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1 INTRODUCTION

At the very beginning of chromatography!, most attention was paid to the
development of simple types of chromatography in which the parameters (conditions)
were maintained constant during the experiment However, the potential range of
chromatography can be substantially extended by varying the conditions in the
course of a chromatographic experiment, and 1t 1s appropriate to consider the de-
velopment of new variants of chromatography. In practice, a variety of methods are
used, depending on the means employed for moving the components of the sample
mixture along the adsorption layer, the physical state of the mobile and stationary
phases, the form of the sorption layer, etc This review is concerned with the devel-
opment of temperature gradient methods in gas chromatography.

The temperature of separation is one of the major parameters determining the
duration of separations, sorbent selectivity and the spreading of the chromatographic
zones, and the rational use of the thermal factor considerably extends the potential
of gas chromatography By raising or lowering the temperature of the column (sor-
bent), it 1s possible to change dramatically the properties of different substances in
the gas—mobile phase system both in time and n space on the sorbent layer. The
importance of this factor was demonstrated from the very first days of the devel-
opment of gas-liquid chromatography by Griffiths et al.?, who suggested a new
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method consisting of temperature programming through the column. This method
subsequently found wide application in chromatography. The method was discussed
m detail by Harris and Habgood® However, temperature programming 18 not the
only method of applying the thermal factor in gas chromatography.

Another application, the use of temperature gradients, was first suggested by
Zhukhovitsky and co-workers* #. This variant was called chromathermography, and
its discovery was a significant step in the development of the theory and practice of
gas chromatographic analysis Essentially, chromathermography is a vanant of gas
chromatography in which the separation occurs on the sorbent layer as a result of
the effect of the carrier gas flow in the space of the temperature field 1n time, which
is characterized by a defined gradient of temperature n the chromatographic system
during the separation.

In chromathermography, the separation is effected by additional moving of
the temperature field along the column, z.e., the column temperature varies lengthwise
with time, but not simultaneously along the column as in chromatography with tem-
perature programming® Chromathermographic separation, in contrast to separation
under 1sothermal conditions, makes 1t possible to increase the concentration of sub-
stances in the maximum of the chromatographic zone and, consequently, to provide
greater sensitivity of determination. The chromathermographic method 1s exception-
ally convenient for the separation of substances that differ greatly in their properties,
e.g., boiling point, and 1t combines the advantages of thermal desorption and elution
chromatography and is applicable to the analysis of the mixtures that contain com-
ponents with both strong and weak sorption abilities, 1rrespective of their sorption
1sotherms. The scheme of the first chromathermograph* is shown in Fig. 1. A silica
gel column (1) is placed in a large electric oven (2) combined with a smaller cylindrical
oven (3) moving along the length of the column. thereby heating it gradually, zone
by zone. The air entering the column 1s purged (4, 3), then the air flows through the
column filled with calcium chloride (6) where the moisture is absorbed The air is
subsequently delivered to a heat exchanger (7) housed in an electric oven (8), where
it is heated to the desired temperature. The flow-rate of the air 1s measured by means
of rotameter (9). The concentration of the substance beneath the silica gel layer is
permanently controlled with the help of a gas interferometer. The procedure for
analysis is as follows. A certain amount of the mixture of the substances to be sep-
arated is applied on to the silica gel. The individual components of the mixture are
developed by drawing through the column whilst simultaneously heating 1t, zone by
zone, by lowering the smaller oven along the layer at a given rate. The gas flow passes
out from the column to a detecting system, where the concentrations of the com-
ponents are measured.

Two versions of chromathermography were distinguished stationary and non-
stationary® In non-stationary chromathermography the direction of the moving tem-
perature field coincides with that of the carrier gas flow, and a direct temperature
gradient 1s used (the temperature at the beginning of the oven in the direction of its
travel is higher than that at the end). Non-stationary chromathermography was ap-
plied by Zhukhovitsky ef a/ '° in the adsorption retention method. In the separation,
weakly sorbed components move ahead over the sorbent layer within the oven and
enter the higher temperature field, where their motion is accelerated Strongly sorbed
substances lag behind and enter the lower temperature zone, where their motion is
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Fig 1 Diagram of first chromathermograph 1 = Column contaming silica gel; 2 = electric oven (general
thermostat), 3 = smaller cylindrical heater, 4, 5 = carrier gas scavenging system, 6 = column containing
calcium chlonde 7 = heat exchanger. 8 = electric oven for pre-warming the carrier gag 9 = rheometer

Fig. 2. Chromatogram of air-isobutane nuxture Peaks 1 = air, 2 = isobutane, 3 = n-butane (a)
Non-stafionary chromathermography. (b) stationary chromathermography

decelerated. Thus, owing to the temperature gradient of the heater, an additional
“stretching” of components takes place, giving rise to an increase n the selectivity
of their separation. This is evidenced by the comparison of the chromatograms il-
lustrated in Fig. 2 However, non-stationary chromathermography imposes very
stringent requirements on the conditions of chromatography, and is therefore hardly
ever used.

As 1 the development of any important method after its discovery, many
investigators soon turned their attention to chromathermography With regard to
thin-layer liquid chromatography we may mention the method described 1n 1940 by
Laip and Eralp!''. In their method. a non-fixed adsorbent layer 8 cm long was applied
to a glass plate, which was placed on an inclined aluminium support. The latter was
cooled from its upper edge and heated from its lower edge. The mixture to be sep-
arated was applied to the upper edge of the adsorbent and then gradually eluted
down with a solvent.

In 1943, Turner'? described a method based on creating a moving temperature
gradient along a chromatographic column. The column with the sample mixture 18
placed in a uniform temperature field which heats the adsorption layer, zone by zone,
leading to a subsequent displacement of the components. However, instead of elution
chromatography with a carrier gas flow, Turner’s method makes use of the displace-
ment, the movement of the zone being effected by the displacement of the components
of the sample mixture. Therefore, Turner’s method can be referred to as a displace-
ment chromathermographic method.
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2 STATIONARY CHROMATHERMOGRAPHY

The second variant, stationary chromathermography, is a method in which the
temperature field and the flow of the carrier gas move 1n the same direction, the
temperature gradient being a negative value.

In the stationary chromathermographic method (the first moment of separa-
tion 1s shown in Fig. 3), the sample 1s introduced into the column and a cylindrical
heater 1s moved on to the column, along which there is a temperature gradient; then
the oven is moved by a special motor along the column at different speeds prescribed
by a pre-set programme. The temperature at the beginning of the heater (1n the
direction of its travel) 1s lower than that at the end. If we introduce the sample
mixture into the inlet of the column and move the travelling oven on to the beginning
of the column, the sample components, depending on their nature, will move along
the layer at various velocities. The substances that sorb weakly will move along the
layer at a higher velocity, and when they are displaced forwards within the oven they
enter a region of lower temperatures where their sorption ability increases while the
rate of movement decreases. This retardation will proceed until the rate of movement
is equal to that of the oven 1tself. Substances that sorb more strongly will move along
the layer at the beginning more slowly than the oven. As the sorbing substances lag
behind, they approach a region of higher temperatures, where their sorption ability
decreases with increasing rate of movement. Such an increase 1n speed will take place
until it becomes equal to the rate of movement of the travelling oven. Subsequently,
all the components will travel along the layer at the same rate as the oven. In chro-
mathermography, as distinct from traditional isothermal chromatography with tem-
perature programming, there are special conditions that hinder the spreading of the
zone and lead to their compression, t.e., concentration, the compression of the zone
occurring (within certain limits) automatically.

1
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Fig. 3 Chromatographic separation of components of a sample mixture using the stationary chroma-
thermography techmique. 1 = Oven with temperature gradient, 2 = chromatographic column L =
column length, T = temperature

T

Fig 4 Compression of chromatographic zone in chromathermography u = Linear velocity of carner gas;
C = concentration, L. = column length, T = absolute temperature, T,, 7%, Tx = temperature in the
centre, front and rear of the zone, respectively, F = front of zone, R = rear of zone
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Fig. 4 shows the mechanism of zone compression under conditions of station-
ary chromathermography when the rates of movement of the zone and the heater are
the same, and illustrates the connection between the zone shape and the temperature
distribution. The temperature Ty corresponds to the speed of the analyzed substance
i at the rcar part of the zone, Ug,, the temperature T} corresponds to the speed of
the substance at the front of the zone, Uy, and the temperature 7T, corresponds to
the speed of the substance in the central part of the zone, U.. u is the linear velocity
of the carrier gas, L 1s the length of the chromatographic co
centration.

Suppose a substance zone i moves at a speed U,; considering that the zone
moves under conditions when the sorbent temperature in the front part of the zone,
T, 18 lower than that in the rear part, Tx (Tx > T¥), the speed of movement of the
molecules of the substance being chromatographed in the region of the zone front,
in general, must be lower than the mean speed of the zone, U,, whereas the speed of
movement of the molecules of the sample substance in the region of the rear part of
the zone must be higher than the mean speed of the zones. If we neglect the changes
in the gas flow-rate and pressure 1n the zone, we can write

1 A M
lumn and C is the con-

u

U,'zi 1
K, )

73
U, = — 2
nS R 2

U
Un = — 3
R (3

where U,, Ug,, Ug, and u are as defined above and K,, Kr, and Ky, are the coefficients
of distribution of the substances to be chromatographed in the regions of the central,
front and rear parts of the zone, respectively

As the distribution coefficient usually decreases with increasing temperature,
i.e. (see Fig. 4),

KR; < Kl < KFI. (4)
then

UR: > Ul > UFL (5)

Thus, the compression of the chromatographic bands and their movement corre-
sponding to the speed of movement of the temperature field in chromathermography
are n the steady state. The characteristic value in this method is not the retention
volume, but the characteristic temperature of the chromatographed compound pass-
ing through the column. Under real conditions, the chromathermographic zone has
limited sizes, which are determined by the effect of two opposing operating factors:
zone compression (the effect of this factor was considered above) and factors whose
effects lead to broadening of the band (the limiting rate of heat transfer, non-uniform
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temperature gradient in the column, the limiting rate of mass exchange, etc.). The
temperature gradient also causes the molecules for some reason to be drastically
retarded, the motion having “‘outstripped” the zone, whereas the molecules that
lagged behind the zone start to move faster (see Fig. 4). Thus, chromathermography
provides the opportunity to achieve very narrow zones and to concentrate the sub-
stance.

Zhukhovitsky and Turkel'taub” developed a theory of movement of substances

in a steadv-state chromathermooranhic reeime. on the basis of which a method was

HI G SWAUYTSLA L ViU VILGUUICITINVEL G PLLL 10EIIIIT, Uil LU0 VUASS Ui Wias a method was

suggested for determining the heat of adsorption of substances using chromatograph-
ic zone data. In addition, the problems of compression of chromatographic zones
being moved by the temperature gradient have also been studied According to this
theory, the concentration maximum in the chromatographic zone will group around
one characteristic temperature (7., ), which can be determined according to the
following equation®:

= 1 O]
Rn (7 — K)
@
u

where # is the linear velocity of the carrier gas, w 1s the linear velocity of movement
of the temperature field, x is the proportion of the gas phase in the column, Q 1s the
heat of adsorption, R is the gas constant and K 1s Henry’s constant.

It should be noted that the method for performing steady-state chromather-
mography can differ from that suggested above by Zhukhovitsky and Turkel'taub®.

Steady-state chromathermography 1s one of few chromatographic techniques
by means of which absolute enrichment of components to be separated can be re-
alized. Chromathermography can also be employed for the prelimnary enrichment
of a sample mixture. The process of prelminary enrichment was first described by
Zhukhovitsky and Turkel’taub in 1957'3. The process 1s simple, but requires a carrier
gas of high purity. A quantitative comparison of the results of gas chromathermo-
graphic analyses with constant temperature and temperature gradients for an n-
Cs-n-Cy mixture was published'#, and also showed that the duration and efficiency
of the latter 1s considerably higher (Fig. 5). Kaiser!$-1® also described the chroma-
thermographic enrichment of a large sample in a column with a given temperature
gradient with a flow of substance inside a special enrichment arrangement (Fig 6).
In Kaser’s variant, the carrier gas (sufficiently pure) 1s passed through the sample or
over it and directed to the enrichment column together with the sample components.
The packing used for the enrichment column was Dexsil 300 GC coated on a highly
inert support. The main advantage of the enrichment system is the absence of a
dosing operation.

Sukhorukov and Vatulya!” suggested a method for the selection of optimal
enrichment parameters and proposed a calculation scheme for a preliminary deter-
mination of the enrichment of the impurities in the chromathermographic regime. In
our opinion, the multi-step calculation scheme 1s of interest for establishing the role
of the main factors that influence the enrichment process To calculate the enrichment

Tchar
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Fig 5 Chromatogram of n-Cs—Cs alkane mixture (a) With temperature gradient, (b) isothermal condi-
tions.

factor (0), Sukhorukov and Vatulya'” suggested the following equation:

02 f HETP,, LenK 7

HETPchmma!hermA 1% ( )
where K, is Henry’s constant at the temperature of introduction of the sample into
the column, & is a characteristic value that determines the compression of the band
on the layer, # is the relation of the oven velocity to the linear velocity of carrier gas
in the outlet of the column, HETP,, is the height equivalent to a theoretical plate
in isothermal experiments and HETP y,omatmerm 1 the height equivalent to a theoret-
ical plate in chromathermographic experiments. The authors claimed that the sug-
gested scheme may be varied, depending on the problem to be solved!” As indicated
by Zhukhovitsky and Turkel'taub®, the stationary chromathermographic method has
a number of advantages over conventional isothermal chromatography: rapid sep-
aration of mixtures into their components with different adsorbabilities, the possi-
bility of obtaining symmetrical peaks even with non-linear sorption 1sotherms and
a considerable increase 1n the concentration of the sample components in the central
part of the chromatographic zone.
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Fig. 6 Diagram of an enriched heat dynamic arrangement using a gaseous coolant 1 = Electric heater
for gas flow (heat carrier), 2 = heat exchanger with liquid coolant (liquid nitrogen) for cooling the gas
flow, 3 = sample gas flow, 4 = outlet for the sample gas flow

3 HEAT DYNAMIC METHOD

The next step in applying the thermal factor in gas chromatography was the
heat dynamic method developed by Zhukhovitsky et al.*®. Of all the variants of
chromatography developed so far, the heat dynamic method is closest to a continuous
automated separation process. Its application is of interest in both analytical and
preparative problems

The heat dynamic method 1s a combination of frontal chromatography with
moving temperature field. In this method the direction of the temperature gradient
is opposite to that of the flow of the mixture to be separated The separation is
achieved in the following manner. The sample mixture 1s run through the column in
a continuous process and travels through the adsorbent layer and, at the same time,
the temperature field moves along the layer. The simultaneous effects of the adsorp-
tion layer and of the temperature field on the mixture favour its separation into
imndividual components. According to the theory of chromatography, a given com-
ponent cannot penetrate along the adsorbent layer behind the point of the temper-
ature field where the temperature equals the characteristic temperature for a given
compound. It is important to note that at the point responsible for the characteristic
temperature, continuous enrichment must take place (an increase 1n concentration)
so as to correspond to the given characteristic temperature of the component. Thus,
sharp maxima (peaks) of concentrations of the individual components of the sample
mixture will occur in the region of the corresponding characteristic temperatures. By
making an appropriate choice of parameters, the mixture can be separated into
individual components. Moreover, owing to the high temperature in the upper part
of the oven, all the compounds are completely desorbed from the adsorbent, the
latter thus being regenerated. After the heater has reached the lowest position, it rises
automatically to the top of the column at a high speed and then moves slowly along
the layer again, 1.e., the separation process re-starts automatically. Essentially, by
this means the flow of the gas being analysed is not discontinued. As the length of
the oven is smaller than that of the column, the upper part of the column becomes
cooled as the oven travels along the column. The “heavy’” sample components (char-
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acterized by higher sorption abilities) adsorbed in the upper part of the column create
a preparatively enriched sample zone for the next separation cycle.

In the analytical variant of the heat dynamic method, a detector is arranged
behind the chromatographic column, which automatically records (as chromato-
grams} any changes in the composition of the gas flow through the column. The heat
dynamic method is the most useful procedure for the separation of the least sorbable
component of a mixture 1n the pure state or for the purpose of concentrating (and
subsequent analysis) of other components of the sample mixture, and also for the
preparative separation of pure substances Fig. 7 shows schematically the creation
of zones of heavy impurities in the heat dynamic method!®. A circulation apparatus
was constructed, supplied with two columns and two moving ovens, which provide
a high degree of concentration. The heat dynamic apparatus developed by Zhu-
khovitsky and Turkel’taub?® makes 1t possible to determine automatically the mean
concentration of all the sample components in 510 min with continuous passage of
the gas mixture With two weakly adsorbable components (e.g., air-methane), their
ratio 1s determined continuously.

The apparatus operates according to the principle of the heat dynamic method,
which is intermediate between the chromathermographic method and the moving
adsorbent layer method?!. However, there are three substantial respects in which the
chromathermographic method that differs from the latter method. (1) a pre-set op-
timal temperature gradient moves along the adsorbent layer; (2) the oven (temper-
ature field) moves relative to the adsorbent, which elimmates numerous difficulties
connected with wear of the adsorbent layer; and (3) sampling of the separated com-
ponents 1s effected at a definite position on the adsorbent layer at the pre-set tem-
perature, which leads to the periodic production of average concentrations during a
relatively short time Unlike the chromathermographic method, the mixture s passed
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Fig 7 Diagram of zone formation 1n the heat dynamic method C = Concentration of components, T
= absolute temperature, L = column length
Fig 8 Diagram of first thermodynamic nstallation (horizontal variant) 1 = Horizontal adsorption tube

contaming sthea gel, having two vertical outlets, 2 = electric heater; 3 = three-way tap. 4 = desiccant
(NaOH). 5 = heat-transfer detector



30 V G BEREZKIN et al.

continuously through the layer. The adsorption column represents an open hori-
zontal circle along which a cylindrical electric oven moves continuously, incorpo-
rating a temperature gradient.

Fig. 8 depicts a horizontal heat dynamic installation. As the oven (temperature
field) travels, it concentrates all the components accumulated in the adsorbent near
the characteristic temperatures and directs them alternately to the detector. The con-
centrations of the components are generally determined by the heights of the maxima
on the basis of a calibration graph. Output curves (chromatograms) representing the
separation of a propane—n-butane—isopentane—n-hexane mixture are illustrated in
Fig. 9 The characteristic temperatures, measured with the help of thermocouples
mserted into the end part of the layer, are given on the peaks.

Genkin and Sazonov?2 developed methods for determining argon—oxygen im-
purities in helrum, where the advantages of the heat dynamic method and the method
ensuring complete component separation are combined. The experiments were car-
ried out on a special low-temperature heat dynamic installation?3, The installation
accommodates a chromatographic column fixed rigidly to a rotary shaft of a drive,
so that at the same time one end of the column is inserted in a coolant bath and the
other end in the heater, and as the shaft rotates along the chromatographic column
the temperature field with a constant temperature gradient also travels. In this man-
ner it 1s possible to determine neon, hydrogen, argon, oxygen and nitrogen with
sensitivities of 5- 1073, 31073, 2. 1073, 2 - 10 3% (by volume), respectively, in
9-12 min. The sensitivity increases with increasing time. The method may find ap-
plication in the analysis of different mixtures that are difficult to separate.

A chromathermographic system using frontal adsorption accumulation at cry-
ogenic temperatures (liquid nitrogen) has been described?4. The heat dynamic
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Fig 9 Analysis of mixture separated on a chromathermographic installation 1 = Propane; 2 = n-butane:
3 = isopentane, 4 = n-hexane, ® = 8.7 cm/mun, u = 78 cm/min The indicated temperatures correspond

to the temperatures of separation of the corresponding peaks
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method of enrichment employed in the installation makes it feasible to determine O,
N,, CH,, C,Hg, C3Hg, C4Hyp, NO, NO,, CO and CO, impurities in hydrogen,
helium and air at concentrations of 107 °-1077% (by volume).

4 COMBINED CHROMATHERMOGRAPHIC METHODS

A variety of combined methods have been suggested for the development of
chromathermographic and heat dynamic methods. A variant of chromathermogra-
phy 1n which separation is performed simultaneously along the length of the column
under a negative temperature gradient was described?S. The method consists in the
use of a constant gradient of temperatures along the column together with temper-
ature programming. According to Zhukhovitsky and Turkel’taub®, the employment
of a non-stationary gradient does not provide any advantages over separation under
isothermal conditions. However, variation of the temperature with time with a nega-
tive gradient along the column 1s equivalent, to a first approximation, to the thermal
field under chromathermographic conditions.

Consider the simplest case where the gradient is constant over the entire layer
and unchanged with ume. The relationship between temperature, length and time is
expressed by the following equations.

T=Ty —yL+ mt (8)

n
T=T0—~,1(L—* z) ©)

}

where T, is the temperature at the beginming of the column at the starting moment,
m 1s the temperature gradient with time, 7 is the temperature gradient along the
length and ¢ is time

The movement of a certain temperature field at a constant velocity is described
by the following equation

T=(L— o) (10)

From eqns. 9 and 10, it follows that

o = mfy an

In a general case, T = f(L, ¢) for any distribution of temperature across the layer
(y # const) and with time, which does not comply with a certain field moving at a
constant velocity.

With constant gradients the characteristic temperatures are expressed by the
same equation as in chromathermography

e _ 0
RInKw/u R InKm/yu

Tchar (12)

where Q is the heat of adsorption, K 1s Henry’s constant, R is the gas constant and
u is the flow velocity. The width of the peak (u) is given by an equation similar to
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that in chromathermography:

u= 220 [PETR 5 /2w [PETP (13)
o G
where 6 = Qy/RT3.

The selection of different gradients, including those varying with time, allows
one to use the intermediate variants between chromathermography and temperature
programming. Both methods have advantages, a decision should be made for each
particular case as to which is preferable: a decrease in the peak width or an increase
in the difference AV, = V; — V, (where V' and V', are retention volumes).

With a negative temperature gradient, the change in temperature with time
along the column is equivalent to the moving heat field under chromathermographic
conditions. In this instance, as follows from eqn. 11, the change in the rate of tem-
perature leads to a corresponding change in the velocity of gradient field movement.
In chromathermography the separation occurs only in the zone of the moving heater
with a gradient, i.e., on the restricted section of the chromatographic column. In the
combined chromathermographic method, the separation occurs along the whole
length of the column. Existence of such field is apparently an important advantage,
especially when analysing complex mixtures with a wide range of boiling tempera-
tures. In fact, when performing analyses of such mixtures, the characteristic temper-
atures of the first and last component may differ markedly, which necessitates the
use of an oven that provides a greater difference 1n temperature at the cold and hot
ends. If the oven is of limited length, this may necessitate the use of very sharp
temperature gradients, which will have an adverse effect on the separation achieved.
Apparently, the combined method allows one to achieve a large difference between
the initial and final temperatures with a small gradient, as the “length’ of the heater
is not restricted. The analysis may be performed on a standard chromatograph with
temperature programming.

The method was checked by determining, as an example, mixtures such as
nonane, mesitylene and decane 1n toluene. A negative linear temperature gradient of
1.8°C/cm was produced with the help of a heating coil with variable winding. Spher-
ochrom-1 sohd carrier, contaming 10% of apiezon L was used as the sorbent. Fig.
10 shows the chromatogram of the analysis of the mixture using a 35-cm column.
The carrier gas flow-rate was 15 ml/min and the temperature programming rate was
10°C/min, which corresponds to the heat field movement of 6 cm/min. A chromato-
gram of the separation of the mixture with ordinary temperature programming is
also presented for comparison. The combined chromathermographic variant pro-
vides a sharp compression and concentration of the samples components, giving an
improved separation of nonane mesitylene, the concentration at the peak maxima
being increased 10-15-fold compared with the isothermal method. The application
of this method is simpler in the gas adsorption variant, where thermostable materials
are used as the sorbents. By adopting the automatic heating—cooling procedure, the
method may be used in the heat dynamic variant of chromathermography.

According to Nerhetm?9, the temperature gradient along the column was pro-
duced several times 1n succession with a view to improving the chromatographic
separation. At the beginning of the procedure the temperature gradient was less than
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Fig 10. Chromatogram of separation of mixtures in toluene by (a) the chromathermographic method and
(b) the temperature programming method Peaks: 1| = toluene; 2 = nonane, 3 = mesitylene, 4 = decane.
y = 18C/em, m = 10°C/mun, ¥ = 15 mlfmin, L = 35 cm

Fig 11 Chromathermography with successive passages of the heater 1, 2, 3 = First, second and third
passages of heater Peaks 1 = 1sopentane, 2 = n-pentane, 3 = n-hexane, 4 = n-heptane, 5 = n-octane

the characteristic temperature of high-boiling components, and only low-boiling
components were liable to elution. Subsequently a higher gradient with higher tem-
peratures was created that enabled the higher-boiling components to be eluted as
separated peaks.

The method was exemplified by the separation of isopentane, n-pentane, n-
hexane, n-heptane and n-octane. The improvement 1n separation resulting from mul-
tiple effects of the temperature gradient 1s shown in Fig. 11. The inttial movement of
the oven along the column has no effect on the separation of pentanes, as the rates
of movement of the corresponding zones are higher, whereas the n-hexane zone,
travelling at the speed of the oven, 1s compressed and becomes narrower than the
zones of n- and isopentane. When a gradient with still high temperatures is produced
for the second and third times, #n-heptane and n-octane are also separated in the form
of narrow zones; the n-octane zone, with a retention time of 65 min, is not wider
than the n-hexane zone, with a retention time of 20 min.

Zizin and Makov?” suggested a new moving gradient variant of chromather-
mography; they designed an installation that produces the chromathermographic
effect by using a special attachment operating in an isothermal regime (Fig. 12). A
chromatographic column (1) enclosed in a casing (2) (tube into tube) is accommo-
dated in a chromatograph thermostat operating in an isothermal regime. The casing
of the column is connected at the inlet and outlet with a coil (4) via a piston pump
(5) in such a way that a closed contour is formed, through which the heat-carrier can
circulate continuously. The coil is incorporated in a heat exchanger (6) with thermal
msulation (7) and filled with a coolant. If the temperatures in the chromatograph
thermostat, T, and in the heater exchanger, 1y, are constant, then if Ty > £ a
steady-state gradient of temperatures is fixed in the column casing, its magnitude
being dependent on T, — to and on the circulation velocity of the heat carrier in the
closed contour
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Fig 12 Diagram of chromathermographic mstallation with liquid coolant 1 = Chromatographic column,
2 = column casing, 3 = thermostat; 4 = heat exchanger, 5 = pump, 6 = heat-exchanger casing, 7 =
thermal msulation

Zizin and Makov?7 presented an equation expressing the temperature distri-
bution during the movement of the gradient along the column. The process is equiv-
alent to the movement along a heater column of infinite length with a temperature
gradient varying exponentially. The suggested installation?” combines the advantages
of chromathermography and chromatography with temperature programming.

An original impulse—thermal method for gas analysis was developed by Dant-
s1g2® This method ensures high enrichment of admixtures during the component
separation in addition to compression of the chromatographic bands in different
column sections This method involves three separation stages. (1) preliminary sep-
aration; (2) compression of the chromatographic bands on the column during move-
ment of a narrow thermal field in the direction opposite to the flow of the carrier
gas; and (3) elution of the separated components with temperature programming.
This method was shown to be effective for determining ethane and ethylene in air at
a 10~%% concentration using a device supplied with a catharometer.

5 ELUTION-THERMAL DISPLACEMENT METHOD

Berezkin and Rastyannikov?® suggested an elution—thermal displacement
method in which separation takes place as a result of the joint action of a moving
thermal field and a low flow of carrier gas. The column filled with sorbent and purged
with an inert carrier gas is supplied with an initial mixture until a part of the layer
at the beginning of the column is saturated. A narrow oven then moves on to the
column and a carrier gas flow is started at the same time. The moving oven causes
a sharp decrease in the sorbability of the component in the heated zone, and therefore
even a small gas carrier flow is sufficient to remove the component from this zone
and direct 1t to the cold section of the sorbent. The sorbability of the component
increases sharply on the cold section of the sorbent and 1ts rate of movement slows
accordingly, so that it becomes much lower than that of the heater Thus, the heater
will “overtake” the heavy component and the process of “pushing out” the com-
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ponent from the heated zone by means of the carrier gas will be repeated. As the
heavy component zone moves ahead it will force out the heavier component, obliging
it to move at the speed of the zone. This elution—displacement method makes it
possible to decrease considerably the temperature of the thermal field and reduce the
contact time of the separating components with the heated zone. This allows the
separation of substances that decompose or react at higher temperatures.

Further development of the thermal displacement method was carried out by
Harris and co-workers3%-31. They showed?! that this method, depending on the ratio
of the heater movement speed, Uy, to the carrier gas flow-rate, U,, makes it possible
to operate under different column regimes. If Uy > U,, adsorbent condensation takes
place; if U, » Uy, the column works as under elution chromatographic conditions.
Operation under thermal displacement conditions requires a particular optimal
Un/U, ratio. Equations were suggested®! for the maximal dose of the initial mixture
and the concentration profile in the thermal zone. The latter equation was derived
from the assumption that the stationary front moving at the speed of the heater 1s
fixed 1in the column. These equations were verified on binary mixtures of n-hexane
with 2,2- and 2,3-dimethylbutane and 2- and 3-methylpentane as examples. Alumina
and Porasil B were used as packings. It was shown that when the flow velocity
changes and the ratio Uy/U, is constant, the efficiency of separation can be described
by a Van Deemter type equation; at low velocities the spreading of the zone 1s de-
termined by the longitudinal diffusion, whereas at high velocities it 1s determined by
the mass-transfer resistance. The shape of the bands in the thermal displacement
method, as calculated from the suggested equation, is close to that derived from
experiment. It has been shown3?, using as an example the analysis of o-xylene, n-
nonane, n-decane, butylbenzene and other impurities in light volatile solvents, that
the chromathermographic method has several advantages over ordinary chromato-
graphy under isothermal and hnear temperature programmed conditions. Under iso-
thermal conditions, it was not possible to separate the above mixture, and the reso-
lution obtained with linear temperature programming was significantly worse than
that obtained under chromathermographic conditions.

Gel'man?? demonstrated that methods such as chromathermographic, heat
dynamic and elution-thermal preparative displacement are convenient when they are
used at high concentrations. On the basis of a general chromathermography theory,
he discussed the transition from chromathermography with an increase in the amount
of sample to chromathermography without a carrrier and, subsequently. the transi-
tion from the latter to the so-called method of concentration fixing.

6 OVERLOADED CHROMATHERMOGRAPHY

In their extensive investigations of the potential of chromathermography, Zhu-
khowitsky and co-workers** 3¢ developed a method without employing a carrier gas.
This method was termed ‘“‘overloaded chromathermography” (OCTG). It was
found?3? that even in the presence of diffusion spreading under OCTG conditions,
the amount of the substance in the zone 1s hnearly dependent on the square of the
band width of the component. As a rule, the band width is ascribed as time from the
moment of the beginning of chromatographic zone output to the moment when the
point corresponding to the characteristic temperature reaches the column output.
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This method proved to be convenient for measuring both high and low concentra-
tions of different substances. It was stated that the time corresponding to the char-
acteristic temperature is constant, and it can be determined for each component.

The applicability of this method to the analysis of five-component mixtures,
e.g., C,—Cg n-alkanes, was demonstrated®” The theoretical aspects of OCTG have
been discussed?®, and in particular an equation was derived for calculating the profile
of the chromathermographic curve of carbon dioxide when determining it in air on
silica gel MSM. The experimental and calculated (theoretical) data were in good
agreement.

The search for effective separation methods that allow a decrease 1n the spread-
ing, an increase 1 productivity and the determination of the physico-chemical prop-
erties stimulated the elaboration of a method lying at the borderline between chro-
matography and distillation3®—#1, referred to as “chromadistillation”. According to
this method, the mixture to be separated 1s contained on a column with a solid filler
(glass or metal spherules) and when the carrier gas 1s passed through the mixture a
steady-state temperature field with a negative gradient is established. Separation of
the mixture on the contacting zone of individual components takes place as a result
of multiple condensation and evaporation.

The application of the chromadistillation method makes 1t possible to perform
separations with a liquid stationary phase, which 1s important when analysing high-
boiling compounds (including solids under ordinary conditions). The theory of chro-
madistillation and a varety of apphcations were discussed by Zhukhowvitsky and
co-workers*2:43,

Chromathermography, as has been shown above, 1s exceptionally efficient for
the analysis of admixtures, as 1t makes 1t possible to increase the concentrations of
the components at the peak maxima. Chromadistillation also allows one to enrich
the components of the mixture**. Yanovsky et a/.*> combined these two methods
and suggested a new method which they termed “‘chromathermodistillation”. This
method works in a similar manner to that described earlier?® by combining the tem-
perature gradient which exists in chromadistillation with temperature programming
and that is equivalent to the moving of temperature field. This allows one to enhance
the effects of enrichment that take place both under chromathermographic and chro-
madistillation conditions. As distinct from chromadistillation with a stationary tem-
perature gradient, chromathermodistillation makes 1t feasible to solve a variety of
problems concerning the analysis of multi-component mixtures containing compo-
nents with a wide range of boiling temperatures.

7 THERMOCHROMATOGRAPHY

In connection with the development of investigations of short-lived isotopes,
methods for the rapid separation and detection of elements have acquired great im-
portance. A very promising method for the separation of elements 1s gas thermo-
chromatography. This method is based on the entrainment of compounds by the
carrier gas, which 1n some instances is also a reagent gas, from the high-temperature
heating zone where such compounds are formed into a column having an pre-set
inverse temperature gradient. As reported 1n a number of publications*® *3, the gas
thermochromatographic method makes 1t possible to separate elements when their
concentration in the mitial sample 1s as low as 10~ 14107 mole
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Thermochromatography 1s usually regarded as a chromatographic method in
which the separation of a sample mixture (with a sufficiently large volume) 1s carried
out with a moving carrier gas (which in some instances also performs the function
of a reagent) on a column having a constant negative temperature gradient, and the
detection of the zones being separated is usually effected by scanning the column
after completion of separation. As a rule, thermochromatography is employed for
separating radioactive compounds, which substantially simplifies subsequent identi-
fication of the composition of the sample mixture by the scanning method.

Substances that can be separated by gas thermochromatography include a
group of comparatively highly volatile oxides formed as a result of various ther-
mochemical reactions (decomposition, combustion in an oxygen atmosphere, etc.).
For example, the method was used for the rapid separation of preparations of rhe-
nium, osmium, tridinm and mercury*®. The target was metallic gold of high purity,
which was placed in a special quartz ampoule and rradiated with a beam of protons
for a definite period of time. After wrradiation, the target was allowed to stand for
about 40 h for the short-lived isotopes to decay. Volatilization of the reactive prod-
ucts of rhenium, osmium, iridium and mercury from the gold melt and their distri-
bution over the length of a thermochromatographic column having a negative tem-
perature gradient were studied under the following conditions' sublimation temper-
ature, 1160 £ 20°C; sublimation time, 3-60 min; carrier gas velocity, 10-40 ml/min;
and carrier gas, oxygen, air and helium.Gaseous products entrained from the gold
melt by the carrier gas were fed to the thermochromatographic column, which was
a 480 mm x 2 mm 1.D quartz tube. A constant negative temperature gradient was
maintained with the aid of special heaters. The end of the column was connected to
a special trap and detector. This method makes 1t possible to effect selective depo-
sition on the walls of the column of volatile oxides of rhenium, osmium, iridium and
mercury in the following sequence of decreasing temperaturer Re (500-350°C), Ir
(180-80°C), Hg (80-25°C), Os.

Thermochromatography has also been used for the separation and identifi-
cation of nuclear reaction products3®, and results for the thermochromatography of
Na, K, Cs, Ba, Eu, Yb, Tm, T1, Pb, Bi, Po, Am and Cf in a titanium column were
presented. The carrier gas was helium contaming small amounts of sodium or po-
tassium. The atoms of the initial elements were entrained by evaporation from lan-
thanum. The column, made of titanium foil, was placed in a heater having a negative
temperature gradient.

The formation and thermochromatographic behaviour of carrier-free traces of
volatile oxides and hydroxide of tungsten were studied*’. The samples were metallic
foils of gold and tantalum irradiated with high-energy protons in which tungsten
isotopes were formed by the corresponding nuclear reactions. First, high-temperature
sublimation was carried out. Oxygen saturated with water vapour was used as the
reagent gas. The temperature in the reaction section of the installation was 1060—
1160°C, the carrier gas flow-rate was 1545 ml/min and the sublimation time was
5-60 min. The distribution of '83W along the thermochromatographic column (550
x 5 mm [.D.) was determined on completion of sublimation by drawing the tube in
front of a scintillation detector connected to an automatic recorder. This modified
gas-thermochromatographic method for the separation of radiochemically pure tung-
sten, under conditions without a carrier gas and without gold and tantalum targets
irradiated with high-energy protons, is sufficiently effective and rapid
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A study using gas thermochromatography was carried out on the rapid pro-
duction of short-lived neutron-deficient 1sotopes of zirconium and niobium from
volatile chlorides for the purpose of further nuclear-spectroscopic investigations*8.
An ampoule containing silver chloride was irradiated with an ejected beam of protons
on a synchrocyclotron at the Joint Institute of Nuclear Research (Dubna, Moscow
Region, U.S.S R.). After the ampoule had been irradiated, it was introduced into a
reaction vessel into which 3-5 mun earlier a thoroughly washed thermochromato-
graphic column had been inserted. After completing the experiment, the column was
removed quickly from the vessel, cooled and cut into separate zones, then each zone
was measured for radioactivity using a Ge(Li) detector to determine the total yield
and distribution of the separated radioactive elements along the thermochromato-
graphic column.

Based on the thermochemical properties of osmium and rhenium oxides, a
rapid gas thermochromatographic method was elaborated for separating rhenium
from a complex mixture of products that are formed as a result of irradiation of
targets with high-energy protons*°. This method allows the production of radioactive
preparations of rthemum for studying the nuclear spectroscopic properties of short-
lived 1sotopes of this element, the half-life of which is several minutes.

Eichlers?® separated thermochromatographically the products of carrier-free
nuclear reactions without a carrier gas. A column having a temperature gradient in
the axial direction was used to separate the mixture thermochromatographically, a
carnier gas being passed through the column 1n the direction of the temperature drop.
It was shown that when the gas was passed through the column continuously, no
equilibrium distribution was achieved. In an interrupted experiment, the distribution
of the components along the column is “frozen” and an “internal chromatogram”
is obtained m the column. An equation was derived’® expressing the relationships
between the total retention volume and the cross-section of the stationary phase,
initial temperature, temperature gradient, heat of adsorption and the temperature of
precipitation on the column walls. Equations that determined the precipitation tem-
perature and described the processes of separation of the nuclear reaction products
were obtained3!l. The method was successfully used in radiochemstry to identify
elements 1054° and 10757 and to separate the products of uranium fission?

Radioactive indium and platinum compounds in a carrier-free state, which
were formed at 725 + 25°C, were separated on a quartz thermochromatographic
column. The influence of the method for producing the initial preparation and the
experimental conditions was studied, particularly the effect of moisture in the carrier
gas on the yield of oxygen-containing volatile compounds of iridium and platinum.
Both elements formed two adsorption zones, under certain conditions the iridium
zone centres were at 265 + 20 and 175 £+ 20°C and those of platinum at 280 &+ 20
and 55 £+ 15°Cs8.

Travnikov and co-workers$9-99 studied the behaviour of actinides and fission
products 1n the process of transfer of their chlorides in a column with a temperature
gradient, with variable starting temperature, gradient value, carrier gas velocity and
other factors It was shown that the separation of micro-amounts of elements having
similar properties could be achieved, provided that there is a difference in the char-
acteristic temperatures of adsorption of not less than 50°C New effective methods
for the chromathermographic separation of trans-plutonium elements and chloride
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were suggested The thermochromatographic behaviour of trace amounts of rare-
earth metal trichlorides was examined®!. Distinct adsorption zones of the trichlorides
of individual rare-earth elements were obtained in an open quartz gas thermochro-
matographic column of I.D. 1.25 mm. In was shown that the temperatures of the
centres of gravity of the adsorption zones of the trichlorides of all the rare-earth
elements were almost identical and, consequently, the gas thermochromatographic
separation under these conditions was impossible

Novgorodové? studied the separation and purification of radionuclides by
thermochromatography. Theoretical calculations were made of the distribution of a
substance during its movement through a thermochromatographic column having a
constant temperature gradient. The thermochromatographic behaviour of nuclear
reaction products during the combustion of uranium and molybdenum irradiated
with high-energy protons 1n oxygen was studied. The behaviour of trace amounts of
certain rare earth elements in a tantalum column under vacuum was also investigated
A description was given®? of selective and rapid methods for the thermochromato-
graphic separation of radioactive isotopes under vacuum and in a gas phase con-
taining chlorine, hydrogen chloride, oxygen and their mixtures. Thermochromato-
graphy of 1°¢Ru and 233Pu was used to study the products of the reaction of fluorine
containing 1% of oxygen with ruthenium and plutonium oxides and fluorides%3.
Methods for the separation of radiochemically pure fission products developed on
the basis of thermochromatography can be used in the production of radioactive
isotopes valuable for applied investigations

8 APPLICATION OF CHROMATOGRAPHIC METHODS WITH A TEMPERATURE GRA-
DIENT TO THE DETERMINATION OF PHYSICO-CHEMICAL CHARACTERISTICS

The application of chromatography 1s not restricted only to the solution of
problems concerning separation and analysis of complex mixtures, i e , problems of
a pure analytical nature In our opinion, the potential of chromathermography for
mvestigating the physico-chemical properties of substances has been insufficiently
studied, although its application to physico-chemical measurements was considered
briefly in one of the first papers on this method® The application of this method
made it possible to determine the heats of adsorption of ethane, propane and butane
on silica gel; the results were 1n good agreement with those obtained by other
methods. Eichler and Zvara®* substantiated the validity of calculations of heats of
adsorption from thermochromatographic data. They also considered®s the possibil-
ities of determining the enthalpy (4H) and entropy (4S5) of adsorption from chro-
matographic data obtained in a column having a constant negative temperature gra-
dient in the direction of flow. A time retention equation was derived on the basis of
the theory of linear chromatography. Equations for the entropy of adsorption were
given for two models of steady-state and unsteady-state adsorption layers. Approx-
imate methods were developed for determining A4S and AH on the basis of experi-
mental data.

Fan and Gaeggeler®® investigated the adsorption of lead on quartz and cal-
culated the enthalpy and entropy of adsorption from thermochromatographic results.
Eichler er al.®7 determined the heats of adsorption of metal chlordes using ther-
mochromatography These methods made it possible to determine the activation
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energy and the reaction order of dehydration of complexes of certain cations®® and
the kinetics of the separation of gaseous products of perchlorate decomposition®?,

A simple arrangement was suggested’® for conducting thermochromatograph-
ic experiments on the basis of the Tsvet-100 chromatograph and testing it by com-
paring the data from the thermochromatographic and thermogravimetric decom-
position  of  carbonyltriphenylphosphine  complexes of rhodium, 1wz,
Rh(CO);(PPh);Cl0, and Rh(CO)PPh),Cl. Weighed amounts of ground sample
were placed 1n a Pyrex glass reaction tube, which was incorporated in one of the
chambers of the chromatograph evaporator and coupled directly to one of the heat
conductivity cells. Linear heating of the evaporator in the temperature range 20—
320°C at an increasing rate from 0.5 to 10°C/mun was effected by means of a labo-
ratory motor transport supplied with a small electric motor and pressure regulator.

The suggested thermochromatographic technique is more universal in appli-
cation than the thermogravimetric method and can be used for studying solid-phase
conversions of compounds whose heat resistance does not exceed 400°C and whose
decomposition is accompanied by the evolution of volatile products.

The thermochromatographic technmque was used to study the physico-chemical
properties of mendelevium and a variety of other actinoids in comparison with some
known metals’! The thermochromatographic method was also successfully em-
ployed for studying the chemical products of uranium fisston?2.

Another nteresting physico-chemical application 1s associated with the study
of heterogeneous catalytic reactions. In 1961, the possibility of coupling in the reactor
heterogeneous catalytic reactions and the chromatographic separation of the com-
ponents of the reaction mixture’3, In 1964, Roginsky and Yanovsky’#* indicated that
in a number of instances, carrying out the reaction in a chromatographic regime
under 1sothermal conditions is not effective. This takes place, for example, in reac-
tions of the A = B type because, irrespective of the difference in the adsorption
coefficients K, and Kp, the separation of A and B on the column does not give
advantageous yields of either A or B. The same situation is observed with reactions
of the A= B + C type, with K3 = K. In view of this, a suggestion was made as
to the prospects of employing stationary chromathermography for such reactions.

Let us introduce nto the flow pulses of substance AB (which in the presence
of the catalyst filling the column reacts at a limited rate in accordance with the scheme
AB = A + B), and starting with a rate o we displace the temperature field. The
adsorption coefficient aap is high at the beginning on the cold catalyst and the rate
Vag of the displacement of AB along the layer of the catalytic packing is low, i.e.,
the temperature field passes the substance AB. In view of the presence of a negative
temperature gradient, the band AB moves to the region of higher temperature to-
gether with the travelling oven, and accelerates its movement Finally, at some char-
acteristic temperature, Tohar, AB starts to move at a velocity equal to that of the
oven, i.e., Vap = w. The rate of movement of the oven, w, the linear flow velocity,
u, and the heat of adsorption, @, are related as follows:

Q

TC ar e ———
b RT In ofu

(13)

If Tehar < Treacr, where T, 1S the temperature at which the reaction rate becomes
appreciable, AB will pass through the reactor without any change as one peak. A
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gradual decrease in w/u leads t0 Tepar = Treser and then significant formation of
substances A and B begins, ecach of them tending to enter the zone with its own
characteristic temperature, Tepnar o and Tenar p. These attributes make chromather-
mography very useful for conducting reactions under chromatographic conditions.
The selection of u and w may alter the temperature of the zone where AB is located.
It should be emphasized that a reverse reaction A + B = AB 1s suppressed not only
by the process of separation, as in the isothermal pulse variant, but also by locali-
zation of at least one of the products in the low-temperature zone. By measuring the
temperature 7.y, ap at the outlet of the moment the maximum of AB with concen-
tration C,p appears, we are able to determine the reaction temperature (Tepar s =
Treact a) The application of the chromatographic method for effecting reactions
under chromatographic conditions 1s also useful because in this instance a continuous
enrichment or compression of the band takes place because the separated chromato-
graphic band is affected by the temperature gradient and therefore the front part of
the band moves slowly and the rear part faster, the concentration must be constant
and determined by the external pressure. Therefore, reactions higher than first order
under chromatographic conditions must proceed at elevated constant velocities in
comparison with the 1sothermal chromatographic regime. In particular, it 1s advan-
tageous under such conditions to carry out a reaction in which the sorption coeffi-
cients of the products are smaller than those of the initial substance (for instance, in
high-temperature cracking), when Teparan > Tenar 8 > Tonar oo as the reacting sub-
stance 1s 1n the zone with elevated temperatures while the products are in the zone
with low temperatures, thus preventing secondary reactions.

The possibility of isomerization reactions of 1sohexanes, viz., 3-methylpen-
tene-2 = 3-methylpentene-1 and 4-methylpentene-1 == 4-methylpentene-2, occurring
under chromathermographic conditions was studied experimentally”s. The results of
a study of the catalytic reactions of double bond migration in 1sohexane molecules
on a zinc-iron—copper catalyst under conditions of isothermal elution chromato-
graphy and under conditions of stationary chromatography were also described.
Conducting the reaction under chromathermographic conditions allows one to ob-
tain higher yields of a-olefins than are obtained under isothermal conditions. This
result may be accounted for by the coupling of the catalytic reactions and the chro-
matographic separation 1n the reactor.

9 CONCLUSION

Methods involving temperature gradients in gas chromatography may be ap-
plied successfully in various fields of analytical and physical chemistry Unfortu-
nately, the advantages of these methods are not fully realized and their field of ap-
phication is relatively narrow. One of the main reasons for such a situation is the
absence of standard equipment and insufficient development of the technical basis of
the method.

Further study and modifications of chromatographic methods with a temper-
ature gradient should lead to new effective methods for the separation and analysis
of substances and to the establishment of the areas of optimal application of existing
methods. We hope that this review will arouse interest among mnvestigators to develop
further chromathermographic methods
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linear velocity of carrier gas;

linear velocity of carrier gas at column outlet;

linear velocity of substance 7 in the centre of the zone;
linear velocity of substance 7 in the front region of the zone;
linear velocity of substance 1 in the rear region of the zone;
linear velocity of substance AB;

Iinear velocity of the temperature field and heater;

Henry’s constant;

Henry’s constant at the temperature of mtroduction of the
sample into the column;

Henry’s constant in the centre of the zone;

Henry’s constant in the front region of the zone;

Henry’s constant in the rear region of the zone;

Henry’s constant for substances A, B and AB, respectively;
absolute temperature;

temperature at the beginning of the column at the initial mo-
ment of time;

temperatures at the centre, front and rear of the zone, respec-
tively;

temperature of substances B and C, respectively,

heat of adsorption,

gas constant;

column length,

substance concentration;

proportion of the gas phase in the column;

d7/dL temperature gradient along the column length;

d7T/dr temperature gradient with time;

height equivalent to a theoretical plate;

height equivalent to a theoretical plate under isothermal con-
ditions,

height equivalent to a theoretical plate under chromather-
mographic conditions;

characteristic value for determining the compression of the
band on the layer;

enrichment factor,

peak width at half-height;

retention volume of sample substance;

difference in retention volumes of two sample substances.
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12 SUMMARY

The main applications of temperature gradients in gas chromatography are
reviewed, including stationary chromatothermography, combined chromathermo-
graphic methods, elution-thermal displacement, overloaded chromathermography
and thermochromatography. The theoretical basis of the methods, the possibility of
practical applications for analytical and physico-chemical measurements and pros-
pects for development of the methods are considered
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