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3.1
Introduction

Gas chromatography (GC) is a separation technique used to isolate volatile com-
ponents of a mixture depending on differences in the mode of partitioning
between a flowing mobile phase and a stationary phase. Because of its simplicity,
sensitivity, and effectiveness, GC has earned its place as one of the most impor-
tant tools in chemistry.

Columns/stationary phases are considered the “heart” or “brain” of the chro-
matograph and are responsible for the separation process. In the GC system, a
sample is vaporized and injected into the head of the separation column packed
with a finely divided solid or coated with a film of a liquid. When a sample tra-
verses the column by the flow of an inert gas employed as the mobile phase, its
components are separated owing to differences in their interactions with the sta-
tionary phase. Upon elution from the column, the separated compounds pass
over a detector that generates a signal corresponding to the concentration of the
compound. The species present can be qualitatively identified based on the delay
in the sample passing through the column. Extensive research has led to
improved columns for achieving better separation and resolution. Since the ini-
tial development of packed columns, many technological advancements have
been made. The capillary column was the first advancement in which stationary
phases fabricated by using the latest technology was employed.

3.2
Main GC Modes

GC is the only form of chromatography that does not utilize a mobile phase for
interacting with the analyte. When the stationary phase is a solid adsorbent, the
process is termed gas—solid chromatography (GSC), and when it is a liquid on an
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Figure 3.1 GC modes showing interaction between the mobile phase and the stationary
phases.

inert support, the process is termed gas—liquid chromatography (GLC). A
schematic diagram explaining each GC mode is presented in Figure 3.1.

3.3
Main GC Columns

In GLC, the liquid stationary phase is adsorbed onto a solid inert packing or
immobilized on the capillary tubing walls. The column is considered packed if
the glass or metal column tubing is filled with small spherical inert supports.
The liquid phase is adsorbed onto the surface of these beads in a thin layer. In a
capillary column, the tubing walls are coated with the stationary phase or an
adsorbent layer that is able to support the liquid phase. However, GSC has a
limited application in the laboratory and is rarely used due to severe peak tailing
and semipermanent retention of polar compounds within the column. There-
fore, the term “gas—liquid chromatography” is simply shortened to “gas chroma-
tography.” Having established the distinctions between the main GC modes, a
classification of GC columns is presented in Scheme 3.1.

3.3.1
Packed GC columns

Because the first commercial instruments accepted only packed columns, all
initial studies of GC were performed on packed columns. Packed columns
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Scheme 3.1 Types of columns used in GC: packed columns and capillary columns.

are typically made of stainless steel and have an outer diameter of 0.64 or
0.32cm and lengths of 0.61-3.05m. Alternative inert materials have also
been used, including glass, nickel, fluorocarbon polymer (Teflon), and steel
covered with glass or Teflon. The packing is an inert support impregnated
with 5-20% stationary phase. The solid support holds the liquid stationary
phase and should have a large surface area (0.5-5m?/g), be chemically
inert, have low sorptive activity toward common analytes, and have good
mechanical strength to prevent the fracture of the coated particles during
loading and handling. Diatomaceous earth, composed of hydrous silica with
impurities, has been used as a solid support under the brand name
Chromosorb® [1,2].

The surfaces of the diatomaceous earth support have many active sites gener-
ated from free hydroxyl groups that form undesirable hydrogen bonds with polar
solute molecules and cause peak tailing. Even the most inert material (white
Chromosorb) must be washed with acid and silanized to make it more inert.
Some typical deactivated white supports are Supelcoport®, Chromosorb W-
HP®, Gas Chrom Q I1°, and Anachrom Q®. The disadvantage of deactivation is
that these supports become hydrophobic, and coating them with a polar station-
ary liquid can be difficult [3].

GC liquid phases are primarily silicone-based oils with high temperature sta-
bility. These liquid phases are available in a range of polarities, extending from
methyl silicone (OV-1, OV-101, SE-30, and DC-200), methyl phenyl silicone
(OV-17 and SE-52), and methyl trifluoropropyl silicone (OV-210 and QF-1) to
methyl cyanoethyl silicone (OV-225 and AN-600). The use of a higher liquid
phase load (~10%) both decreases the adsorptive interactions between the solute
and the solid support and increases the column capacity to prevent overloading
from dirty samples, but requires the use of a higher column temperature for
elution [4,5].
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332
Capillary GC Columns

Although capillary columns were introduced in 1959, they did not gain popular-
ity until 1980. At present, it is estimated that more than 80% of all applications
are run on capillary columns due to the fast and efficient separation the afford.

Capillary chromatographic columns are not filled with packing material;
instead, a thin film of liquid phase coats the inner wall. Because the tube is
open, its resistance to flow is very low, and it is thus referred to as an open tubu-
lar column.

Open tubular columns can be divided into three groups and are described in
the next sections.

3.3.2.1 Porous Layer Open Tubular Column

Porous layer open tubular (PLOT) columns, first suggested by Golay in the late
1950s, have been successfully developed and commercialized [6]. PLOT columns
contain a porous layer of a solid adsorbent such as alumina, molecular sieves, or
Porapak. PLOT columns are well suited for the analysis of light, fixed gases, and
other volatile compounds. The typical structure of a porous layer open tubular
column is shown in Figure 3.2.

3.3.2.2 Wall-Coated Open Tubular Column

In 1957, Golay demonstrated the superiority of wall-coated open tubular
(WCOT) columns (a 100-fold or higher increase in efficiency) relative to packed
columns; yet, it took a quarter century before this efficiency was realized in prac-
tice [7]. In WCOT columns, the wall is directly coated with the stationary-phase
layer at a film thickness of 0.05-3 pm. A typical wall-coated open tubular col-
umn is shown in Figure 3.3.

3.3.2.3 Support-Coated Open Tubular Column

Support-coated open tubular (SCOT) columns were introduced in 1963 by
Haldsz and Horvath [8]. These columns contain an adsorbed layer of a very fine
solid support (such as Celite) coated with the liquid phase. SCOT columns can

Porous
Adsorbent

Figure 3.2 Porous layer open tubular column ( http://community.asdlib.org/
imageandvideoexchangeforum/2011/06/21/gc-columns/).
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Figure 3.3 Wall-coated open tubular (WCOT) column ( http://community.asdlib.org/
imageandvideoexchangeforum/2011/06/21/gc-columns/).

hold more liquid phase and have a higher sample capacity than the thin films of
early wall-coated open tubular (WCOT) columns had. With the introduction of
cross-linking techniques, the use of stable, thick films in WCOT columns has
become possible, thereby making SCOT columns redundant. A typical support-
coated open tubular column is shown in Figure 3.4.

3.3.24 Fused Silica Open Tubular Column

Stainless steel was utilized early as a material for capillary GC. However, due to
the lack of efficiency and high reactivity with compounds, including steroids,
amines, and free acids, the steel capillary has been outdated. Glass columns suf-
fer from the drawback of being fragile. Thus, fused silica was introduced in 1979,
and almost all capillary columns are made of fused silica [9-13]. The cross-sec-
tion of a fused silica open tubular (FSOT) column is depicted in Figure 3.5.

The fused silica tubes have much thinner walls than glass capillary columns,
and are strengthened by the polyimide coating. These columns are flexible and
can be wound into coils. They offer the advantages of physical strength, flexibil-
ity, and low reactivity.

Capillary columns offer certain advantages relative to packed columns. Capil-
lary columns are coated with a thin, uniform liquid phase. Because of the
smooth, inert surface of fused silica, high efficiency can be achieved, typically
3000-5000 theoretical plates per meter. In contrast, packed columns have

Support

Figure 3.4 Support-coated open tubular column ( http://community.asdlib.org/
imageandvideoexchangeforum/2011/06/21/gc-columns/).
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Figure 3.5 Cross-section of a fused silica open tubular column ( http://teaching.shu.ac.uk/
hwb/chemistry/tutorials/chrom/gaschrm.htm).

thicker, often nonuniform films, and generate only 2000 plates per meter. Thus,
the total plates available in long capillary columns range from 180000 to
300000, whereas packed columns typically generate only 4000 plates and have
much lower resolution. Due to the small pressure drop associated with open
tube capillary columns, long columns of up to 60 m can easily be used. However,
packed columns are tightly filled with solid support and suffer from greater pres-
sure drops; thus, it is impossible to use packed columns much longer than
2m [1].

Optimizing GC separation requires fine-tuning of a number of variables and
their interactions. Both physical (internal diameter, length, and stationary phase)
and parametric (temperature and flow velocity) column variables affect the sepa-
ration process [14]. To illustrate the wide range of combinations to be consid-
ered when selecting a GC capillary column, an overview of available internal
diameters is presented in Table 3.1.

Many capillary columns have internal diameters (IDs) of 250—-320 pm. These
IDs represent the best compromise between resolution, speed, sample capacity,
and ease of operation [1]. Various capillary column IDs and their characteristics
are shown in Table 3.2.

The longer the column, the more theoretical plates and the better the separa-
tion. Resolution is proportional only to the square root of the column length,
that is, if the column length is doubled, the resolution increases only by the
square root of two or 41%.

Table 3.1 Classification of capillary columns with respect to column diameter.

Types Column diameter Standard commercial column  Maximum flow rate
range (mm) diameters (mm) (ml/min)a)

Megabore >0.5 0.53 >660

Wide bore >0.3 to <0.5 0.32 and 0.45 >85 to <660

Narrow bore >0.2 to <0.3 0.20, 0.25, and 0.28 >17 to <86

Microbore >0.1 to <0.2 0.10, 0.15, and 0.18 >1 to <17

Submicrobore  <0.1 Various <1

Source: Table is reproduced with permission from Ref. [15].
a) Flow rate calculation: Helium carrier gas at 690 kPa, 200 °C oven, vacuum outlet conditions, and
10 m column length [15].


http://teaching.shu.ac.uk/hwb/chemistry/tutorials/chrom/gaschrm.htm
http://teaching.shu.ac.uk/hwb/chemistry/tutorials/chrom/gaschrm.htm

Table 3.2 Effects of internal diameter [1].

3.3 Main GC Columns

Internal diameter (ID) Resolution Speed Capacity Outcome
0.1 mm Excellent Excellent Good Good
0.25 mm Better Better Better Better
0.32 mm
0.53 mm Good Better Excellent Excellent
Table 3.3 Column length recommendation [1].
Column length Resolution Speed
Long (60-100 m) High Slow
Medium (25-30 m) Good compromise

between resolution and speed
Short (5-10 m) Moderate Fast

Short columns of 10 m should be used for fast analysis of simple samples. Only
moderate resolution is possible, but the speed of the analysis can be impres-
sive [1]. Table 3.3 indicates the recommended column length.

Figure 3.6 presents a basic classification of GC stationary phases based on
polarity. There are other novel ways to classify stationary phases, particularly
when trying to address the polarity of columns based on ionic liquids (ILs, com-
mercialized by Supelco). Luigi Mondello (University of Messina, Italy) suggested
a procedure for evaluating the polarity of GC columns in which each column

(50%-Cyanopropylphenyl)-methylpolysiloxane

100% Dimethyl polysiloxane
(5%-Phenyl)-methylpolysiloxane
(35%-Phenyl)-methylpolysiloxane
(50%-Phenyl)-methylpolysiloxane

Polyethylene glycol

(70%-Cyanopropylphenyl)-methylpolysiloxane
(90%-Cyanopropylphenyl)-methylpolysiloxane

Low polarity > High polarity

Figure 3.6 Classification of GC stationary phases with regard to polarity. (Reproduced with

permission from Ref. [14].)
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Figure 3.7 Polarity region based on ionic liquid.

is characterized with a series of five probes plus several n-alkane markers to
determine the retention index for each probe. McReynolds constants are then
calculated using the retention index data of the column relative to the retention
index data for the same five probes on squalane, the most nonpolar GC station-
ary phase. The five McReynolds constants are summed to obtain polarity (P)
values, which are then normalized to SLB®-IL100, anIL GC column (set at
P=100) to obtain polarity number (PN) values. Once the PN values are calcu-
lated, the relationship between the polarity and the numbers can be depicted in
the visual representation in Figure 3.7.

The scale is divided into five regions. The first four regions (nonpolar, inter-
mediate polar, polar, and highly polar) are generally accepted and used by several
GC column manufacturers. The fifth region (extremely polar) was required with
the introduction of the SLB-IL111 column in 2010, prior to which there was no
column classified in this region.

34
Trends and Novelties in GC Columns

34.1
Novel Materials as GC Stationary Phases

Polysiloxane polymers, traditional phases, were introduced in the early 1950s
and several improvements were achieved over the years. Common commercial
columns were found as -1, -5, —20, —1701, —35, —50, —2330, —2380, and
—2560. Polyethylene glycols (PEGs) are another traditional phase introduced in
the mid-1950s; however, very few improvements have been achieved over the
years in these phases. Common commercial columns were found as “wax” or
“PEG.” Although some improvements have been achieved, these phase platforms
have remained virtually unchanged since the initial introduction of GC. These
traditional phases have certain limitations such as (i) active hydroxyl (—OH)
groups at the polymer termini that make these phases susceptible to a backbiting
reaction if exposed to moisture and oxygen, leading to phase degradation and
contributing to column bleed; (ii) the limited ability to modify the phase restricts
the ability to alter the selectivity of the column; and (iii) a major limitation of
PEG phases is their thermal limit (around 280 °C).

Recent research has paved the way for the prospective application of unique,
newly developed substances in GC column technology. These substances include



3.4 Trends and Novelties in GC Columns

ILs, a new phase commercially introduced in 2008. Organic ILs currently used as
the stationary phases for gas chromatography were first described by Gordon,
Selwyn, and Torne in 1966 [16]. The first systematic study of the separation
properties of an IL stationary phase was performed in 1982 by employing the
room-temperature IL (RTIL) ethyl ammonium nitrate. A wide range of volatile
organic compounds were successfully separated at temperatures below
120°C [17]. However, practical application of this salt was limited due to poor
efficiency. Ethylpyridinium bromide was the first IL that was demonstrated to
have acceptable chromatographic properties and useful separation selectivity [18]
with a liquid temperature range of 110-160 °C and it exhibited chromatographic
efficiencies similar to those of conventional stationary phases.

ILs have many properties that make them exceptional stationary phases.
For example, their viscosity can be varied over a broad range, they exhibit
high thermal stability, they can be coated on fused silica capillaries with high
efficiency, they have unique solvent properties, and they can be immobilized
and cross-linked. Indeed, IL stationary phases exhibit dual properties in that
they separate nonpolar analytes (as if they were nonpolar stationary phases)
and simultaneously separate polar analytes (as if they were polar stationary
phases) [19-24].

Another very important aspect of IL stationary phases is that their physico-
chemical properties are almost infinitely tunable. Tunability is a characteristic
that is unavailable with all other classes of GC stationary phases. By means of
relatively simple synthetic modifications or changes to the cation, anion (or sub-
stituents thereon), and the linkage chains of ILs, the desired solvent and selectiv-
ity characteristics can be altered and controlled [25-29].

As a new family of mesoporous and microporous materials, metal-organic
frameworks (MOFs) are considered versatile materials for widespread technical
applications. MOFs are a new class of crystalline porous materials. They are
composed of inorganic subunits, which act as joints, connected to multidirec-
tional organic linkers, possessing chelating groups with strong ion covalent
or dative bonds [30]. Consequently, MOFs possess extended periodic one-
dimensional (1D), two-dimensional (2D), or three-dimensional (3D) hybrid
networks. The application of MOFs as novel stationary phases in chromatogra-
phy in place of conventional materials has led to notable improvements in the
performance of GC.

The high thermal stability and easy-to-engineer characteristics of MOFs make
them attractive as new stationary phases for the fabrication of MOF-coated
capillaries for high-resolution GC [31]. MOFs have thus been employed in the
design of tandem molecular sieves as a dual platform for selective solid-phase
microextraction (SPME) and high-resolution GC separation of target analytes in
complex matrices. The highly ordered, nano- to micro-sized pores, and large
surface area also make MOFs appealing candidates for use as stationary phases
in conventional GC [32,33]. The first example of an MOF-coated capillary col-
umn for GC separation was reported by Gu and Yan [34]. MIL-101, a chromium
terephthalate MOF with coordinatively unsaturated sites (CUSs), was selected as
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the stationary phase because of its large surface area (5900 m*/g), large pores
(2.9-3.4nm), accessible CUSs, and excellent chemical and thermal stability (sta-
ble over months under air atmosphere and unaltered when treated with various
organic solvents at room temperature or under solvothermal conditions) [33].

Carbon-based materials, especially carbon nanotubes (CNTs), have received
extensive attention due to their unique electrical, mechanical, and chemical
properties [35]. The exceptional features of CNTs combined with the large num-
ber of active sites and the ability to undergo n—= stacking with volatile aromatic
or unsaturated organic compounds make them a preferred choice as a stationary
phase in GC [36-40]. As a newly developed carbon-based material, graphene
oxide (GO) possesses most of the advantages of CNTs [41]. GO is a single-lay-
ered nanosheet prepared via chemical exfoliation of graphite. GO has a high sur-
face area, high adsorption ability, and is stable at high temperature. It is strongly
hydrophilic and water soluble due to the presence of epoxy, hydroxy, and car-
boxyl groups on its graphitic backbone.

342
Columns for Micro-GC

For converting table-top instruments to in-field use, microelectromechanical
systems (MEMS) technology has been introduced for the replacement of bulky
components (heaters; temperature, pressure, and humidity sensors; flow sensors;
valves; pumps; and wireless transceivers) with low-cost, low-volume, low-power
microfabricated alternatives. In conventional GC, the separation column is one
of the bulky components. Tremendous efforts have been made to miniaturize
such columns (along with the rest of the instrument) [42,43]. The development
of microfabricated columns faces formidable challenges in terms of minimizing
power and implementing the complex temperature and pressure control
required to enhance the performance. However, in 2005, Agah et al. [44]
reported a ground-breaking development of high-performance, silicon glass
microgas chromatography (uGC) columns equipped with integrated heaters and
temperature sensors for temperature programming and integrated pressure sen-
sors for flow control. These 3 m long, 150 pm wide, and 250 pm deep columns,
integrated with a 3.3 cm square die, were fabricated using a silicon-on-glass dis-
solved wafer process. By analyzing the contributions to heat dissipation from
conduction, convection, and radiation with and without packaging, it was dem-
onstrated that using a 7.5 mm high atmospheric pressure package reduces the
power consumption to about 650 mW at 100°C, whereas vacuum packaging
reduces the steady-state power requirements to less than 100 mW. Under vac-
uum conditions, 600 mW¥ is needed for a temperature-programming rate of
40°C/min. The TCR (2300 ppm/°C) of the temperature sensors and the sensitiv-
ity (50 fF/kPa) of the pressure sensors satisfy the requirements to achieve repro-
ducible separation in a pGC system. Using these columns, highly resolved 20-
component separations were obtained with analysis times that were faster by a
factor of two relative to isothermal responses.
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