nature.

A concentration zone of like molecules emerging from a gas
chromatograph should theoretically be distributed in time as
described in Figure 1. This concentration versus time profile
is known as a Gaussian density distribution (see Abhreviations and
Symbols for term designations). The unbiased migration of like species
through a long chromatographic column will indeed correspond

very closely to this Gaussian profile.

In BRGC, it 1is very important that the chromatographic
system be capable of generating symmetrical Gaussian elution
profiles. As can be seen in Figure 2, the crest region of the
solute zone is important to establishing the identity of the
emerging solutes. The leading and lagging regions at the
base of the profiles are also of key importance to establishing
the baseline, i.e., the analytical zero reference level. This

baseline permits both peak height and integrated zone profile



yp ()

RETENTION TIME »+

Figure 1.

Gaussian gas chromatographic elution zone.
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data to be obtained, thereby establishing the basis for the

quantitative determination of the species in question.

If the chromatographic system generates profiles that
depart significantly from the Gaussian profile, significant
errors can be introduced into both the qualitative analysis and
the gas chromatographic quantitation. (This topic will be
dealt with at length in Sections VI and VII. Also, Appendices
A and B address, in part, this same topic.)

In the HRGC of the future, it will be of paramount
importance that each pertinent component of the entire chromato-
graphic system be designed for delivering symmetrical elution
profiles. Schomberg, in his recent review of open tubular
column (OTC) gas chromatography [14], stated that improving
elution peak tailing behavior in HRGC columns is more important
than increasing separation efficiepcy. This is valid; unless
the chromatographic system is capable of generating symmetrical
profiles, a mere increase in chromatographic efficiency is
superfluous. In short, the gains from increasing the number of
theoretical plates can ke easily lost due to elution profile

asymmetry or assorted forms of exponential peak tailing.

The first objective in chromatographic analysis is to
obtain chromatographic separation of the chemical constituents.
In other words, one must adequately disengage the solute zones,
Once two adjacent solute zones have been sufficiently disengaged,
they can be quantitatively measured. If their time of elution
relative to standard substances is known, a certain measure

of qualitative interpretation can be applied.

Figure 3 shows the partial disengagement of two chromato-
graphic zones, one containing compound i and the other contain-
ing compound j. As seen in this illustration, these are two
partially separated zones of Gaussian profile. The primary
chromatographic objective is to obtain sufficient resolution

[15,16] between these two characteristic zones so that the
subsequent analysis can be accurate [17].
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20 SYSTEMS APPROACH

In a continuous process such as chromatography, the HRGC
instrument can be viewed as a series of instrumental stations.
Figure 4a shows that study and characterization of the sequential
transport behavior can take place as the sample passes through
the series of stations. This basic systems approach [18] has
been applied to other studies [19-21) where a gas chromato-
graph has been the central member in extended instrumentation
systems. Figure 4(b) is a single block diagram depicting such
systems. This approach permits one to view HRGC instrumentation
as a series of corponents or operational processes arranged
sequentially as shown in Figure 4(c), which exemplifies the

systems approach to chromatography addressed in this report.

In the various basic forms of column chromatography, the
major component in the instrumentation assembly is the separation
column. Accordingly, the behavior of chromatographic separation
columns has been studied a great deal. Even so, in many cases
the excellent behavior of a high-quality chromatographic column
can be seriously compromised if the column is not properly
positioned in the chromatographic instrument. This situation is
especially common in the field of HRGC where many precolumn and
postcolumn sources of distortion can seriously affect the eventual
chromatographic output performance.* These potential distortion
sources must be studied and thoroughly characterized to obtain
the ultimate performance from the chromatographic instrumentation.
Here again, the systems approach is of considerable value in

diagnosing and evaluating these possible distortion sources.

*Throughout this discussion, we make the assumption that a migrating solute
zone experiences no thermolysis, chemical reactions, or various other types
of chemical degradation during the course of its traverse through the HRGC
flowpath. Also, spurious elution profiles have been observed as a result
of decomposition or oxidation of the stationary phase, particularly at the
inlet region where sample residues can catalyze decomposition. Both of
these types of observed behaviors are unacceptable chromatographic proce-
dures as they violate quantitative transport criteria.

13
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Figure 5 shows three general forms of zone profiles which
can be intentionally or inadvertently generated in gas chromato-
graphy. These three types of profiles (i.e., R, G, and E) can be
individually generated in precolumn components, in chromatographic
separation columns, and in various postcolumn components and
instrumentation (see Figure 6). The number of possible combina-
tions, permutations, or arrangements into which these three
different profiles can be expressed is worth investigating.
Accordingly, a permutation of n things taken r at a time with
repetitions is an arrangement obtained by putting any member of
the set in the first position, any member of the set, including
a repetition of the one just used, in the second, and continuing
this until there are r positions filled. The total number of

such permutations or arrangements is

Consequently, for the three profiles shown in Figure 5, it is
possible to obtain 27 differeni combinations for a basic gas
chromatographic system. Fortunately, the elution zone contour
that results from combinations of these three basic profiles

(and other possible distributions) can be expressed mathematically.
This topic is discussed further in Section VI and in the

Appendices to this report.

In the early days of gas chromatography, when the analyst
wanted to accomplish a certain difficult chromatographic
separation, one option was to change the chromatographic
stationary phase employed in his instrumen‘. However, with HRGC,
the arsenal of separation columns containing a large assortment
of stationary phases is not needed. Six well-chosen chemically
bonded stationary phases (see Table 1) would probably be suitable
for the vast majority of separations encountered in the HRGC

laboratory [22].
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TABLE 1

ASSORTMENT OF SELECTIVE STATIONARY PHASES

Description Polarity
Dimethyl silicone non-polar
5% phenyl methyl slightly polar
silicone*
50% phenyl methyl moderately polar
silicone
Polyethylene glycol polar
Cyanopropyl silicone moderately polar*¥*
Trifluoropropyl moderately polar**

methyl silicone

*High temperature phase that is a substitute for
the diethylene glycol succinate phase from earlier
listing [22].

**gSpecial functional group phase,

18
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The capabilities of HRGC have also been enhanced by recent
advances in high-performance liquid chromatography (HPLC). This
technique can be used to obtain preseparations or as a process
by which a very complex hydrocarbon mixture can be fractionated
and classified according to families of chemical compounds prior
to injection into a HRGC instrument. In short, this is a process
for simplifying the subsequent high-resolution chromatographic

separations.

JP-4 jet fuel has an initial boiling point of approximately
20°C, and the heaviest species in this hydrocarbon fuel will
probably boil at temperatures somewhat less than 300°C. A
typical JP-4 fuel may contain carbon numbers ranging from C4 to
Cl6. However, an unfractionated shale oil may contain carbon
numbers ranging from C4 to C34. For samples with such a kroad
range of constituent volatilities, the GC technique of programmed
temperature gas chromatography (PTGC) is imperative. This
technique has received considerable attention relative to separating
organic mixtures which possess a wide range of molecular weights,
and it has unique and beneficial operational aspects. For
example, it is able to thermally focus the injected sample into
a short segment of the column and then to differentially migrate
the sample through the long gas chromatographic flowpath. This
thermal focusing feature and several associated aspects are
especially beneficial to instrumental analysis systems. More

benefits of PTGC are discussed in Volume II of this report.
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SECTION V

BRIEF DISCUSSION OF SAMPLE INSERTION

The injection of a highly complex and broad-molecular-
weight-range organic sample, e.g., jet fuel, shale oil, crude
0il, etc., presents special problems with respect to high-
resolution gas chromatographic (HRGC) analysis. This type of
organic mixture should not be placed in a solvent and then
subjected to analysis, since any solvent (along with its
impurities) would interfere and seriously mask sample constituents.
In short, to obtain maximum analytical information, the chromato-
graphic analysis of an unfractionated complex hydrocarbon fuel
should be conducted in its undiluted form, although this require-
ment places special demands upon present HRGC instrumentation.

At present, the largest sample that a typical OTC can
accept without overloading is approximately 0.0l microliters of
ligquid, and this would apply only for a very complex wide-
boiling-range sample which contains few prevailing constit-
uents. There are at present no liquid microliter syringes that
can repetitively deliver such a small quantity of liquid to the
head of a column with accuracy and without fractionation of the
sample. The need for analyzing vast quantities of jet fuel
samples necessitates the use of automatic sample injection
techniques, and as these samples have such a wide range of
volatile constitutents, special demands are placed upon the
sample insertion process. High-performance sample insertion
procedures are definitely needed. Today, it is the sample
insertion process which effectively limits the quality of the
analysis of a complex hydrocarbon fuel by HRGC.

Sample insertion techniques are needed which would not
produce degradation of thermally sensitive sample constituents.
Thus, it appears that a sampling insertion process is needed
which would not subject the sample to an excessively high
temperature at the chromatograph inlet. A sample inlet assembly

is needed which eliminates sample "carry-over" from previously
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injected samples. Also, a suitable inlet assembly for such
complex mixtures must not contaminate an admitted sample with
impurities such as septum bleed, organic leachate from upstream
system components, compounds arising from the decomposition of

polymeric ferrules, etc.

Four sample insertion techniques are now widely used in
HRGC: (a) the split mode of injection, (b) the splitless
injection technique, (c) the direct injection procedure, and
(d) the on-column sample insertion process. None of these in
its presently available form is completely acceptable for con-

ducting numerous repetitive analyses with jet fuel samples.

As stated earlier, sample insertion is presently the
weakest link in ERGC as applied to the analysis of complex
hydrocarbon mixtures. This situation has been recognized, and
recently Schomburg presented an excellent paper [23]
covering the present sampling systems in OTC cas chromatography
and reviewing the current state of the technology with respect
to recent injection procedures. The importance of addressing
the sample insertion aspects of HRGC was also highlighted
recently by a special international symposium [24] at which
the only topic was injection techniques in capillary gas
chromatography. Research into improving sample insertion pro-
cedures in HRGC is being conducted in many laboratories around
the world, and indications are that new and improved procedures

will be available soon.

Recognizing the extreme importance (and attendant problems)
associated with the injection of a highly complex and broad-
molecular-weight-range organic sample in HRGC, it was decided that
this topic should be addressed separately. Thus, Volume II of
this report, "Survey of Sample Insertion Techniques) discusses
the present methods of sample insertion with OTCs. The variables
and operation aspects associated with the various types of sample
injection devices are also presented. 1In addition, some experi-

mental data obtained with different injection techniques are
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discussed. Volume II also presents systematically the features
and limitations of injection inserts, OTC precolumns, and different

types of microliter syringes.
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SECTION VI

CHROMATOGRAPHIC SEPARATION

1. DESIGNS AND PROPERTIES OF SEPARATION COLUMNS

The accurate characterization of complex hydrocarbon fuels
can presently be accomplished best by high-resolution gas chroma-
tography. These chromatographic separations are performed almost
exclusively with open tubular columns (OTCs) of considerable
length. Research aimed at improving the performance of OTCs is
making progress in the methods of separating complex organic

mixtures.

Marcel Golay not only proposed and prepared the first gas
chromatographic OTCs [25,26], but also postulated what ought to
be the ideal HRGC column. Basically, he contended that an ideal
separation column would have a long narrow bore and a velvet-like
coated interior surface. Thus, such a long narrow flowpath would
have a large, uniform surface area for containing a sizeable
gquantity of stationary phase which would still be distributed as
a uniform thin film. Some progress has been made toward these
types of columns, as whisker-walled open tubular columns have
been produced and evaluated [27]. Golay also theorized [26]
that there would be distinct advantages in a rectangular cross-
section open tubular column. However, he has recently reconsidered
the practical merits of noncircular cross-section OTCs [28,29] and

now contends that circular cross-section flowpaths are superior.

HRGC columns have been made with a variety of tubing
materials. Although metal and plastic tubing were used in the
early evolution of HRGC technology, glass and fused silica are
preferred for present OTCs. The bulk compositions of some of
the common types of glasses used for making columns are shown in
Table 2. Soft Glass and Pyrex have been used extensively as
tubing materials for glass capillary columns. The recent intro-
duction of flexible fused silica narrow-bore tubing [30] is a
major step in OTC technology, because it is now possible to prepare
efficient OTCs [30,31] with long-life capabilities,
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TABLE 2

BULK COMPOSITION OF CERTAIN GLASSES

Glass Type

Composition of Glasses

Si0, Al,03 Nap0 CaO MgO By03

Soda Lime (R~6)
Borosilicate (Pyrex 7740)
Fused Silica

R-6 (502 Ereated) Surface
to 100 A

73 1 17 5 4 =
8l 2 4 - - 13
100 Less than lppm total metals
100 Less than lppm total metals
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Considerable chromatographic research [30,32] is being

focused on glass surface chemistry. The objective of this

j surface characterization is to obtain glass tubing surfaces
which: (a) have very low metal ion contents, (b) exhibit
negligible catalytic effects at elevated temperatures, (c)

. possess extremely good inertness or freedom from adsorptivity,

. g (d) can be easily wetted by a variety of stationary phases, and
(e) present a surface conducive for attachment of chemically

bonded stationary phases.

Several current techniques for drawing glass tubing

permit the subsequent modification of the tubking interior with

e

processes such as surface leaching, the forming of whiskers,
etc. Consequently, a glass OTC could probably be constructed
to almost any configuration [33], thereby permitting versatility

, in designing and fabricating special HRGC columns.

Several years ago, there was a definite preference for
. HRGC stationary phases with a fluid consistency. Recently,

ii workers have preferred stationary phases of a higher molecular
weight and a gum-like consistency. Gum phases tend to withstand
solvent overloading better than the more fluid stationary phases.

o However, more important is the fact that gum phases can better

hﬁ tolerate rapid temperature changes without the thin liquid layer

- forming into surface pools or droplets. Fluid phase OTCs which

b? receive extensive thermal cycling in the programmed temperature

mode tend to form stationary phase droplets and bare spots* more

readily than do gum phase columns,

e
. s
. 4 1]

Recent work [34,35] wherein stationary phases have been
chemically bonded to the tuking wall surface, synthesized in situ,
or cross-linked, shows considerable promise of very high-
performance OTCs. A chemically bonded phase in a flexihle fused

*Stationary phase droplets and microscopic areas of exposed tubing wall are
considered sources of elution profile asymmetry and column inefficiency.
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silica open tube represents a HRGC column of strong potential.
Stationary phases of different polarity are now being chemically
bonded [36] to the wall of various alass and fused silica

tubes. As these phases are not extractable, they exhibit very
low column bleed even at elevated temperatures, and the sta-
tionary phase pooling problem as discussed above is practically
nonexistent with these chemically bonded phase OTCs. In addi-
tion, most of these fused silica OTCs can be flushed with solvents
to remove contaminants lodged in the column interior. It is
anticipated that these bonded stationary phases could also be
applied to columns of differing internal configurations, such as
whisker-walled tubes [37] and other types of chromatographic gas
flowpaths.

Surface deactivation [38,39] is also receiving considerable
attention in OTC technology. Fortunately, progress is being made
with the use of several deactivating procedures for the various
glass and fused silica tubings, '

Probably the major physical advantage of a capillary column
is its gas path openness, that is, its high permeability, which
permits very long columns to be operated at reasonable instrument
inlet pressures. As the total efficiency of a chromatographic
column is directly proportional to its length, very high-
efficiency gas chromatographic columns can be made via basic
open tubular construction. The practicing chromatographer should
be aware that, although chromatographic efficiency is directly
proportional to column length, chromatographic resolution
usually increases by the square root of column length [40]. It
is still advantageous to use rather long OTCs for very difficult
chromatographic separations, although the maximum concentrations
of emerging peaks will be much smaller and analysis times will
be longer. (See that portion of Appendix A which addresses the
decline in a solute zone's maximum concentration during migration
through OTCs.) Several researchers [41,42] routinely use OTCs of
300 meters and longer which can generate over 106 theoretical

plates.
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When a long chromatographic column is used, the gas flow
and temperature parameters of the chromatographic system must be
adjusted for maximum performance. For example, the carrier gas
velocity must be carefully selected to produce maximum solute
separation, and the rates of temperature programming must be
correspondingly very low, usually in the region of 0.5° to 2.0°C
min-l for some of the longer OTCs. The maximum resolution for a
pair of solute zones generally occurs at the lowest temperature
which permits practical migration velocities. Therefore, it is
counterproductive (from a resolution standpoint) to program the
temperature of a long OTC at excessive rates, since that would
cause the main migration of the solute to occur at higher

temperatures, thereby reducing chromatographic resolution.

When a long OTC is being used, a convenient operational
trade-off can usually be made. Specifically, in order that data
be obtained in a shorter time, the carrier gas velocity can be
increased to a higher—than—normal.level so that the solutes are
traversing the column rapidly. Thus, resolution is traded off for

shorter analysis time.

Figure 7 shows a gas chromatographic tracing corresponding
to a jet fuel generated with a relatively short capillary column.
The carrier gas velocity here was much higher than optimum and
the entire PTGC tracing was completed in eight minutes. Similar
results could be obtained with a much longer column, where the
carrier gas velocity would be even higher. The same jet fuel
sample analyzed in Figure 7 was chromatographed with a longer
column, and the corresponding chromatogram is presented in
Figure 8. Other workers [43,44] have performed very rapid
separations of high-molecular-weight materials by using hydrogen

‘ carrier gas at mean axial velocities of 0.5 to 1.5 meters per
second. Thus, the use of hydrogen as the carrier gas is
another option. A hydrogen carrier gas is definitely beneficial

for rapid OTC separations and certain aspects of PTGC operation.
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2. IMPORTANT OTC PARAMETERS AND OPERATING PROCEDURES

For the best possible performance from a HRGC column, the
column parameters and the operating conditions must be optimized.
Several available characteristics can be measured to evaluate the
chromatographic efficiency of an OTC. Several criteria can be
used for measuring the chromatographic resolution for a given
pair of solvents; these are discussed in gas chromatography
texts (e.g., see references 45 and 46). However, since the major
concern in this work is obtaining adequate resolution for
constituents in organic fuels (with the use of high "resolution"
gas chromatography), the performance parameter that seems most

applicable is resolution.

Chromatographic resolution can be stated in basic physico-
chemical terms and can be graphically measured. Specifically,
the extent to which a well-behaved pair of solute zones is
chromatographically isolated is termed resolution and is

expressed according to

. t_ .
R,, = 2=l _Z:2) , &
w. w

where Rjj represents the chromatographic resolution for
components i and j, tr is the retention time, and w represents
the time-based distance intercepted along the baseline by tan-
gents through the points of profile inflection. The basic
description of resolution in physico-chemical terms [47] is

written as

ij W, a T + Kk,
2(1 - —"“) J

J

where nj is the number of theoretical plates corresponding to
component j, o is the relative retention, and kj is the partition

ratio for the j component.
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For solutes not subjected to distorting or biasing effects
during migration (see Appendix B), the chromatographic efficiency
can be measured rrom the properly recorded output signal, and
thus related to the basic chromatographic variables [48] or
characteristics. Specifically, chromatographic efficiency is
defined in terms of height equivalent to a theoretical plate, H,

and is written as

2 2
g
L S (3)
= 5 dz - 7 K
8(2n2)tr

where o, is the standard deviation of the solute zone, z is
the distance along the column axis, L is the column length, and
Wy is the zone width at half height.

In addition to measurements of efficiency and resolution,
test procedures have been developed for evaluating the performance
of glass and fused silica OTCs. These procedures are still
evolving [49-53], and methods are being developed which address
some of the more subtle characteristics of OTCs, e.g., catalytic

activity, selective adsorptivity, etc.

Early experiments [54] tended to indicate that H, the
height equivalent to a theoretical plate, was a function of
column length; however, that has been found to be incorrect.
Recently, experimental evidence [55-56] has shown that H can
be independent of column length, and that it is relatively easy
to optimize the gas flow for a chromatographic column under
isothermal conditions. However, different carrier gases will
exhibit a different optimum linear gas velocity, and this must
be determined experimentally. Experimental data indicate no
clear preference for any particular carrier gas with respect to
isothermal gas chromatographic efficiency. Yet, there is an
advantage in using hydrogen (and to a lesser extent helium) for
high-resolution gas chromatographic work [57,58]. With these

light carrier gases (hydrogen and helium) the solute zones can
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be passed through the column at a higher linear velocity, thereby
producing larger instantaneous concentrations at the column

exit (see Appendix A). The advantages of hydrogen or helium
carrier gases are especially evident in programmed temperature
work with long OTCs. 1In addition, efficiency losses due to a
programmed variation in column temperature are minimized with
the use of hydrogen carrier gas. (Caution: certain protective
measures should be undertaken when using hydrogen as a carrier

gas in an HRGC instrument.)

There is valuable diagnostic information in the early
portion of chromatograms of jet fuels, the volatile fractions of
a crude oil, or shale oil. 1In fact, this region may presently
be the most informative portion of a chromatogram in revealing
unique properties or characterizations of various samples. There
are three ways of improving chromatographic resolution for these
early eluting volatile species. One approach is to merely cool
the column oven to a temperature near ambient and maintain an
extended isothermal hold period for the early emerging species.
Another is to use OTCs with a relatively thick film, thereby
increasing the resolving power for the more volatile components
of the mixture. The third approach is cryogenic temperature-
programmed gas chromatography. For this procedure, the GC
instrument must be equipped for subambient operation. Eventually,
the GC oven will be temperature programmed to higher temperatures

to elute the higher boiling sample constituents.

In subambient programmed temperature HRGC, potential
problems are associated with a change in state of the stationary
phase and the associated slow mass transfer of solute molecules
at lower temperatures. Consequently, care is needed in the
selection of the OTC stationary phase. Recent experiments
conducted in the Thermal Analysis Laboratory at the University
of Darton have shown that certain silicon gum phases (SE-30 and
SE-52, have glass transition temperatures of approximately =110°C.
Therefore, these stationary phases would be especially suited
for subambient programmed temperature GC. Phases that readily

ciystallize should not be used at cryogenic temperatures. For
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strict gas-liquid partitioning chromatography, a stationary
phase should not be used below its glass transition temperature.

The new fused silica OTCs have polyimide outer coatings
that can withstand a 350°C air environment for long periods.
However, many of these coating materials exhibit glass transi-
tion temperatures of approximately -40°C. Nevertheless, these
outer protected fused silica OTCs have been subjected to cryo-
genic trapping procedures wherein short lengths of the coiled
tubing were placed in Dewar flasks containing liquid nitrogen
[59] at approximately -196°C. Apparently, no difficulties (e.g.,
surface cracking and column breakage) were encountered in these
severe low-temperature exposures. Consequently, it would seem
that fused silica OTCs can be used in gas chromatographic
systems designed for occasional cryogenic temperature programming

use where initial temperatures may be as low as -100°C.

Undoubtedly the major attributes of HRGC are its ability
to separate complex mixtures, its speed in performing separations,
and its ability to obtain analytical quantitations for separated
constituents. Gas chromatography can also supply qualitative data
by using the Kovats retention index system [60,61] for identify-
ing the various emerging solute zones. This system is widely
used for isothermal chromatographic determinations [62]. For
whatever mode of GC operation, standard tests must be conducted
periodically to validate the Kovats indices information, in
exactly the same manner as the routine retention data collection.
For example, if the chromatographic data are obtained in a
certain programmed temperature GC mode, the retention index data
should be determined in that same mode of operation using

internal standards.

3. ADVERSE BEHAVIOR ASSOCIATED WITH THE SEPARATION COLUMN

An important topic relative to HRGC and the generation of
analytical data (quantitative and qualitative) is elution zone
oprofile. The complete HRGC system must be capable of migrating
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and eventually recording symmetrical concentration zone profiles
[63]. As stated in Section IV, this performance criterion must
be met before extensive sophisticated analytical work is under-
taken. Causes of recorded zone profile asymmetry can originate
in:

(a) the chromatographic inlet assembly,

(b) the separation column itself,

(c) the nonuniformities associated with the
column and its installation, or

(d) the subsequent physical components and data-

handling procedures downstream of the
chromatographic column.

The reasons why asymmetric elution behavior is so detri-
mental to chromatographic performance, particularly with respect
to HRGC, must be understood. Specifically, if elution profile
distortion, e.g., peak tailing, is observed in the recorded
output of a properly designed and responsive GC instrument, some
entity within the system is biasing the chromatographic passage
[63-66] of solute molecules. Such behavior indicates either
(a) disturbances or nonuniformities in the gas flowpath which
cause this bias in migration, (b) certain types of adsorptivity
which can be either reversible or irreversible, or (c) chemical
degradation during solute transport. In any event, this peak
tailing behavior is undesirable, as it adversely affects the
measured concentration of the eluting solutes. It also changes
the occurrence, in time, of the concentration profile cresting

of the individual solute zones.

Other types of asymmetric elution behavior are associated
with admitting too much solute to the chromatographic system
and thus overloading the separation column. This usually
generates a profile that has its concentration centroid emerging
at a time somewhat different than the elution profile crest,
i.e., the zone's maximum concentration. This again would produce
erroneous qualitative data.
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Figure 9 shows the loss in resolution attributed directly
to asymmetric elution zone profiles. The upper set of elution
peaks consists of a single Gaussian profile and an exponentially
modified Gaussian (EMG) profile. These two distribution profiles
differ only in that the EMG response curve contains a fixed
exponential tailing component which has been convoluted with
the previous Gaussian profile (shown in the upper left corner).
The bottom set consists of two equally spaced component elutions
of Gaussian and EMG behavior, respectively. The extent of over-
lap for compounds i and j in the lower right-hand figure clearly
shows the loss in resolution directly related to asymmetric

elution behavior.

At this point in the discussion of adverse behavior
associated with an OTC, it is appropriate to present a case
where chromatographic peak tailing occurred as a result of
physically contaminating the early regions of the chromatographic
flowpath. The chromatogram of normal paraffins, shown in
Figure 10, was obtained after a "dirty" and inappropriate
sample had been injected into an OTC gas chromatograph. (Notice
the tailing of the early solute peaks.) The previously
injected sample consisted of a complex mixture of aromatic
hydrocarbons, a variety of organic acids, a small quantity of
low-molecular-weight polymers, some micro-size particulate, and
other carbonaceous materials. In effect, this dirty sample
contaminated the interior surfaces of the injector and the
localized stationary phase in the inlet region of the OTC.
Subsequently injected solutes (shown in Fiqure 10) were sub-
jected to adsorption, biased migration, and possibly even catalysis
by the contaminants residing in both the injector and the inlet
region of the chromatographic column. Therefore, by merely
cutting off the first ten centimeters of the column, cleaning
and deactivating the injection port surfaces, and reconnecting
the column, the improved chromatogram shown in Figure 11 was
obtained. This particular case is one example of how the
performance of high-temperature OTCs can be impaired.

35

........................



Gaussian Profile |

EMG Profile

v

Gaussian Profiles (|

v

Figure 9. Gaussian and exponentially modified Gaussian
elution zone profiles,
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SAME GC CONDITIONS
AS IN FIGURE 10
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Figure ll. Elution behavior after removing contaminated

section of column.
38



Another type of peak asymmetry has been observed recently,
and the cause of this unusual form of tailing behavior is not
fully understood. Figure 12 shows two partial chromatograms,
one representing the elution of a chlorinated pesticide, the
other showing the elution profile of a nitrophenol. In some
chromatographic systems, similar types of tailing behavior have
been observed even for hydrocarbons. Basically, this asymmetric
behavior is characterized Ly a prolonged baseline elevation
after the elution of a certain solute. This distinct elevation
of the baseline is not related to electronic offset or recorder
deadband. In the past, comparable results were observed when
water was eluted through a chromatographic column. Similar
behavior [67] has been observed with a dirty detector or foreign
deposits in the detector region (deposits that introduce

selective solubilities or adsorptivities).

Although there are several theories concerning this
phenomenon, none of the explanations is totally satisfactory.
This type of asymmetric elution behavior can have serious con-
sequences. For example, there is the question of whether the
adsorptivity is reversible or irreversible, and if it is revers-
ible, whether the solute molecules will elute in time to be
included as part of the detected solute zone., There is also
the question of whether the adsorptivity is concentration
dependent, such as the undesirable GC cuantitative behavior as

characterized by Figure 13.

In some instances,nonquantitative transport (that is,
irreversible adsorptivity) can occur even if the emerging solute
zone profile is symmetrical. On the trace concentration level,
there are retardation mechanisms that would not necessarily

produce the telltale asymmetric elution profiles,

4. OVERLOADING OF AN OPEN TUBULAR COLUMN

With a HRGC system, it is possible to trade-off and compro-
mise on resolution, analysis time, and sample capacity.

Basically, this three-component compromise is available in most

3@
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of the chromatographic techniques. Figure 14 shows a triangular
B relationship relating resolution, analysis time, and sample capac-
I ity. Quite simply, the analyst can enhance any of these opera-
tional attributes, but at the expense of one or both of the other
attributes. For example, if the maximum possible resolution is
5 sought, it will require a long analysis time, and it will have to
i be accomplished with a small quantity of admitted sample.

It is increasingly clear that sample capacity is important
in HRGC, for if too small a sample is admitted to the instrument,
there is a problem in detecting the low level components., And

of if too large a sample is admitted to the chromatographic column,

overloading will occur.,

Gas-liquid chromatographic column overloading has been well
known [68] for almost two decades. Although overloading pheno-
menon has been recognized and studied, it does not lend itself
to precise characterization for a given chromatographic system
and a given sample. Recent authors have addressed this top.c
[69,70] and some researchers consider column overloading in
chromatographic dynamic terms, e.g., localized velocity concepts.

The relationship between the zone variance of an emerging

- solute profile and the quantity of solute admitted to a given

i chromatographic column can be expressed in an approximate generali-
zation as shown in Figure 15. This is a hypothetical curve, and
certainly this relationship would vary with the dimensions and

_ characteristics of the separation column and the admitted solute.

) Even so, if too much solute is injected into the chromatographic
column, an overloaded condition will exist and the emerging solute
zone will be broader than if the chromatography were performed

in a nonoverloaded manner.

P In the overloaded condition, the emerging solute zone is
‘f not only broader but is also skewed. In practically all cases,
the crest value of the emerging solute zone will emerge later in
the overloaded condition than in nonoverloaded chromatographic
zone migration. This can present serious problems in generating
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qualitative data, specifically when characterizing the eluting
solutes using the Kovats retention index procedure. Accordingly,
when the objective is to generate precise qualitative information,
it is imperative that the emerging solute zones not be overloaded.
(Appendix B shows that the peak apex can be used as an indicator
of the emergence of the solute zone centroid, provided the solute

zone is symmetrical.)

There are many procedures for measuring elution zone
profile asymmetry and Figure 16 illustrates six graphic procedures
for obtaining zone asymmetry measurements (see reference [63] for
a detailed description of some of these profile characterization
procedures). The measurement procedure as introduced by Haarhoff,
et al. [71] was selected for measuring the zone asymmetry of a

series of hydrocarbons that eluted from a particular HRGC column.

A hydrocarbon mixture which was prepared contained equal
weights of normal undecane, normal dodecane, and 2,6~dimethyl
undecane. Different weights of the mixture were placed in an
iso-octane solvent and a small amount of naphthalene was added
to each of the prepared samples. These samples were injected into
a high-resolution gas chromatograph containing a 60-meter-long
fused silica OTC. This particular column had a dimethyl silicone
film thickness of approximately 0.25 microns. The chromatographic
conditions for this overloading experiment are presented in
Figure 17. The weights of the hydrocarbons admitted to the OTC
ranged from 2 ng to 256 ng each. The guantity of naphthalene

admitted during this series of tests never exceeded 4 ng.

One objective of this experiment was to determine what effect
the normal paraffin overloading would have on the Kovats retention
index of the nonoverloaded naphthalene. These tests were run
under isothermal conditions of 140°C, and examples of partial GC
tracings are shown in Figure 18. It can be seen that the upper
tracing corresponds to an overloaded condition (ske<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>