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 Gas Chromatography 

Gas chromatography (GC) is one of the most versatile and ubiquitous analytical techniques 

in the laboratory. It is widely used for the determination of organic compounds. The separation 

of benzene and cyclohexane (bp 80.1 and 80.8°C) is extremely simple by gas chromatography, 

but it is virtually impossible by conventional distillation. Although Martin and Synge invented 

liquid–liquid chromatography in 1941, the introduction of gas–liquid partition chromatography 

by James and Martin a decade later had a more immediate and larger impact for two reasons. 

First, as opposed to manually operated liquid–liquid column chromatography, GC required 

instrumentation for application, which was developed by collaboration among chemists, 

engineers, and physicists; and analyses were much more rapid and done on a small scale. 

Second, at the time of its development, the petroleum industry badly needed improved 

analytical monitoring and immediately adopted GC. Within a few short years, GC was used for 

the analysis of almost every type of organic compound. 

 

Very complex mixtures can be separated by this technique. The recent technique of two 

dimensional GC (also called GC-GC) has further improved these capabilities. When coupled 

with mass spectrometry as a detection system, positive identification of virtually all of the 

eluted compounds is possible at very high sensitivity, creating a very powerful analytical 

system. There are two types of GC: gas–solid (adsorption) chromatography and gas–liquid 

(partition) chromatography. The more important of the two is gas–liquid chromatography 

(GLC), used in the form of a capillary column. 

 

 Liquid Chromatography 
 

High performance liquid chromatography (HPLC) is the most versatile and widely used type 

of elution chromatography. The technique is used by scientists for separating and determining 

species in a variety of organic, inorganic, and biological materials. In liquid chromatography, 

the mobile phase is a liquid solvent containing the sample as a mixture of solutes. The types of 

high performance liquid chromatography are often classified by the separation mechanism or 

by the type of stationary phase. These include (1) partition, or liquid-liquid, chromatography; 

(2) adsorption, or liquid-solid, chromatography; (3) ion-exchange, or ion, chromatography; (4) 

size-exclusion chromatography; (5) affinity chromatography; and (6) chiral chromatography. 

Early liquid chromatography was performed in glass columns having inside diameters of 

perhaps 10 to 50 mm. The columns were packed with 50- to 500-cm lengths of solid particles 

coated with an adsorbed liquid that formed the stationary phase. To ensure reasonable flow 

rates through this type of stationary phase, the particle size of the solid was kept larger than 



150 to 200 mm. Even with these particles, flow rates were a few tenths of a milli-liter per 

minute at best. Attempts to speed up this classic procedure by application of vacuum or pressure 

were not effective because increases in flow rates were accompanied by increases in plate 

heights and accompanying decreases in column efficiency. Principles of Chromatographic 

Separations 

 

While the mechanisms of retention for various types of chromatography differ, they are all 

based on the dynamic distribution of an analyte between a fixed stationary phase and a flowing 

mobile phase. Each analyte will have a certain affinity for each phase.  A small volume of 

sample is placed at the top of the column, which is filled with particles constituting the 

stationary phase and the solvent. Rather than an equilibrium-based “plate view” of 

chromatography, many hold that a “rate view” of chromatography to be more rigorous: in this 

view, the partition ratio is simply the ratio of the time a solute spends in the stationary phase to 

that it spends in the mobile phase. 

 

More solvent, functioning as mobile phase, is added to the top of the column and percolates 

through the column. The individual components interact with the stationary phase to different 

degrees, and the distribution is given in terms of the idealized equilibrium relationship. The 

distribution of the analyte between the two phases is governed by many factors: the 

temperature, the type of compound, and the stationary and mobile phases. Solutes with a large 

K value will be retained more strongly by the stationary phase than those with a small K value. 

The result is that the latter will move along the column (be eluted) more rapidly. The band 

broadens and decreases in amplitude as it travels down the column. This broadening of the 

injected rectangular wave sample pulse into a Gaussian peak is intrinsic to the chromatographic 

process, and is not due to the lack of attaining equilibrium, parabolic profile of laminar flow or 

any other nonideal characteristics. The areas under the respective peaks, proportional to the 

analyte masses, remain the same. 

 

Although there are several different forms of chromatography, this simplified model typifies 

the mechanism of each. That is, there is nominally an equilibrium between two phases, one 

mobile and one stationary. (True equilibrium is never really achieved.) By continually adding 

mobile phase, the analytes will distribute between the two phases and eventually be eluted, and 

if the distribution is sufficiently different for the different substances, they will be separated. 

 

 

 Classification of Chromatographic Techniques 

 

Chromatographic processes can be classified according to the type of equilibration process 

involved, which is governed by the type of stationary phase. Various bases of equilibration are: 

(1) adsorption, (2) partition, (3) ion exchange, and (4) size dependent pore penetration. More 

often than not, solute stationary-phase–mobile phase interactions are governed by a 

combination of such processes. 

 

 

 

 

 

 



 

 ADSORPTION CHROMATOGRAPHY 
 

The stationary phase is a solid on which the sample components are adsorbed. The mobile 

phase may be a liquid (liquid–solid chromatography) or a gas (gas–solid chromatography); the 

components distribute between the two phases through a combination of sorption and 

desorption processes. Thin-layer chromatography (TLC) is a special example of adsorption 

chromatography in which the stationary phase is planar, in the form of a solid supported on an 

inert plate, and the mobile phase is a liquid. 

 

 

 PARTITION CHROMATOGRAPHY 
 

The stationary phase of partition chromatography is usually a liquid supported on a solid or a 

network of molecules, which functions virtually as a liquid, bonded on the solid support. Again, 

the mobile phase may be a liquid (liquid–liquid partition chromatograpy) or a gas (gas–liquid 

chromatography, GLC). In the normal mode of operations of liquid–liquid partition 

chromatography, a polar stationary phase (e.g., cyano groups bonded on silica gel) is used, with 

a nonpolar mobile phase (e.g., hexane). When analytes (dissolved in the mobile phase) are 

introduced into the system, retention increases with increasing polarity. This is called normal 

phase chromatography. If a nonpolar stationary phase is used with a polar mobile phase, the 

retention of solutes decreases with increasing polarity. This mode of operation is termed 

reversed-phase chromatography and is presently the most widely used mode. “Normal 

phase” chromatography significantly predates the reversed-phase mode, and was originally 

called liquid chromatography. Only after “reversed-phase” chromatography came along, the 

need arose to distinguish between the two, and the older version, still more prevalent then, was 

termed “normal-phase.” 

 

 

 ION EXCHANGE AND SIZE EXCLUSION CHROMATOGRAPHY 
 

Ion exchange chromatography uses supports with ion exchange functionalities as the stationary 

phase. The mechanism of separation is based on ion exchange equilibria. Hydrophobic 

interactions play a strong role in most ion exchange separations nevertheless, particularly in 

anion exchange chromatography. In size exclusion chromatography, solvated molecules are 

separated according to their size by their ability to penetrate into porous pockets and passages 

in the stationary phase. Some types of chromatography are considered together as a separate 

technique, such as gas chromatography for gas–solid and gas–liquid chromatography. In every 

case, successive equilibria determine to what extent the analyte stays behind in the stationary 

phase or moves along with the eluent (mobile phase). In column chromatography, the column 

may be packed with small particles that act as the stationary phase (adsorption 

chromatography) or are coated with a thin layer of liquid phase (partition chromatography). In 

gas chromatography, the most common form today is a capillary column in which a virtual 

liquid phase, often a polymer, is coated or bonded on the wall of the capillary tube.  

 

 

 



 

 Chromatographic Detectors 
 

Dozens of detectors have been investigated and used with gas chromatographic separations. 

We first describe the characteristics that are most desirable in a gas chromatographic 

 detector and then discuss the most widely used devices. 

 

 

 Characteristics of the Ideal Detector 
The ideal detector for gas chromatography has the following characteristics: 

 

 Adequate sensitivity. In general, the sensitivities of present-day detectors lie in the 

range of 10-8 to 10-15 g solute/s. 

 

 Good stability and reproducibility. 

 A linear response to solutes that extends over several orders of magnitude. 

 A temperature range from room temperature to at least 400°C. 

 A short response time that is independent of flow rate. 

 High reliability and ease of use. To the greatest extent possible, the detector should 

be foolproof in the hands of inexperienced operators. 

 Similarity in response toward all solutes or, alternatively, a highly predictable and 

selective response toward one or more classes of solutes. 

 Nondestructive of sample. 

 

 

 Flame Ionization Detectors 
 

The flame ionization detector (FID) is the most widely used and generally applicable detector 

for gas chromatography. Most organic compounds produce ions and electrons when pyrolyzed 

at the temperature of an air/ hydrogen flame. These compounds are detected by monitoring the 

current produced by collecting the ions and electrons. A few hundred volts applied between 

the burner tip and a collector electrode located above the flame serves to collect the ions and 

electrons.The resulting current (,10-12 A) is then measured with a sensitive pico-ammeter. 

 

The ionization of carbon compounds in a flame is a poorly understood process, although it is 

observed that the number of ions produced is roughly proportional to the number of reduced 

carbon atoms in the flame. Because the flame ionization detector responds to the number of 

carbon atoms entering the detector per unit of time, it is a mass-sensitive rather than a 

concentration-sensitive device. As such, this detector has the advantage that changes in flow 

rate of the mobile phase have little effect on detector response. Functional groups, such as 

carbonyl, alcohol, halogen, and amine, yield fewer ions or none at all in a flame. In addition, 

the detector is insensitive toward non-combustible gases, such as H2O, CO2, SO2, and N02. 

These properties make the flame ionization detector a most useful general detector for the 

analysis of most organic samples including those that are contaminated with water and the 

oxides of nitrogen and sulfur. The FID exhibits a high sensitivity (~10–13 g/s), large linear 



response range (~107), and low noise. It is generally rugged and easy to use. Disadvantages of 

the flame ionization detector are that it destroys the sample during the combustion step and 

requires additional gases and controllers. 

 

 

 

 Thermal Conductivity Detectors 

 

The thermal conductivity detector (TCD), which was one of the earliest detectors for gas 

chromatography, still finds wide application. This device consists of an electrically heated 

source whose temperature at constant electric power depends on the thermal conductivity of 

the surrounding gas. The heated element may be a fine platinum, gold, or tungsten wire or, 

alternatively, a small thermistor. The electrical resistance of this element depends on the 

thermal conductivity of the gas. Four thermally sensitive resistive elements are often used. A 

reference pair is located ahead of the sample injection chamber and a sample pair immediately 

beyond the column. In addition, the effects of variations in temperature, pressure, and electric 

power are minimized. Modulated single-filament TCDs are also available. 

 

The thermal conductivities of helium and hydrogen are roughly six to ten times greater than 

those of most organic compounds. Thus, even small amounts of organic species cause relatively 

large decreases in the thermal conductivity of the column effluent, resulting in a marked rise 

in the temperature of the detector. Detection by thermal conductivity is less satisfactory with 

carrier gases whose conductivities closely resemble those of most sample components. The 

advantages of the TCD are its simplicity, its large linear dynamic range (about five orders of 

magnitude), its general response to both organic and inorganic species, and its non-destructive 

character, which permits collection of solutes after detection. The chief limitation of this 

detector is its relatively low sensitivity (~108 g/s solute/mL carrier gas). Other detectors exceed 

this sensitivity by factors of 104 to 107. The low sensitivities of TCDs often precludes their use 

with capillary columns where sample amounts are very small. 

 

 

 Electron Capture Detectors 

 

The electron capture detector (ECD) has become one of the most widely used detectors for 

environmental samples because this detector selectively responds to halogen-containing 

organic compounds, such as pesticides and polychlorinated biphenyls. In this detector, the 

sample eluate from a column is passed over a radioactive b emitter, usually nickel-63. An 

electron from the emitter causes ionization of the carrier gas (often nitrogen) and the production 

of a burst of electrons. In the absence of organic species, a constant standing current between 

a pair of electrodes results from this ionization process. The current decreases markedly, 

however, in the presence of organic molecules containing electronegative functional groups 

that tend to capture electrons. Compounds, such as halogens, peroxides, quinones, and nitro 

groups, are detected with high sensitivity. The detector is insensitive to functional groups such 

as amines, alcohols, and hydrocarbons. Electron capture detectors are highly sensitive and have 

the advantage of not altering the sample significantly (in contrast to the flame ionization 

detector, which consumes the sample). The linear response of the detector, however, is limited 

to about two orders of magnitude. 



 

 Mass Spectrometry Detectors 

 

One of the most powerful detectors for GC is the mass spectrometer. The combination of gas 

chromatography and mass spectrometry is known as GC/MS. A mass spectrometer measures 

the mass-to-charge ratio (m/z) of ions that have been produced from the sample. Most of the 

ions produced are singly charged (z = 1) so that mass spectrometrists often speak of measuring 

the mass of ions when mass-to-charge ratio is actually measured. Currently, some instrument 

companies offer GC/MS equipment. The flow rate from capillary columns is usually low 

enough that the column output can be fed directly into the ionization chamber of the mass 

spectrometer. The schematic of a typical GC/MS system. Prior to the advent of capillary 

columns, when packed columns were used, it was necessary to minimize the large volume of 

carrier gas eluting from the GC. Various jet, membrane, and effusion separators were used for 

this purpose. Presently, capillary columns are invariably used in GC/MS instruments, and such 

separators are no longer needed. The most common ion sources for GC/MS are electron impact 

and chemical ionization. 

 

The most common mass analyzers are quadrupole and ion-trap analyzers. Sources and 

analyzers for mass spectrometry. In GC/MS, the mass spectrometer scans the masses 

repetitively during a chromatographic experiment. If a chromatographic run is 10 minutes, for 

example, and a scan is taken each second, 600 mass spectra are recorded. A computer data 

system is needed to process the large amount of data obtained. The data can be analyzed in 

several ways. First, the ion abundance in each spectrum can be summed and plotted as a 

function of time to give a total-ion chromatogram. This plot is similar to a conventional 

chromatogram. Second, one can also display the mass spectrum at a particular time during the 

chromatogram to identify the species eluting at that time. Finally, a single mass-to-charge (m/z) 

value can be selected and monitored throughout the chromatographic experiment, a technique 

known as selected-ion monitoring. Mass spectra of selected ions during a chromatographic 

experiment are known as mass chromatograms. GC/MS instruments have been used for the 

identification of thousands of components that are present in natural and biological systems. 

The total-ion chromatogram of a methanol extract from a termite sample is shown in part (a). 

The selected-ion chromatogram in part (b) is that of the ion at a mass-to-charge ratio of 168. 

To complete the identification, the complete mass spectrum of the species eluting at 10.46 min 

was taken and shown in (c) allowing the compound to be identified as b-carboline norharmane, 

an alkaloid. Mass spectrometry can also be used to acquire information about incompletely 

separated components. For example, the mass spectrum of the front edge of a GC peak may be 

different from that of the trailing edge if multiple components are eluting at  spectroscopy to 

provide the chemist with powerful tools for identifying the components of complex mixtures. 

These combined techniques are sometimes called hyphenated methods. 

 

In early hyphenated methods, the eluates from the chromatographic column were collected as 

separate fractions in a cold trap, with a non destructive, nonselective detector used to indicate 

their appearance. The composition of each fraction was then investigated by nuclear magnetic 

resonance, infrared, or mass spectrometry or by electroanalytical measurements. A serious 

limitation to this approach was the very small (usually micromolar) quantities of solute 

contained in a fraction. Most modern hyphenated methods monitor the effluent from the 

chromatographic column continuously by spectroscopic methods. The combination of two 

techniques based on different principles can achieve tremendous selectivity. 

 



 

 Gas Chromatographic Columns and stationary phases 
 

The pioneering gas-liquid chromatographic studies in the early 1950s were carried out on 

packed columns in which the stationary phase was a thin film of liquid retained by adsorption 

on the surface of a finely divided, inert solid support. From theoretical studies made during this 

early period, it became apparent that unpacked columns having inside diameters of a few tenths 

of a millimeter could provide separations that were superior to packed columns in both speed 

and column efficiency.  In such capillary columns, the stationary phase was a film of liquid a 

few tenths of a micrometer thick that uniformly coated the interior of a capillary tubing. In the 

late 1950s, such open tubular columns were constructed, and the predicted performance 

characteristics were experimentally confirmed in several laboratories, with open tubular 

columns having 300,000 plates or more being described. Despite such spectacular performance 

characteristics, capillary columns did not gain widespread use until more than two decades 

after their invention. The reasons for the delay were several, including small sample capacities, 

fragility of columns, mechanical problems associated with sample introduction and connection 

of the column to the detector, difficulties in coating the column reproducibly, short lifetimes 

of poorly prepared columns, tendencies of columns to clog, and patents, which limited 

commercial development to a single manufacturer (the original patent expired in 1977). The 

most significant development in capillary GC occurred in 1979 when fused-silica capillaries 

were introduced. Since then an impressive list of commercially available capillary columns for 

various applications has appeared. As a result, the majority of applications that have appeared 

in the past few years use capillary columns. 

 

 

 Capillary Columns 
 

Capillary columns are also called open tubular columns because of the open flow path through 

them. They are of two basic types: wall-coated open tubular (WCOT) and support-coated 

open tubular (SCOT). Wall-coated columns are capillary tubes coated with a thin layer of the 

liquid stationary phase. In support-coated open tubular columns, the inner surface of the 

capillary is lined with a thin film (~30 mm) of a solid support material, such as diatomaceous 

earth, on which the liquid stationary phase is adsorbed. This type of column holds several times 

as much stationary phase as does a wall-coated column and thus has a greater sample capacity. 

Generally, the efficiency of a SCOT column is less than that of a WCOT column but 

significantly greater than that of a packed column. Early WCOT columns were constructed of 

stainless steel, aluminum, copper, or plastic. Subsequently, glass was used. Often, an alkali or 

borosilicate glass was leached with gaseous hydrochloric acid, strong aqueous hydrochloric 

acid, or potassium hydrogen fluoride to give an inert surface. Subsequent etching roughened 

the surface, which bonded the stationary phase more tightly. Fused-silica capillaries are drawn 

from specially purified silica that contain minimal amounts of metal oxides. These capillaries 

have much thinner walls than their glass counterparts. They are given added strength by an 

outside protective polyimide coating, which is applied as the capillary tubing is being drawn. 

The resulting columns are quite flexible and can be bent into coils with diameters of a few 

inches. Commercial fused silica columns offer several important advantages over glass 

columns, such as physical strength, much lower reactivity toward sample components, and 

flexibility. For most applications, they have replaced the older type WCOT glass columns. 

Fused-silica columns with inside diameters of 0.32 and 0.25 mm are very popular. Higher 

resolution columns are also sold with diameters of 0.20 and 0.15 mm. Such columns are more 

troublesome to use and are more demanding on the injection and detection systems. Thus, a 



sample splitter must be used to reduce the size of the sample injected onto the column, and a 

more sensitive detector system with a rapid response time is required. Capillary columns with 

530 mm inside diameters, sometimes called megabore columns, are also available 

commercially. These columns will tolerate sample sizes that are similar to those for packed 

columns. The performance characteristics of megabore capillary columns are not as good as 

those of smaller diameter columns but significantly better than those of packed columns. 

 

 

 Packed columns 
 

 

Modern packed columns are fabricated from glass or metal tubing. They are typically 2 to 3 m 

long and have inside diameters of 2 to 4 mm. These tubes are densely packed with a uniform, 

finely divided packing material, or solid support, that is coated with a thin layer (0.05 to 1 mm) 

of the stationary liquid phase. The tubes are usually formed as coils with diameters of roughly 

15 cm so that they can be conveniently placed in a temperature-controlled oven. 

 

 

 Solid Support Materials 
 

The packing, or solid support, in a packed column serves to hold the liquid stationary phase in 

place so that as large a surface area as possible is exposed to the mobile phase. The ideal support 

consists of small, uniform, spherical particles with good mechanical strength and a specific 

surface area of at least 1 m2/g. In addition, the material should be inert at elevated temperatures 

and be uniformly wetted by the liquid phase. No substance that meets all of these criteria 

perfectly is yet available. The earliest, and still the most widely used, packings for gas 

chromatography were prepared from naturally occurring diatomaceous earth, which consists 

of the skeletons of thousands of species of single-celled plants that inhabited ancient lakes and 

seas. These support materials are often treated chemically with dimethyl chloro silane, which 

gives a surface layer of methyl groups. This treatment reduces the tendency of the packing to 

adsorb polar molecules. 

 

 

 Particle Size of Supports 
 

The efficiency of a gas chromatographic column increases rapidly with decreasing particle 

diameter of the packing. The pressure difference required to maintain an acceptable flow rate 

of carrier gas, however, varies inversely as the square of the particle diameter. The latter 

relationship has placed lower limits on the size of particles used in gas chromatography because 

it is not convenient to use pressure differences that are greater than about 50 psi. As a result,  

the usual support particles are 60 to 80 mesh (250 to 170 mm) or 80 to 100 mesh (170 to 149 

mm). 

 

 

 

 

 

 

 



 

 Capillary Electrophoresis 
 

Electrophoresis is a separation method based on the differential rates of migration of charged 

species in an applied dc electric field. This separation technique for macrosize samples was 

first developed by the Swedish chemist Arne Tiselius in the 1930s for the study of serum 

proteins; he was awarded the 1948 Nobel Prize for his work. Electrophoresis on a macro scale 

has been applied to a variety of difficult analytical separation problems: inorganic anions and 

cations, amino acids, catecholamines, drugs, vitamins, carbohydrates, peptides, proteins, 

nucleic acids, nucleotides, polynucleotides, and numerous other species. A particular strength 

of electrophoresis is its unique ability to separate charged macromolecules of interest to 

biochemists, biologists, and clinical chemists. For many years, electrophoresis has been the 

powerhouse method for separating proteins (enzymes, hormones, and antibodies) and nucleic 

acids (DNA and RNA) for which it offers unparalleled resolution. 

 

Until the appearance of capillary electrophoresis, electrophoretic separations were not carried 

out in columns but were performed in a flat stabilized medium such as paper or a porous 

semisolid gel. Remarkable separations were realized in such media, but the technique was slow, 

tedious, and required a good deal of operator skill. In the early 1980s, scientists began to 

explore the feasibility of performing these same separations on micro amounts of sample in 

fused-silica capillary tubes. Their results proved promising in terms of resolution, speed, and 

potential for automation. As a result, capillary electrophoresis (CE) has developed into an 

important tool for a wide variety of analytical separation problems and is the only type of 

electrophoresis that we will consider. 

 

 

 The Basis for Electrophoretic Separations 
 

 

The migration rate v of an ion in an electric field is given by 

 

𝑣 =  𝜇𝑒𝐸 = 𝜇𝑒  ×  
𝑉

𝐿
 

3 

where E is the electric field strength in volts per centimeter, V is the applied voltage, L is the 

length of the tube between electrodes, and 𝜇𝑒 is the electrophoretic mobility, which is 

proportional to the charge on the ion and inversely proportional to the frictional retarding force 

on the ion. The frictional retarding force on an ion is determined by the size and shape of the 

ion and the viscosity of the medium. Although CE is not a chromatographic process, 

separations are often described in a manner similar to chromatography. For example, in 

electrophoresis, we can calculate the plate count N by  

 

𝑁 =  
𝜇𝑒

2𝐷
 

where D is the diffusion coefficient of the solute (cm2/s) . Because resolution increases with 

plate count, it is desirable to use high applied voltages in order to achieve high resolution 

separations. Note that for electrophoresis, contrary to the situation in chromatography, the plate 

count does not increase with the column length. Typically, capillary electrophoresis plate 

counts are 100,000 to 200,000 at the usual applied voltages. 


