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ost authorities would agree

that gas chromatography

(GQ) is still one of the
world’s most widely used analytical tech-
niques. Unfortunately, a large percentage
of those currently using GC have a lim-
ited comprehension of its basic princi-
ples. The erosion of GC expertise is
probably best explained by contrasting
GCs early history with current
conditions.

GC was first envisioned by A.J.P. Mar-
tin in 1948 and demonstrated by James
and Martin in 1952. It began to enjoy
wider usage in 1953 and onward. All of
these early efforts employed packed
columns, in which the resistance to gas
flow limits practical column lengths and
the total numbers of attainable theoreti-

cal plates. Golay’s invention of the open

“achieving-a-more thorough—
understanding of the
chromatographic-processes.
With the advent of modern
columns and sophisticated
instruments to run them,
some of this expertise has
disappeared, especially in
view of the fact that GC has
become an easy-to-use
routine tool for
nonanalytical chemists. In
his teaching on the subject,
he relates how students are
awakened when challenged
to understand the
underlying principles.

tubular column alleviated this latter
restriction, but claims to the contrary not
withstanding, the patents on open tubu-
lar columns were rigorously enforced. In
addition, the quality of the wall-coated
open tubular (WCOT) columns available
from the patent holder left much to be
desired. Some have suggested that this
might have been a factor in the patent
holders apparently abrupt diversion into
support-coated open tubular (SCOT)
columns rather than striving to improve
the quality of their WCOTs. Most early
WCOT users made their own columns,
ostensibly for personal use. The compli-
cations they faced included the rough-
ness of the inner surface of the tubing,
which challenges the deposition of a thin
uniform film, as well as the high cost of
stainless steel capillary tubing. Desty’s
elegantly simple machine for drawing
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ing provided a more inert tubing with a
smoother inner surface that was also less
expensive and introduced the age of glass
capillary GC. A number of laboratories
— largely in Europe and the United
Kingdom, and less widely in South
Africa and the United States — were
soon engaged in drawing and coating
glass capillary columns. Many of these
were at universities and government-
sponsored laboratories, but a few indus-
trial laboratories (for example, Shell in
the Netherlands, Shell, BP, and several
other petroleum labs in England, Ciba
Geigy in Basel, and Dow in Midland,
Michigan) plus a number of individual
scientists were contributing members of
these elite “centers of excellence.” Some
authorities have argued that the rigorous
patent enforcement actions retarded the
development of GC (1), but it is the
author’s feeling that the overall effect was
an unintended blessing. A large number
of scientists who would have preferred to
continue in their individual research
efforts, but needed better columns,
began instead to draw and coat glass cap-
illary columns to further their efforts in a
variety of research areas. Many of these
efforts evolved into studies on improve-
ments in coating methodologies, surface
deactivation, methods and hardware for
sample preparation, sample injection and
detection, interfacing columns to injec-
tors and detectors, and a wide variety of
applications. Workers at these sites
became thoroughly grounded in the basic
principles of GC, and several centers
offered educational courses in GC (for
example, Rudolph Kaiser’s institute at
Bad Duerkheim, Germany, and later,
Patrick Sandra’s at Kortrijk, Belgium).
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Most instrument companies lagged
behind these developments — early users
drastically altered commercial instru-
ments, or constructed their own. Carlo
Erba (Milan) was the earliest company to
offer chromatographs that were designed
for glass capillary columns. The vast
majority of our columns were of
mediocre quality by today’s standards,
with at least one notable exception: Pro-
fessor Kurt Grob, whose laboratory in
Duebendorf (a suburb of Zurich),
Switzerland, was producing superior glass
capillary columns. One of his associates,
Hansjuerg Jaeggi, explored the possibili-
ties of commercializing column produc-
tion, and only by exploiting a unique
provision in Swiss law were Jaeggi and
Grob able to force the issuance of a
license from Perkin Elmer. (There is no
connection between the old Perkin
Elmer and the PerkinElmer of today;
they are entirely different companies.)
Jaeggi’s columns were so obviously supe-
rior that Perkin Elmer then approached
Jaeggi with a proposal to share technol-
ogy, but Perkin Elmer had made the
struggle so acrimonious that Jaeggi
wanted nothing more to do with them.
Jaeggi produced superb columns, and
much of his output was quickly pur-
chased by the Swiss flavor and fragrance
giants Firmenich (Geneva) and Givaudan
(Zurich), and Kaffee Hag (Germany).

Kurt Grob then began offering courses
in column manufacture, first in Europe,
then in the United States. He carefully
screened applicants to exclude those that
might have commercial ambitions. It is
my belief that he taught these courses so
that budding capillary gas chromatogra-
phers had the hands-on experience of
making and testing columns — it was an
educational exercise ensuring that each
participant had at least a minimum level
of GC expertise. It seems probable that
he dreaded the day when untrained indi-
viduals simply could buy a GC system,
install a column, and produce chro-
matograms.

During the last 20 years, most of the
previously mentioned “centers of excel-
lence” have disappeared, or had their
activities greatly curtailed. Universities
have failed to replace retiring faculty
whose efforts in analytical chemistry con-
tributed so much to our analytical
advances. We no longer have people like
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Figure 1: Hypothetical isothermal gas chromatogram.

Desty, Grob, Bayer, Pretorius, Keule-
mans, Cramers, Schomburg, Verzele, and
innumerable others that made such
meaningful contributions to GC. At the
same time, today’s instruments have been
made so simple to operate that many
new users use a “black box” approach

and regard even a cursory knowledge of
basic GC as unnecessary. GC courses are
still available, but too many analysts fail
to recognize their educational deficien-
cies. Virtually any untrained individual
can simply push a start button that trig-
gers an automated injection, and a prese-

Kc = Cs/CM

Column-detector junction

Kc = C5/C|V|

A 4

Figure 2: Concept of the solute distribution constant, K¢; ¢g = concentration of the solute
in the stationary phase; ¢, = concentration of the solute in the mobile (gas) phase.
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Figure 3: Resultant band broadening as solute is eluted from a column.

lected automated program takes over.
The controlled sequence can then culmi-
nate in a printout of solute retention
times, peak widths at half heights, and
area counts, data that too many users
accept as infallible. Many commercial
laboratories are under constant pressure

= Fxcessively broad peak peak

It is now apparent that there are at
/\_—\' least two components

<= Baseline separation Rs = 1.5

= Overkill — this permits the use of a shorter column,
higher temperature, or higher linear gas velocity

to process more samples in less time, and
management, soothed by a steady flow of
seemingly accurate information, feels
scant need for educational courses. All of
these factors have combined to create the
environment that I assume Kurt Grob
had feared, and the expertise of the aver-

Figure 4: lllustration of the degree of peak sharpness. Retention factors (k) and separation

factors () are considered constant.
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Figure 5: Influence of injection technique on band length. B is the phase ratio.

age practicing chromatographer began a
continuous decline dating from the late

1970s.

Understanding Basics of Gas
Chromatography Separations
Certainly a number of superb chro-
matographers still exist, but there are
other less capable practitioners,too many
of whom are blissfully unaware of their
deficiencies. Many of these are highly

Low temperature

Large K¢

respected scientists using GC as a tool
without realizing that their lack of basic
knowledge affects the qualitative and
quantitative validity of their results. Ide-
ally, in the classroom environment, we
can create situations where they them-
selves discover their deficiencies, after
which most of them promptly take cor-
rective actions. Toward this goal, it can
be useful to project an isothermal chro-
matogram (Figure 1), and pose the ques-

High temperature
Small Kc

Frequency of interphase transitions is limited

-

Intermediate (optimum) temperature
Frequency of interphase transitions is maximized

Figure 6: Schematic of interphase transitions at low, high, and optimum temperature. The
intensity of the green color depicts the relative concentration of solute in the two phases.
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tion “why is each peak wider than its
predecessor?” Many attribute this phe-
nomenon to diffusion: “The longer the
solute is in the column, the longer it is
subjected to diffusion, ergo the longer
the chromatographing band, and the
wider the peak.” The fallacy of this
assumption can be quickly established by
pointing out that every solute spends the
same time in gas phase (where diffusivity
ranges from approximately 0.15 to

0.7 cm?/s), and the slower moving
solutes spend longer times in stationary
phase (where diffusivity is usually less
than 10-6 cm?2/s). This means that every
solute has suffered essentially the same
degree of longitudinal diffusion, all in
the gas phase, and there must be some
other reason that each successive peak is
broader. At this point, it is normal to see
many attendees begin to exhibit a height-
ened interest. This is the time to intro-
duce the concept that it is the Ks, the
solute distribution constants at the time
of detection that exercise the major effect
on peak conformation. Solutes are con-
ducted from the end of the column to
the detection zone only by the carrier gas
flow as depicted in Figure 2.

The solute K_ defines the ratio of the
solute concentrations in the stationary
phase, ¢g (where there is no forward
motion) compared with that in the
mobile phase, ¢y (where it is continu-
ously swept forward toward the detec-
tor), that is, K. = cg/cyy. If the K is
small at the time the solute approaches
the column—detector junction, most of
the solute is in mobile phase and is rap-
idly conducted to detection, producing a
peak of short duration and high intensity
(Figure 3). If the K is large as it
approaches this junction, only a small
amount is in mobile phase; most is in
stationary phase, immune to the forward
impetus of carrier flow. As those mole-
cules in mobile phase are swept to detec-
tion, more molecules are released from
the stationary phase to maintain the
equilibrium K_. Solutes with large Ks at
the time of detection are more slowly
dribbled from the column end to the
detector, resulting in long-duration low-
intensity peaks. Programmed tempera-
ture runs are constantly changing solute
Ks, and there is no easy way to tell to
what degree of the sharpness of a given
peak is a function of the column effi-

ciency, versus the K_ at the time of
detection.

Our inability to differentiate these two
roles mean that the measurement of col-
umn efficiency, retention factors, separa-
tion factors, and the like made in pro-
grammed mode are of scant value; most
such measurements must be made in
isothermal mode. Separation efficiency in
terms of resolution, such as Trenzahl, can
of course be measured in programmed
runs.

While it is often possible to separate
merged peaks in the detector, our pur-
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pose here is to accomplish separation in
the column, which is enhanced by sharp
narrow peaks.

Figure 4 illustrates the importance of
peak sharpness on the separation of two
solutes. Retention factors (k) and separa-
tion factors () are considered constant,
and only the sharpness of the peaks —
which is mainly affected by the column,
the injection efficiency, and operational
parameters — varies. It is possible to get
more separation than is required —
overkill — introducing the possibilities
for shorter analysis times. In most labora-
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Figure 7: Schematic of the progression of an injected solute through a column.

tories, saving time means saving money.

Injection technique or injection effi-
ciency plays a large role in the length of
the band beginning its passage through
the column. As bands proceed through
the column, they are lengthened by lon-
gitudinal diffusion, which as we have
seen, occurs almost exclusively in the
mobile phase. Each solute spends the
same time in mobile phase to reach any
given point in the column. Hence, the
length of a band during the chromato-
graphic process is a function of its posi-
tion in the column (see Figure 5). If the
efficiency of the injection process can be
improved, bands will be shorter, and the
shorter the band at the column exit, the
sharper the peak, all other factors being
constant.

Still confining our thoughts to isother-
mal analyses, let us now consider the
effect of the analytical temperature on
component separations. Separation in
GC is achieved during interphase mass
transport; that is, only in the cg-to-cy
mass transport step. This is usually
referred to as mass transfer. Moving
something from a gas phase into a liquid
phase involves penetration of the surface
layer, which is under tension, and disper-
sion into the liquid phase. In surface
chemistry, mass transfer implies that
both of these steps have been taken into
account. To the best of the author’s
knowledge, GC theory does not consider

the extra energy required to penetrate the
surface film. Accordingly, I use the term
“mass transport.” In this one step, solutes
are differentiated on the basis of their
“net vapor pressures,” that is, their intrin-
sic vapor pressures, increased by the col-
umn temperature, and decreased by the
sum of all interactions between that
solute and that stationary phase under
this particular set of conditions.
Consider the equilibrium distribution
of a solute, boiling point approximately
150 °C, at very low temperature
(Figure 6, upper left). At low tempera-
ture, K, is immense, and essentially all of
the solute is in the stationary phase and
only a few molecules are in the mobile
(gas) phase. If the temperature is greatly
increased (Figure 6, upper right), essen-
tially all of the solute is in the mobile
phase and only a trace is in the stationary
phase. In both cases, interphase mass
transport will occur, but the molecular
distribution of the solute is so heavily
skewed toward one phase that the num-
ber of transitions, cs-to-cy; and ¢y-to-cs,
per unit time, is seriously limited — the
frequency is low. Somewhere between
these two temperature extremes, there is
a temperature where the equilibrated dis-
tribution of solute molecules between the
two phases encourages a maximum tran-
sition frequency (lower middle of Figure
6). An isothermal separation at that tem-
perature would yield the best possible
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separation of this solute from its near
neighbors. It would show some discrimi-
nation against solutes whose net vapor
pressures were slightly higher or slightly
lower, and greater discrimination against
solutes whose net vapor pressures were
still higher or still lower. But for this
solute, the temperature is ideal. A major
advantage of temperature programming
is that each solute spends some time at
and near its ideal temperature; the slower
the rate of programming, the longer time
each solute spends under those condi-
tions, and the better the separation —
but the longer the analysis time.

We are now ready to consider the pro-
gression of an injected solute through the
column. Immediately after injection,
each solute partitions between the two
phases in accordance with its distribution
constant, K_ (Figure 7, top). The equilib-
rium distribution is continuously dis-
turbed by the forward movement of the
carrier gas, which depletes the gas-phase
concentration at the rear of the chro-
matographing band while it advances
over virgin stationary phase at the front
of the band (Figure 7, center). Immedi-
ately after injection, the solute bands are
all intermixed, but each solute band is
constantly disappearing at the rear and
being reestablished at the front (Figure 7,
bottom). The more volatile (low K)
solutes volatilize more rapidly and soon
dominate the front of the moving band,
while the less volatile (high K) solutes
dominate the rear. As this process contin-
ues, the mixture of slowly separating
solute bands eventually separates into
individual bands.

By this time, those readers who recog-
nize that their GC skills can benefit from
an understanding of basic GC principles
are ready to proceed to considerations of
the van Deemter treatment, and on into
more advanced topics including the
rationale for changes in peak elution
sequences that often accompany the
installation of a “replacement” column.
Those topics, however, lie beyond the
scope of this paper.
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