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1. INTRODUCTION

Advances in chromatography are associated with the use of adsorption and the
development of our concepts of the role of adsorption in chromatographic processes.

The ﬁrst chromatographxc technique, invented by Tswett in 1903, was liquid-solid
chromatography. Separation in this technique is based on the difference in the ad-
sorption of the substances being separated on the surface of a solid. Tswett wrote’,

“‘On the basis of all previous studies it becomes possible to develop a new -method of
nhvcmal eenarannn. of various substances in nrsxa_nl(_: hnlndc_ The method resides in

the ability of dissolved substances to form adsorption compounds with most diverse
mineral and organic solids™.

The next important stage in the development of chromatography was the
introduction by Martin and Synge, in 1941, of partition chromatography based on

the different narhhnn (:ahcnrnnnn\ of the substances hmng :gnaga\;ed_ betwean two

phases: the moblle phase (gas, lxquld) and the stationary phase (liguid)?. In their
conclus:ions, Martin and Synge proposed a new type of chromatography, based not on
adsorption on the solid phase, but on partition of the dissolved substances between
two liquid phases®. In the same work they also proposed another new techmigue of

nartition chromatooranhvu. namalv aac_lianid chramatacranhvy ((GI.C)Y. The first ex-
parmtion caromatograpay, namely gas—iquiQ cargmatograpny (ULCO ). 10¢ nrst €X

perimental work on GIL.C was published in 1952 by James and Martin3. It is interesting
that even in this first work asymmetric peaks (with trailing edges and steep fronts) were
observed when lower fatty acids (formic and acetic) were separated, which was ex-
plained by adsorption of the acids separated on the surface of diatomite. It was shown
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that the adsorption could be reduced by introducing orthophosphoric acid into the
stationary liquid phase (SLP) or by applying it on the surface of diatomite. Thus, even
in their first work on GLC, James and Martin had to take into account the adsorption
of the substances separated on the solid support and to take special measures to mini-
mize it.

At present, one of the most widely employed techniques in analytical organic
chemistry is gas chromatography®.

‘Over the past 15 years, we have Iearned a good deal about the mechanism of
separation in GLC, and our concepts of the nature and role of the individual pro-
cesses that occur have undergone substantial changes. It is not an exaggeration to say
that owing to the extensive work by scientists in many countries our concepts of the
mechanism of tae retention of compounds of interest in GLC have been revolution-
ized insofar as adsorption phenomena are concerned, especially as their essential role
in most chromatographic systems of practical importance has been established. Unfor-
tunately, however, most analytical and physico-chemical studies are conducted, in
practice, without a quantitative evaluation of adsorption and retention, and their role
is ignored. Such a situation seems to result from the universally adopted, simplified
potion of the phase state of the sorbent in GLC, which is regarded only as an SLP.

Investigations of a wide range of analytical samples (particularly high-boiling
and polar compounds) and special studies have shown that adsorption phenomena
play an important role in GLC, and the classical notion of GLC as a chromatographic
technique involving a single stationary phase (liquid) holds only if it is considered as
an extreme (particular) case.

To interpret experimental results in classical GLC®, extensive use has been
made of the following relationship between the true retention volume (V) and the
partition coefficient (K, = c¢;fc,):

Vn= K 8))

where v, is the volume of SLP in the column and ¢; and ¢, are the sorbate concentra-
tions in the liquid and gas phases, respectively. In quantitative analyses aimed at
identifying chromatographic zones, relative retention volumes have been widely used:

ry= Vyf Vb"n = Ky/Kis: ' 2)

where the subscript st relates to the substances selected as a standard, or retention
indices, I, (refs. 6 and 7) which are a function of the corresponding relative retention
volumes:

I, = 100z 4 10010g 3)

Toyy z

where r; . is the relative retention volume of the ith compound (standard: n-alkane
with z carbon atoms) and r_., . is the relatlve retentlon volume of an alkane contain-
ing z 4 1 carbon atoms, 1 <<r; - <<¥zp1/ze

As can be inferred from eqns. 1-3, the relatxve retentxon volumes and retention
indices in the case when the retention of the sorbate in 2 chromatographic column is
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determined only by the dissolution of the sorbate in the SLP are independent of the
content of the latter and of the properties of the solid support, while the true retention
volume is determined only by the partition coefficient of the compound being an-
alysed and the volume of the SLP in the column. Van de Graats® showed that the rel-
ative retention volumes are invariant with respect to certain conditions of a chromato-
graphic experiment, while Porter ef al. ® and Anderson and Napier'® corroborated the
validity of egn. 1 for some specific systems by comparing the values of partition co-
efficients defined chromatographically and statically. For example, the partition co-
efficient of n-heptane in the gas—diisodecyl phthalate system at 105° was found to be
55 + 3 by GLC, which does not differ markedly from the value of 57.1 + 1 determined
statically. For 2-propanol in the same system, satisfactory agreement between the
values found chromatographically (28 4- 3) and statically (25 & 1) was obtained.

Many studies described in the literature were aimed at determining another
equilibrium value, the activity coefficient, j, at infinite dilution, which is representative
of the degree of deviation of the behaviour of a real solution from that of the ideal
solution. The basic static characteristic used for calculating the value of j was the
specific retention volume (V) calculated per gram of the SLP!!-1%:

j = RT)VIMp® | @

where R is the universal gas constant, T is the absolute temperature, p° is the vapour
pressure of the sorbate at temperature 7" and M is the molecular weight of the SLP.

As was shown by Kwantes and Rijnders'*, the activity coefiicient of n-hexane’
in 1,2, 4-trichlorobenzene determined by GLC is 2.90, which agrees well with the
value of 2.93 determined statically. Good agreement between the activity coefficients
determined by various methods has also been pointed out ina number of other publica-
tions for different systems5—18,

According to Kwantes and Rijnders't, different results are obtained with sys-
tems that include a polar dissolved compound and a non-polar stationary liquid, e.g.,
alcohols, aldehydes, ketones or esters in a hydrocarbon solvent, particularly hexa-
decane. The peaks obtained in these instances were sloping with pronounced tailing,
while the retention time was sirongly dependent on the sample size, being short with
large samples and vice versa. This is indicative of residual adsorption of the polar
dissolved compound on the support. All inorganic supports in current use produce the
same results. Some improvement was achieved if the minerals were treated with di-
methyldichlorosilane, but even then the results were not reliable. '

These difficulties have been overcome by using very fine metal spirals as the
support, the stationary liquid being introduced into the column after it has been
packed with metal spirals. The amount of liquid present was calculated on the basis of
the retention volume (of n-pentane) for which the coefficient of partition between the
liquid and gas phases was known.

As a result of a subsequent study of the role of adsorptlon on the support
surface in GLC, Bohemen et al'¥ showed that the adsorption of polar compounds is
essential even for a sorbent that contains a large amount of a non-polar liquid phase.
For example, the retention time of acetone is halved on a sorbent containing 209, of
squalane after the surface of the solid support used (Sil-O-Cel) has been modified with
hexamethyldisilazane ; at the same time, the symmetry of the acetone peak is improved.
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Bohemen et al. concluded that, as a result of adsorption on the support, the retention
volumes of the compounds being analysed are not directly proportional to the volume
of SLP in the column, which is at variance with eqn. 1.

In the first work on GLC by James and Martin3, mention was made of adsorp-

tion on the solid support surface of the compounds being analysed, and to minimize
that adsorption (of organic acids) the solid support was modified by applying ortho-
phosphoric acid on diatomite and introducing stearic acid (109%;) and silicone oil;
prior to analysing amines, the support was pre-treated with an alkali. In subsequent
work, adsorption on the solid support was shown to play an important role in GLC2%-3!;
in particular, the type of solid support used and the content of SLP on the latter
were shown to influence the absolute and relative retention volumes, and also the shape
of the chromatographic zones. Table 1 gives, as an example of the effect of the solid
support on retention volumes, the retention indices of some polar compounds on
polar and non-polar phases, depending on the type of the solid support used.
. These data were obtained by Evans and Smith3® in their evaluation of GLC as
a quantitative analytical technique. It can be seen that the retention indices of some
compounds depend, to a considerable extent, on the type of solid support used for
preparing the sorbent for GLC. Pecsok ez al.32 have shown that the specific retention
volume of hydrocarbons depends strongly on the content of the polar SLP (8,6'-
thicdipropionitrile). In this instance the values of V] are not constant even if the 3,8'-
thiodipropionitrile content is 209;. According to Vigdergauz and Pomazanov33, the
specific retention volumes of polar sorbates continue to decrease until the content of
the non-polar SLP (squalane) applied on Chromosorb W reaches 409%,. Bonastre
et al >*+*° examined the dependence of the specific retention volumes of various classes
of organic compounds on the amounts of polyethylene glycol 20000 and 8,8’-thiodi-
propionitrile. A pronounced dependence of these values on the SLP content was
observed with non-polar sorbates for a wide range of SLP contents on the support (up
to 3040%).

The dependence of retention volumes on the type of solid support and SLP
content on the solid support makes it difficult to use the tabulaied retention values for
identifying chromatographic peaks and is inconsistent with eqn. 2. Thus, the develop-
ment of GLC has shown that eqns. 1 and 2, and hence eqn. 3, are far from valid in all
instances. Moshier and Sievers* pointed out with good reason that, theoretically, the
role of the solid support in GLC is to maintain the SLP in such a state as to enable the
flow of gas to pass through it. In fact, the solid support often affects the elution charac-
teristics (e.g., peak shape, retention time, tailing) of volatile components. A similar
viewpoint was shared by Dal Nogare and Juvet®, who stated that adsorption on the
active surface of a solid support is responsible for tailing. Although diatomite supports
are weak adsorbents in comparison with alumina, silica gel, etc., their activity is usu-
ally sufficient for the above-mentioned effect of adsorption to become apparent with
polar substances, for instance, alcohols, water, ketones and esters. Adsorption on fire-
brick is more pronounced than on Celite. It is less obvious with non-polar substances,
large relative amounts of the liquid phase and polar liquid phases saturating active
portions of the adsorbent’s surface.

“Pure” GLC, in which retention volumes and other chromatographic charac-
teristics of compounds are determined only by the properties of the SLP, is almost
never realized in practice. The limited area of application of eqns. 1 and 2 is, in our
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opinion, accounted for by the fact that they have been derived by using an extremely
idealized model of the sorbent, in which the polyphase nature (heterogeneity) of the
latter is ignored. According to this simplified model, no adsorption takes place at the
interphases (e.g., gas—SLP, SLP-solid support), and sorption occurs only in the SLP
film whose propertics are similar io those of a pure SLP taken in a large amount.
Therefore, to account quantitatively for the regularities of variations in retention value
on a sorbent containing an SLP, one should consider a more realistic model of this
sorbent, with particular emphasis on the distribution of the SLP on the surface of the
solid support. :

In the early 1960s, the adsorption of compounds on the SLP-solid support
interphase was an experimentaily well established fact. However, the experimental
data on the adsorption of separated substances in GLC were inconsistent both with
the then prevailing notion of GLC being a purely partiticn chromatographic tech-
nique involving not only adsorption but also adsorption processes and with the then
popular theory of retention of compounds being separated in the SLP. Emphasizing
the importance of experimental results in considering the role of adsorption in GLC,
starting with the first work bv James and Martin, it may be appropriate to cite the
following statement made by the Russian organic chemist A. M. Butlerov (1828—1886):
“Facts that cannot be explained in terms of existing theories are particularly precious for
science; finding the right answers will pave the way to its progress in the near future”.

2. SORBENT MODEL

When considering the chromatographic process in GLC, one should use the
model of a real sorbent in GLC, which cannot be regarded merely as an SLP. A real
sorbent is a polyphase, a simple model of which is shown in Fig. 1. The SLP covers
the surface of a solid sorbent as a continuous film of irregular thickness. In spite of its
simplicity, this model illustrates the basic features of the retention of volatiles on a real
sorbent. Indeed, one should distinguish three phases in a sorbent rather than one (the
SLP), namely: (1) the SLP, which adsorbs the substances being separated ; (2) the gas—
SLP interphase, which adsorbs the substances; and (3) the SLP-solid support inter-
phase, which also adsorbs the substances being separated.

The manner in which the SLP is distributed over the surface of the solid support
is determined by the nature of its interaction with the solid support, by its content, by

Fig. 1. Simplified model of a polyphase sorbent in gas-liquid chromatography. 1 = Mobile phase—
SLP interphase; 2 = liquid-solid (support) interphase; 3 = mobile phase; 4 = stationary liquid
phase (SLP); 5 = solid support.
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the technique used to prepare the sorbent and its subsequent treatment?2.26.36—%1_ [p
this section, we consider possible models of the distribution of SLP on a solid support,
based on experimental data on (1) mass transfer, (2) a porosimetric study of sorbents,
(3) variations in the surface area of the sorbent with increasing content of SLP on the
solid support and (4) variations in the vapour pressure of the SLP with increasing con-
centration of the SLP.

Different opinions have been expressed on the distribution of the SLP on the
solid support surface. The SLP film may, in general, cover the solid support surface
completely or partially, forming separate areas. It may have a uniform thickness (even
distribution) or the thickness may vary from one microportion to another (uneven
distribution). ;

According to Zhukhovitskii and Turkel’taub*?, the film concept offers a poorer
description of a phenomenon (broadening) than that involving a plurality of micro-
drops of the stationary phase on the support. This point of view seems to heid in the
case of poor wettability of the support surface with the stationary phase.

In their work on the theory of chromatographic zone broadening in GLC, Van
Deemter ez al.*® made two assumptions regarding the possible distribution of the SLP
on the solid support: (1) the SLP forms a continuous film of uniform thickness on the
solid thickness, and (2) the SLP forms a film of irregular thickness on the solid support
surface, filling mainly smaller pores. The effective SLP film thickness calculated on the
basis of the relationship between the height equivalent to a theoretical platc (HETP)
and the carrier gas flow-rate, in accordance with the Van Deemter equation for a
sorbent obtained by applying 30 % of vacuum grease on Celite or Sterchamol, is 9—-10
pm. At the same time, the mean thickness of the SLP film, calculated on the assump-
tion that the liquid phase uniformly covers the entire solid support surface, is only
about 0.1 zm. The much greater (100-fold) effective thickness of the SLP film found
from kinetic measurements using the Van Deemter equation scems to corroborate the
fact that a major portion of the SLP fills smaller pores. Such a distribution results in a
sharp increase in the effective film thickness, and hence a greater HETP. This concept
is shared by Keulemans!?®, who considers that the liquid accumulates in the smallest
pores and holes under the effect of capillary forces. As the amount of the liquid in-
creases, larger pores start to be filled. In the liquid phase, the distance to be covered by
a diffusing molecule equals the average length of a capillary filled with tke liquid.

The filling of the smaller pores of a solid support first with the SLP was demon-
strated experimentally for the first time by Baker et al.**, who conducted 2 porosi-
metric study of an unimpregnated solid support (of the Chromosorb P type) and a
support after impregnation with different amounts of the SLP (5-33%). The results
indicated that fine pores are filled first. The SLP also seems to fill fine pores inhomo-
geneously and to form a thin film over the remainder of the surface of the solid support.

The equilibrium theory of the distribution of the SLP on a solid support was
elaborated by Giddings*s and Saha and Giddings*-*?. According to their theory, the
SLP forms a continuous film over the solid support surface; part of it is in capillaries
“capillary” liquid), while the remainder coats the walls of larger pores with a conti-
nuous thin layer (“‘adsorbed’ liquid). With an equilibrium distribution of the SLP on
the solid support, the chemical potential for all types of SLP (adsorbed. capillary,
etc.) is constant and equal for all phases. Giddings and co-workers showed that with
an equilibrium of the capillary and adsorbed SLP between the layer thickness (d.) of
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the adsorbed SLP and the radius of a filled capillary (r), the following relationship
applies:

U3

: AE .
= (gy) =7 ©

where A E is the difference in the energies of liquid—solid and liquid-liquid interactions,
o is the surface tension and N, is Avogadro’s number. The coefficient J, is, according
to Giddings and co-workers, equal to 10~5 cmm?? (4E was assumed to be about 1

kcal/mmole and ¢ = 30 erg/cm?®). Therefore
d; = 10~°r'/3 6)

Using eqn. 6, let us determine the parameters of the adsorbed and capillary
SLP for the diatomite supports most frequently used in gas chromatography. The
average pore diameter in diatomite supports normally varies from 10~* to 103 cm.
Hence, the adsorption film thickness calculated from eqn. 6 for solid supports varies
from 40 to 80 A. If sorbents are prepared by using a solid support with a specific
surface area of 3 m?/g and a density of 1 g/cm3, with an even distribution of the SLP,
the amount corresponding to the above layer thickness is only 249 of the SLP,
relative to the weight of the solid support. Thus, the buik of the SLP in a sorbent
containing more than 10-159%; of the SLP on a diatomite support must be in the fine

pores of the support.
In other work4?.48.4% a similar model of the distribution of the SLP on the

solid support was adopted for the case of good wettability, in which, after a mono-
layer has been formed on the surface of all pores in the support, a further increase in
the SLP content results in its film becoming thicker and the gas-SLP surface area
becoming smaller owing to fine capillaries being filled to a certain asymptotic value
corresponding to the surface area of larger pores. With liquids that inadequately wet
the sorbent, this picture is complicated by the appearance of separate drips on the
surface of the support.

Consider now the dependence of variations in the surface area of the sorbent,
in GLC, on the SLP content on the solid support, with a view to defining the distribu-
tion of the SLP*°, Using the above notions of the manner in which the surface of the
solid support is filled with the SLP, one can assume that the surface of the sorbent
must change with an increase in the content of the SLP on the solid support as follows.
Firstly, the SLP fills fine pores, which results in a sharp decrease in the surface area of
the sorbent; then larger pores start to be filled, which also results in a decrease in the
surface area, but to a lesser extent than when the fine pores were being filled; finally,
the adsorbed liquid film becomes thicker with virtually no decrease in the total
surface area of the sorbent. Fig. 2A represents one of the simplified models of a solid
support surface being filled with the SLP, in accordance with existing concepts.

Fig. 2B gives experimental data on the dependence of the surface area of the
sorbent on the SLP content for various supports (firebrick and Chromosorb W), as
well as on the content of 8,8’-thiodipropionitrile. These data were obtained by Pecsok
et al 32 in a study of the role of the adsorption by the gas—SLP interphase of substances
being analysed; the distribution of the SLP on the solid support surface was not con-
sidered in their work. It can be inferred from the data that the surface area of the sor-
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Fig. 2. Simplified model of coverage of the solid support with the SLP (A) and experimentai relation-
ship between the sorbent’s specific surface area and the SLP content (8,8'-thiodipropionitrile, -
hexadecane) (B). @) 1 =0%; 2 =x%: 3 =r%; 4 =z%; 0 <x <y < z. {b) 1 = Firebrick;
2 = Chromosorb W.

bent varies with increasing SLP content in accordance with the above model (see Fig.
2). Firstly, a sharp decrease in the surface area (as a result of fine pores being filled)
is observed, then the diminution of the surface area slows down and, for supports with
a small surface area, stops completely. Similar experimental resuits were obtained by
Martin®:.

Berezkin et al.5? considered variations in the surface area of the sorbent with
increasing SLP content on a solid support with the following assumptions: (1) the
pores in the support are filled consecutively, the SLP first filling the smallest pores and
the diameter of the pores being filled then gradually increasing; (2) the outer surface
area of the sorbent decreases in proportion to the surface area of the pores being
filled ; and (3) the volume of the pores being filled is equal to that of the SLP applied
on the solid support. Variations in the surface area of the sorbent pores being filled
are approximately described, with 2 linear relationship between the pore volume and
pore diameter, by the equation

SlS == So e SSP = SQ == 4(‘)1]1(“‘%5‘ + 1) (7)

where S, is the specific surface area of the initial solid support, Ss,, is the surface area
of the pores being filled, » and v are constants and vs is the amount of the SLP per
unit mass of the solid support. For a variation in the relative surface area, the follow-
ing relationship applies:

S,s 4(0

Vis
—2 g - . 5 ]
Os S, | 5, ln( ” ~§ 1) @
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For vig/v >> 1, a variation in the surface area can be described as follows:

l_Qs—is.ﬂ In v, — 4;: In» ’ ®

To check the validity of this equation, use was made of the experimental
data in ref. 52. For most solid supports (Chromosorb P, Celite 545, Sterchamol,
Resorb, Porolite) this equation holds in the region v;s > 0.1 ml/g or even v, > 0.05
ml/g. Fig. 3 shows, as an example, experimental data (eqn. 9) for Resorb and Chromo-
sorb W. It can be seen that this equation adequately describes the dependence of vari-
ations in the surface area of the sorbent on the concentration of SLP on a solid support
over a wide range of concentrations.

0
o
15

10

a5

invg

Fig. 3. Expzrimental verification of eqn. 9. A = Resorb; O = Chromosorb W; SLP = squalane.

To establish the manner in which a solid support is covered by a film of SLP,
experiments were carried out® using solid supports with lead acetate applied on their
surface in advance. The solid supports were impregnated with 0.1-19, solutions of
lead acetate, then dried. The SLP (solid at room temperature) was applied on the solid
supports covered with lead acetate by using a conventional technique. The SLP-was
stearic acid (melting point 68-72°) and polyethylene glycol 1000 (melting point 38—
40°). The sorbents obtained were loaded into a short glass column, through which a
carrier gas with added hydrogen sulphide was passed. If the surface of the solid
support were fully covered with the SLP, one would expect the sorbent to remain
colourless, whereas if drops form on the surface (as well as partial coverage of the
solid support with the SLP in the form of a loose monolayer), the sorbent would tend
to become black, the shade representing the fraction of the surface not covered with
the SLP (it is assumed that the lead acetate and solid support surfaces are wetted thh
the SLP to approximately the same extents).

Lead acetate was applied from an ethanol solution: 1% on Chromosorb P,
0.19; on Chromosorb W and 0.05%; on sodium chloride. Then the SLP was applied
on the treated support by a conventional technique from a solvent in which lead acetate
was insoluble (diethyl ether or light petroleum).
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- This method was used for a quantitative study of the coverage of the surface
of various solid supports with various SLPs. The results obtained (Table 2) suggest
that both complete and drop-like coverage of a solid support with the SLP occur in
practice. It should be noted that the introduction of a surfactant (e.g., stearic acid)
results in the drip-like coverage becoming complete. In this instance, the SLP-solid
support interphase expands, with consequent compl! :te coverage with the stationary
phase. Hence, the wettability of the solid support surface with the SLP has an effect
on the manner in which it is distributed over the solid support.

TABLE 2

SLP DISTRIBUTION ON THE SOLID SUPPORT*?

Solid support* SLP SLP Sorbent  Solid support
content colour™™  coverage with
(%) SLP

Chromosorb W Stearic acid 10 White Continuous film
5 White Continuous film
1 Black Drops

Chromosorb W Neopentyl glycol succinate 10 Black Drops

PEG 10C0 10 Black Drops

Chromosorb W PEG 100 -+ stearic acid 10 +1 White Continuous film

Chromosorb P Stearic acid 25 Pink Continuous film
15 Pink Continuous film

NacCl Stearic acid : 3 White Continuous film
1 White Continuous film

0.1 Black Drops

* Treated with Pb(CH,CQOO).. .
** After treatment wiith hydrogen sulphide in the carrier gas flow at room temperature.

Zhukhovitskii and co-workers**—* and Keller er al5* studied the effect of the
technique used for the preparation of the sorbent and the conditions applied in sub-
sequent ageing (conditioning) of the sorbents on the SLP distribution pattern. When
a vacuum is used in the course of sorbent preparation, the efficiency of chromato-
graphic columns containing squalane or dinonyl phthalate as the SLP on Celite 545
tends to improve in comparison with columns packed with sorbents prepared in a
conventional fashion®-*!. This improved efficiency is indicative of a redistribution of
the SLP under the influence of the vacuum, leading to a more even distribution of the
SLP on the support surface. For example, for the n-hexane-dinonyl phthalate system
in which the SLP content is 359, the use of a vacuum halves the HETP as a result of
the lower internal diffusion resistance of the SLP film.

In conclusion, the results of studies conducted using various methods are in-
dicative of a complex SLP distribution pattern. Firstly, the SLP fills primarily fine
pores in the solid support, then larger pcres are filled, and the SLP film on the macro-
pore walls becomes thicker. When the SLP content on the solid support exceeds a few
per cent and the support is adequately wetted with the liquid phase, its surface seems to
be coated with a continuous film of SLP: if the wettability is poor, the SLP is present
on the surface in the form of drops (isolated areas). The distribution pattern is expect-
ed to be substantially affected by the wettability of the support with the SLP and its
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solution, by the technique of applying the SLP and by the conditions applied in sub-
sequent column ageing. The distribution pattern data must be taken into account in
examining the regularities of the retention of the substances being analysed on a real

sorbent in GLC.
3. EUNDAMENTALS OF EQUILIBRIUM RETENTION THEGRY

A real sorbent has a polyphase nature and, in a general case, the retention of
-he substances being analysed cannot be explained only in terms of their dissolution
in the SLP; one should also take into account the retention by other phases.

. Consider now the derivation of an equation for the retention volume of a
model in which the SLP forms a continuous film covering the solid support surface,
under conditions of ideal non-linear chromatography. Then, the system of equations
for the case of ideal (equilibrium) non-linear clution chromatography of a substance,
taking account of the adsorption of the substance by the SLP and its adsorption on the
SLP interphases, can be written as

w St e B T s 22 =0 a0
eor = a(cy) | 1n
¢ - f1 (c) 12)
cs = fis (¢) (13)

where u is the linear velocity of the carrier gas, x is a coordinate, c, is the volume con-
centration of the substance being analysed in the gas phase, ¢, the volume concentra-
tion of the substance in the SLP, ¢4 is the surface concentration of the substance on the
gas-SLP interphase, cs is the surface concentration of the substance on the SLP-solid
support interphase, g, is the fraction of the gas phase across the column, g, is the
ratio of the SLP-solid support interphase surface area to the sorbent volume and ¥, is
the ratio of the SLP-solid support interphase surface area to the sorbent volume.

Eqgns. 11 and 13 are the isotherms of adsorption of the substance being ana-
lysed on the gas-SLP and SLP-solid support surface, respectively, eqn. 12 is the iso-
therm of adsorption (dissolution) in the SLP and eqn. 10 differs from a standard
equation by the presence of two additional terms — the third and the fifth. The intro-
duction of these terms has made it possible to take into account the adsorption on the
SLP-carrier gas and SLP-solid support interphases.

Let us transform the above system of equations so as to exclude the variables
€41, ¢; and cs. Using the equation for adsorption isotherms, we obtain the following
expressions for the partial derivatives of ¢,;, ¢; and ¢s with respect to time: -

oc,; o Oc, '
o R
de,:

where f;; = dc
g
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g L | | (15)
whgre £ = :Z and
s _ g% fifie e (16)
whg:rg f;s = (‘1;::

" Substituting the derived expressions into eqn. 10, we obtain

dc i oc . ac - dc > o OC
U- a; T X" _atg + Zafor - —atg + xfi - ———a;’ + ZostisTi a: =0 (17)
or
acg ’ ’ . an
U- ox -+ (Zg -+ thfgt + szl -+ thftsfl) FT; =0 : - (18)
or
V@) - 2+ =0 19
where
: - U
V(c) = 7 7 T 20
© % + Xaf; + Zlf; + lef,sf; (20)

Consider now the physical meaning of ¥{(c). Concentration, ¢ = ¢,, is a func-
tion of two variables, x and 1:

= c(x,0) i e

Then, the following expressions hold: ,
(3. = — ), o). @)

ot

: dc

).~ g @
' (5%).

Taking info conéideration eqgn. 19, we obtain

ax (Bcjar), , _
(F). = — @, — 7@ @8
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The physical meaning of the derived equation is that the velocity of the content
concentration point moving along the column is ¥(c). It can also -be shown that the
solution of eqn. 19 is the function

c=c(Z) 25)
where
Z=x— V(c) (26)

As the basic value to be determined in GC is the retention volume rather than
the velocity of a chromatographic zone, let us transform eqn. 20 into an equation for
the retention volume. In doing so, we shall assume that the pressure drop across the
column is small and, consequently, no correction for the compressibility of the carrier
gas need be introduced. In this instance, one can write for the volume of retention of
a substance N

° FL . .
Ve=Ftyg= T(Zg + xafq + xisfisfi)

= SL z,(1 + 'f[— £l + ;" A f;" - fisf})

g g o 4
S, . 1% . S ..
= Vu(l + —?/i— g + V;, -+ V;j - fisfr) 27)

where F is the volumetric flow-rate of the carrier gas in the column, 2 is the retention
time, S is the column cross-section, L is the column length, ¥y, is the dead volume of
the column, S, is the gas—SLP interphase surface area, v, is the SLP volume and S;s is
the SLP-solid support interphase surface area for the entire sorbent filling the column.
In this model for the net retention volume, the following equation is valid:

V= V; — Py = fg'lSl - fl'Vl -+ f;Sf;SS (28)

Eqn. 28 establishes a relationship between the retention volume and the char-
acteristics of the sorbent used ; it takes into account the dissolution in the SLP and the
adsorption on its interphases. Eqn. 28 suggests that the retention volume in equilib-
rium chromatography is an additive function of retention on different phases of a real
sorbent. _

. The additivity equation for ideal non-linear chromatography may be derived
in a different way, on the basis of the Vicke law, by using the adsorption isotherms for
a real complex sorbent. In this instance, sorption consists of the adsorption on the
SLF interphases and the dissolution in the SLP film.

Because, in a general case, a real sorbent may contain many more than three

- phases, each being capable of retaining substances of interest, the relationships
derived above should preferably be generalized for the case of a large number of
phases. In refs. 49, 54 and 55, in considering ideal non-linear chromatography (i.e.,
assuming an instantaneous establishment of equilibrium and the absence of diffusion
effects of broadening), it was shown that the net retention volume, ¥, on a real poly-
phase sorbent is the sum of partial retention volumes, ¥; and Vj;, determined, re-
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spectively, by the solution and adsorption of a substance being analysed on individual
sorbent phases:

Va= 2 Vu+ 2 Vg 29
i=1 =1
or
V= & KuVu+ 2 Ks;Ss; (30)
i=1 i=1

where Kj; is the equilibrium constant of a substance distributed between the mobile
and stationary liquid phases of type i, v, is the i~type SLP volume in the chromato-
graphic column (e.g., macro- or microlayer of the liquid phase on the solid support
surface, liquid phase in micropores, Kjg; is the equilibrium constant of the substance
distributed between the stationary phase and the j-type interphase surface and. Ss; is
the extent of the j-type surface in the column (e.g., gas—solid support interphase,
SLP-solid support interphase, gas—SLP interphase).

Eqns. 29 and 30 are sufficiently general, and it can be shown that the known
retention volume equations are particular cases of these two equations.

The following relationships hold for the equilibrium constant:

. VN . dcl‘

Ky == G
_ Vy  des;

KSJ_S—SJ_ dc 32)

where c;; and cg; are, respectively, the concentration of the substance in the stationary
bulk phase of type / and the stationary surface phase of type j, and c is the concentra-
tion of the substance in the mobile phase. If the adsorption isotherm is described by a
non-linear equation, in this instance eqns. 29 and 30 are valid only within the frame-
work of ideal non-linear chromatography, which, of course, limits the area of their
application. It should be noted, however, that elution chromatographic techniques for
determining non-linear adsorption isotherms, developed on the basis of ideal non-
linear chromatography, can be employed successfully in practice, and the results
obtained are independent of the carrier gas flow-rate, sample size, etc. The adsorption
isotherms in gas—solid chromatography, measured by the above-mentioned chroma-
tographic and static methods, are in good agreement with one another®®-*’. Therefore,
the area of application of eqns. 29 and 30, with non-linear isotherms, seems to us to ke
sufficiently wide. Clearly, in the future the development of more rigorous methods
based on the non-equilibrium theory of chromatography**—*° will permit the mecha-
nism of the chromatographic process to become better understood and will lead to
more accurate techniques for measuring the adsorption characteristics for polyphase
sorbents. .

The ‘development of concepts relating to the role of adsorption in GLC and
the equilibrium theory of retention has been associated with account being taken of
the contribution of rétention on individual bulk and surface phases of a real sorbent to
the total retention volume. Important steps in the development of new concepts of the
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role of adsorpnon in GLC were newly derived retention eqguations and theu: expen-
mental verification.

Martin was the first investigator to have theoretically corroborated the neces-
sity of adding to egn. 1 a term representing the adsorption of substances chromato-
graphed on the gas—SLP interphase®!. Martin’s equation for the net retention volume
can be written as

. VN - Ksz + Kngl (33)

where S; is the total area of the gas—SLP surface in the column and K, is the coeffi-
cient of partition of the substance being analysed between the gas—SLP interphase and
the gas phase. Martin was also first to verify eqn. 33 experimentally and to show that
there is agreement between the adsorption coefficients measured by two independent
methods: (i) gas chromatographic using eqn. 33 and (ii) classical, from the dependence
of the surface tension of the SLP solution on the concentration of the volatile sub-
stance. -
The next step in the development of retention theory was made by Keller and
Stewart®?.%3, who proposed an equation that takes into account the adsorption of a
substance on the solid support surface. The equation proposed by Keller and Stewart
can be writen as follows, using the terms employed in their paper:

Vy = KiV; + KS; (34)

where K is the coefficient of partition of the substance being analysed between the
SLP-solid support interphase and the gas phase and S; is the area of the SLP-solid
support interphase. An equation of this was verified experimentally for the first time by
Berezkin et al.*°, while it was shown elsewhere®'-%%55 that the coeflicients of adsorption
of volatiles on the SLP-solid support interphase almost coincide when measured by
two independent methods: (i) gas chromatographic, using equations similar to that
derived by Keller and Stewart, and (ii) static, by measuring adsorption on a solid
support from an SLP solution®,

A three-term equation for the net retention volume, taking into account the
dissolution and adsorption of a volatile substance on the SLP-gas and SLP-solid
support interphases, was proposed for the first time by Berezkin ez al.*® (see eqn. 28):

VN = KIVI + Knggl + KIKsSs . (35)

where K is the adsorption coefficient of the volatile substance in the solid support—
SLP system. With linear isotherms of dissolution and adsorption, the constants in
eqn. 35 do not depend on concentration.

Berezkin et al.*® also proposed methods for the simuitaneous determination of
all coefficients in eqn. 35, and it was shown that the equation adequately describes the
experimental data obtained by different workers32.3%.76. Conder et al.*® a.lso utilized

eqgn. 35.
Eqn. 35 was later used successfully in determxmng partition coefficients in the

gas-SLP system, and also in the study of adsorption phenomena in GLC by several
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groups, for example Conder and co-workers®:57, Karger ef al%, Urone et al®,
Gritchina and Dreving™ and Liao and Martire™.

Eqgns. 30 and 35 are of a sufficiently general nature and it can be shown that
the known equations for the retention volume are particular cases of these equations
(see Table 3).

TABLE 3

SOME EQUATIONS FOLLOWING FROM EQN. 30

No. Values of parameters in eqn. 30 Equation at a given parameter value

1 Ky=0ati>2;K;;=0atj> 1; Ky =0; Ve = K1Vt : )
Vu=V

2 Ku=0ati>2;K;;=0atj>2; Ky = Ku; Vi = Ki¥; + KuS; (33)
le = SI

3 Kiyx0ati>2;K,y=0atj>3andj=1; Vy = K1Vt + K.S, (34)
Ksz = Ks, S:z = Ss .

4 Ku=0ati>2;K,;=0atj>3; Ku = Ku; Vv = KiV; + KaS; + KS; (33)
S =8 K2 =K;;S2= S, .

5 Ky = OQati>1 VN = K,,S,, (['Cf. 56) B (36)

Kg=0at2<j<4
Ks.! = Kgs: Ssz = Sgs
6 Ku =Q0ati>1 Vv = K,xS, (ref. 68) . 7 (37)
K;j =0atj>2
Ky = Kg13 Ss2 = S1

7 Ky=0ati>2 Vn = KiVi + KuSi + KSs +
K,J = Oatj >6 -+ KIASIA + Kgssgs -+
Ky =Ka:84= 381 4+ KguS,.4 (ref. 72) (38)

K = K.; 82 = S.

Ko = Kg:; S = Sg;
K:x4 = KIA; S:c = Sg4
Ks = Kia; Sss = Sia

We consider below some of the most important conclusions that arise when
adsorption phenomena are taken into account in GLC.

4. STUDY OF THE INTERACTION BETWEEN THE DISSOLVED SUBSTANCE AND THE
STATIONARY PHASE WITH THE SUBSTANCE OF INTEREST BEING ADSORBED ON
THE STATIONARY LIQUID PHASE INTERPHASES

As Martin stated in 19567, GC is the simplest means of studying the thermo-
dynamics of interaction between the volatile dissolved substance and the non-volatile
solvent, and the potential value of this technique as a method for obtaining quantita-
tive data is extremely high.

Advances in GLC have proved the accuracy of this statement a.nd, at present,
GC is widely used in determining various thermodynamic characteristics of inter-
action between the volatiles being analysed and the SLP. However, the correct im-
plementation of the adequately developed GC techniques for studying the interaction
between the dissolved substance and the non-volatile SLP and also the identification
of the compoenents being analysed are possible in a general case, provided that one
segregates the contribution to the SLP of only the dissolution of the substance being
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analysed from the total retention volume. This is explained by the fact that, as has
been mentioned above, adsorption on interphases may contribute substantially to the
retention volume. In the light of the available data on the contribution of adsorption to
the retention volumes of substances being analysed, it becomes necessary to refine
further the earlier adopted methods for determining the specific retention volume and
partition coefficient (see, for example, ref. 4). In a general case, to determine these
values as the initial one, it is impossible to make direct use of the experimentally
found value of the true retention volume, but one should discriminate the contribu-
tion made only by the dissolution of the volatile substance in the SLP (Vy,):

n—1
Ve=Vau+ 2 Vi . ’ ’ (39)
i

273 _ Ve 213_ K, 213 | o)

where Vy; is part of the total net retention volume, for which only the dissolution of
the substance being analysed in the SLP macrolayer is responsible, Vy; is part of the
total net retention volume, for which the retention of the volatile substance by the ith
phase of the sorbent (with the exception of the SLP macrolayer) is responsible, ¥V, is
the specific retention volume, V, is the retention volume determined by dissolution
of the volatile substance in 1 g of the SLP and measured at absolute temperature 7,
W, is the mass of the SLP in the column, and d; is the density of the WLP.

As it is difficult to determine directly all contributions to retention, rapid
approximate methods of determining ¥, have been proposed, based on the assump-
tion that, as the SLP content increases, the second term in eqn. 10 becomes almost
constant starting from a certain SLP content on the solid support.

Taking into consideration that ¥y, = K;¥; and dividing all terms of the equa-
tion by V;, we obtain the following expression for determining Xj:

v 1 s Vi 1)

K, =
2 Vli =2

or

Vy : ' '
= 1}?907,— “2)

- This method of determmmg the va.lue of the partition coefficient on the basis of
the denved three-term equation was first proposed by Conder*. A similar equation may
also be proposed for defining V,, which is the initial value in determining the specific
retention volume:

v,
S

o =T+

2 Vae o @3)

¥, = lim V0 7 | ' o “H

iv,—o0 W,
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Table 4 summarizes the values of V,, that we calculated *°by using eqns. 43 and
44 and on the basis of the experimental data of Pecsok et al.32. Table 4 also incledes
values obtained by a conventional method, i.e., by calculations using the equation
Vae = Vn/W, for sorbents containing 8.75% (solid support, firebrick) and 8.98%
(solid support, Chromosorb W). It can be seen that the extrapolation method gives,
as would be expected, stable, constant values of V,, independent of the type of solid
support. The resulis of calculating ¥, by the conventional method are dependent on
the type of solid support, and also on the SLP content on the solid support.

TABLE 4

COMPARISON OF V. VALUES FOR B,5-OXYDIPROPIONITRILE, CALCULATED BY
DIFFERENT METHODS® ON THE BASIS OF THE EXPERIMENTAL DATA OF PECSCK

et al *?

Compound Solid support
Firebrick Chromosorb W o
By extrapolation, Traditional, By extrapolation, Traditional,

taking adsorp- without taking taking adsorp- without taking
tion into account adsorption into tion into account adsorption into

account . account

Propionaldehyde 242 300 243 260 |
Benzene 384 425 372 389 -
Ethyl acetate 379 533 388 444
Acetone 393 450 400 414
Methyl! ethyl ketone 718 849 714 753 -
1-Hexene 14 34 15 22
Cyclohexene 69 99 74 89

Veening and Huber™ were the first to study in GLC the influence of adsorption
phenomena on the retention of metal chelates [tris(trifluoroacetonato)chromium and
tris(triffuoroacetylacetonato)ruthenium]. They investigated the influence of the treat-
ment of the support and liquid loading on the retention behaviour of volatile metal
fluoroacetylacetonates in GLC. The decrease in adsorption activity of the solid sup-
port due the silanization of the sorbent in the column was demonstrated (see (Fig. 4).
Veening and Huber™ determined the relative contributions of solution in the station-
ary liquid phase and adsorption on the solid support surface by investigating the re-
tention of metal chelates on columns with different liquid loadings; they suggested
that the adsorption retention volume is equal to the difference between the total re-
tention volume and the solution retention volume. A graphical evaluation of the data
showed that the retention of the investigated compounds at low liquid loading is
governed essentially by adsorption. For more highly loaded columns (15-20%, of
SLP) the solution effect dominates, but adsorption on the surface of the solid support
cannot be neglected. Therefore, retention data will be more meaningful and useful on
highly loaded columns and sufficiently deactivated solid supports™. Later, Huber and
Gerritse’s proposed an equatxon that takes into account the heterogeneity of the
stationary bed. -

Thus, in conducting a quantitative study of the interaction between the dis-
solved substance and the SLP, one should take into account adsorption, for which
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Minutes

Fig. 4. Chromatograms for tris(trifluoroacetylacetonato)chromium(ITI) at various stages of silaniza-

i i i i i - wr Kauid laadi
tion with dichlorodimethylsilane (PCDMS). Column: 3.4 g of Chromosorb W, no liquid loading.

Temperature: 120°. Sample: 30 ug of eluate dissolved in 3 gl of solution. Carrier gas flow-rate:
4.0 cmfsec. 1 = Solvent; 2 = chelate. A, 0zl of DCDMS; B, 30ul of DCDMS; C, 100 ul of
DCDMS; D, 500 ul of DCDMS.

purpose one can use the above calculation methods with due consideration of the
adsorption of volatiles on the sorbent.

s. STU-DY OF THE ADSORPTIVE INTERACTIONS OF VOLATILES ON THE STATIONARY
LIQUID PHASE-SOLID SUPPORT AND STATIONARY LIQUID PHASE-CARRIER GAS
INTERPHASES

The recognition of the important role of adsorption phenomena and the devel-
opment of methods for their quantitative evaluation open up new possibilities for the
use of GC to study and measure the adsorption of volatile substances, firstly on the

-gas—SLP interphase and secondly on the SL.P-solid (support) interphase.

As has been mentioned above, the net retention volume on a polyphase sorbent
is the sum of the partial retention volumes, V;; and V5,, determined, respectively, by the
solution and adsorption of the substance being analysed on individual sorbent phases.

If the partial retention volumes are known in gas liquid—solid phase chromato-
graphy, by using egns. 31 and 32, similar to those used in gas—solid chromatography,
it is possible to calculate the adsorption or adsorption isotherm:

1 <
cu =—— [ vu (e)de - 5)

1 ¢
- Cs;= S_Sjof Vs; (c)dc . ) ) (46)

The derived relationships open up new possibilities for physico-chemical
measurements in partition chromatography. Using these equations one can calculate
not only the partition isotherms, but also the adsorption equations for compounds
bemg analysed on interphases. '
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It should be noted that, in some instances, it is possible to determine the ad-
sorption isotherm parameters directly, without an intermediate calculation of the iso-
therms using eqns. 45 and 46. Consider, as an example, a particular but practically
important case where retention is determined only by the dissolution of a substance
being analysed in the SLP and its adsorption on the SLP-solid support interphase.

In accordance with the general eqns. 29 and 32 for the net retention volume, in
this instance

deg

ac - S, @n

Vy=Vi+ V.= KV, +

Division of both sides of the equation by the weight of the solid support in the column,
with ¢, = f(¢,), gives

Vis = K5 + d f . dcl + Sss N . (43)
or d
: C.
Vis = K5+ K, - dss (49)
. de

where cgs = ¢5Sss is the concentration of the substance adsorbed on the liquid-solid
interphase, calculated per unit weight of the solid, and Vys and v,s are the net reten-
tion volume and the SLP volume, respectively, both calculated per gram of the solid
(support).

Consider a case where the adsorption 1sotherm is described by an equa.uon of .
the Langmuir type’®:

Coc — anRKe,  anKKic
ST 13+ Ke, 1+ KKc

(50

where a,, and K are constants of the Langmuir equation. In this mstance, the net
retention volume depends on the concentration’ as follows?*:

a.,KK,
Vus(c) = Kpvis + Vss = Kivis + —(WK?I,C)_Z (51)
where
Voo = amKK,
557 " + KKe)?

In order to determine the parameters of the Langmuir equation, several
methods can be used. If the value of K| is known from independent chromatographic
or static measurements, the defermination is carried out with a known SLP content
using the equation

KlamKPss

A+ KReF 2)

Ve = V() — Ky, =

where Pg; is the weight of the solid (support). The calculation technique is similar to
that used in gas—solid chromatography?%.57, except that the value ¥V, — K,v, is used as
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Fig. 5. Determination of the retention volume due to the adsorption on the SLP-solid interphase
and to the dissolution of the substance being analysed in the SLP. (A) V, determined by independent
measurement; (B) V; determined by the relative method using a standard substance whose adsorption
in the system under consideration can be ignored.

the origin (Fig. 5). If one can select, for the system under examination, a compound for
which the retention is determined only by the dissolution in the SLP, it is expedient to
use the relative method for defining the value of the retention volume determined only
by the dissolution of the substance in the SLP.

Vi = Vyes - (53)

1
Klst

To calculate the parameters of the Langmuit isotherm using the relationship
Vss = Vs/P = y(c), the following equation should be employed:

1 V KK . 54y
V' Vs(c) Va, KK,

am

The second variant of the method for determining the parameters of the ad-
sorption isotherm is based on measuring the dependence of the retention volume on
the SLP content at a fixed concentration of the substance being analysed:

Ves(e) = Kvis + Vis(er) | ' (55)

where ¢, = ¢1,C3,. - .,Cp. This method of measurement is similar to that described
elsewhere®:%5.77. As a result of a calculation on the basis of the conducted measure-
ments, one can determine K; and the relationship Vs = Pss(c), which serves as a basis
for determining the parameters of the adsorption isotherm equation using eqn. 46 or
54. . Co
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Note that one can also use the following relationships to determine the param-
eters of the adsorption isotherm:

dVps _ dVss _  2a.K°K; (56
dc ~ de U+ KKy )
1
S U S (572)
dVys V o 22,
Vs 24, K*K?
dc t KK

These methods were used for the experimental determination of the adsorp-
tion isctherm of p-xylene on a dimethyl dioctadecylammonium derivative of vermi-
culite, impregnated with diisooctyl sebacinate®*. At the same time, the adsorption iso-
therm of p-xylene was studied by the static method, the adsorption being examined in
glass ampoules, while the equilibrium concentration of p-xylene in the liquid phase was
determined by GC®%. Fig. 6 represents the adsorption isotherm (63°) of p-xylene,
whose parameters were determined by processing GC data using eqn. 57, as well as
the experimental points for the same system, obtained from static experiments. It can
be seen that the results of the GC and static measurement agree well. As far as we
know, this study provides the first independent verification of the chromatographic
method of measuring non-linear SL.P-solid adsorption isotherms. Specially conducted
experiments have shown that the parameters of the adsorption isotherm determined
by the chromatographic method are independent of the carrier gas flow-rate in the
range 10-75ml/min, which indicates that the non-equilibrium of the process may be
ignored. It should be noted that GC methods of determining the equilibrium constant
(in the SLP-solid support system) for a linear isotherm have been developed earlier-
50,77 When the coefficients Kj; and Kjs; in eqns. 29-32 are constant and independent of
concentration, the interpretation and determination of the sorption characteristics
become much simpler, particularly in the SLP content range sufficient for complete
coverage of the solid support with a continuous film of SLP®. The equation for the
net retention volume in this instance is simplified and can be represented in a three-
term form.

The methods for determining the sorption characteristics of this equation
were proposed and elaborated by Berezkin and co-workers*®:%.7,

Eon et al ®® critically assessed our suggested method of “reference point™*® for
the calculation of the contribution of the interphase adsorption value of the analysed
compounds. Their views were substantiated by the analysis of results obtained from
“‘chromatography on water’” on Spherosil XOB-30. When they applied our method,
large errors were obtained in estimating the contribution of liquid—solid adsorption to
the general retention volume of the volatile compound being analysed. However, it
should be noted that firstly, they applied the method where the surface area of the gas—
liquid phase depends linearly on the amount of the SLP, i.e., under circumstances
where our theory cannot be applied; this point was especially stressed by us®.
Secondly, they quoted our work incorrectly. In our work, the values of ¥y, Vs and
S, referred to 1 g of the solid support, but not to 1 g of the sorbent, [V§ (retention
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Fig. 6. Measurement of the adsorption of p-xylene on a dimethyl dioctadecylammonium derivative

of vermiculite from solutions in diisooctyl sebacinate. Solid line, adsorption isotherm according to
gas chromatographic data; Q, statically obtained data.

volume), A? (surface area of the gas-SLP interphase) and VP (volume of the SLP) re- -

ferred to 1 g of the sorbent], which is why thie' equations in ref. 80 cannot be compared
with those in refs. 49 and 66. If the units used in our work are retained, then the
equation obtained®®:

vy — 73
N VO —Kgl . m-i—Kl (57b)
13 .

~§

does not correspond to the suggested equation®:

V: S 7 7 &
Ns VN: =Kl+Kgl . Sls Sls

_Ns ~ T Ns — S7¢
I/ls — Vis P'ls - I/ls ( )

[s) 1 - 1 ] S

G. 10 60 30

Al 10 s cm2

Fig. 7. Dependence of the retention volume of n-heptane on the area of the gas—SLP mterphase in the
system water-Spherosil XOB-30 at 10° (ref. 80).
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in our method of “reference point™. The character of the dependence Vg = f(4°) is
also different (Fig. 7); it is non-linear in our work and linear in ref. 80. Thirdly, they
made only general conclusions, analysing the results concerning only one system
(water-XOB-30). Hence the criticisms of Eon ez /. are not valid.

Berezkin and Fateeva®! demonstrated the possibility of determining the heat of
adsorption on the SLP-solid support interphase on the basis of the temperature de-
pendence of K. Table 5 gives, as an example, the heats of dissolution of hydrocarbons
on Apiezon K and the heats of their adsorption on the Apiezon K-solid support
interphase. The data indicate that the heats of adsorption for alkynes are much greater
than the heats of their dissolution, whereas with n-alkanes these values are roughiy the
same. Taking the adsorption on the solid support surface into consideration one can
obtain also more accurate values for the gas-SLP adsorption constant™. Original
methods for determining the mechanism of retention in GLC have been proposed by
Suprinowicz and co-workers®2.%.

TABLE 5

HEATS OF DISSOLUTION AND ADSORPTION (ON THE SOLID SUPPORT SURFACE)
OF ALKANES AND ALKYNES IN THE APIEZON K-INZ-600 SYSTEM

Compound Heat of dissolution ( kcal{mole) Heat of adsorption (kcal{mole)
n-Hexane 5.8 4.55

1-Hexyne 5.2 16.9

n-Heptane 6.6 7.6

2-Heptyne 8.6 17.8

A new and ingenious method for studying the distribution of volatiles in a
gas—thin SLP film-solid support system was proposed by Belenky and co-workers®*55,

In comparison with static methods, chromatographic methods have the follow-
ing advantages: (1) rapidity of analysis, (2) the possibility of using small samples and
(3) the possibility of measuring weak adsorption effects. The results obtained suggest
that this approach is highly promising, particularly when adsorption-active substances
are used as solid supports®—=8,

Huber and Gerritse®® investigated adsorption phenomena in GLC, especnally
their influence on the reproducibility of retention data.

The precision of the measurements within one laboratory will be higher when
only one instrument is used for obtaining identification parameters than when differ-
ent instruments are used. The lowest reprodicibility may be expected when the results
from different instruments in different laboratories are compared. This inter-labora-
tory precision is crucial to the usefulness of a collection of data compiled from different
sources. The influence of the precision of the retention data must be standardized or
reduced in order to achieve highly reproducible measurements. Standardization of all
secondary parameters is in part not possible and in part not practical, and it is there-
fore important to establish all of the parameters that cannot be standardized and to
reduce their influence as much as possible.

.The inter-laboratory reproducibility of retention data has been tested several
times®®°2 and the results were unsatisfactory, Some effects that decrease the precision
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of retertion data in GC have been discussed in many papers. Huber and Gerritse?®®
identified the significant sources of errors in the measurement of retention data in GLC,
discussed the conditions for the reduction of the dominating statistical errors and
estimated ‘the limits of inter-laboratory precision. The samples and chromatographic
systems investigated for adsorption effects® are given in Table 6. .

TABLE 6

SOLUTION AND ADSORPTION DATA IN GAS-LIQUID-SOLID SYSTEMS AT CON-
STANT TEMPERATURE (100°) AND CONSTANT PARTIAL PRESSURE (1 OR 10 mmHg
AT 0°) OF THE SOLUTE

Solute Liquid® Solid** r**" a -+ s, b + s Lower limit of
(molelg) X (mole[g) X linear range
1058 I03¢ [% (wiw) liguid loading]
Carbon .
. tetrachloride DNP w 1000 —13 1 27.5 0.2 0.5
G 0.994 28 3 27.7 0.6 04
Acetone SQ w 0986 167 11 51 06 4
: G 1.000 30 05 50 0.1 1
PEG w 0939 —6 15 116 02 1
G 09%6 —1 18 114 05 1
Ethanol SQ w 0997 173 13 42 06 4
G 0.996 25 04 33 0.1 1
PEG w 0998 —11 3 201 04 1
G 0998 -3 3 227 0.6 1
Toluene SQ w 0.999 17 16 703 1.1 2
G 1.000 -2 14 708 0.2 0.5
PEG w 0999 —1i1 6 451 08 05
G 0995 —5 8 48 20 03
n-Heptane SQ w 0999 —4 11 463 07 2
G 1.009 1 3 463 04 05
PEG w 0.995 3 i4 51 02 4
G 0.993 1 1.1 52 03 1

* DNP = dinonyl phthalate; SQ = squalane; PEG = polyethylene giycol 20,000.
** W = Chromosorb W NAW; G = Chromosorb G DMCS.
*** r = correlation coefficient for linear regression

™ —a+b-22 - 100,
mg ms
where n, = number of moles of solute in total liquid-solid system, m, = mass of solid s and ms =
_mass of liquid £ on the solid.
. ® a and b = parameters of the linear regression; s, and s, = estimated standard deviations of

< and b, respectively.

The distribution coefficients were determined as a function of the amount of
the liquid phase on the solid support, assuming only liquid—gas distribution. The
concentration in the liquid phase was given in moles per gram and the concentration
in the gas phase in moles per millilitre ; consequently, the liquid—gas pariition coeffi-
cient was in millilitres per gram. The concentration of the sample in the mobile phase
was kept constant. The measurements were carried out following the method de-
scribed in an earlier paper®3. The component of which the distribution was to be mea-
sured was mixed with an inert carrier gas and led through a tube containing the chroma-
tographic system. After attainment of equilibrium, the contents of the tube were
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analysed on a gas chromatograph. In-addition to the tube containing the chromato-
graphic packing, a tube of known volume, filled with the gas mixture only, was used
as reference in exactly the same way. In this manner, all of the parameters necessary
for the calculation of distribution data could be obtained. The system [carbon tetra-
chloride (solute) and dinonyl phthalate] was chosen as data for a similar system were
available from the literature®, thus allowing a comparison of results. The type of
solid support appeared to have no cffect on the distribution data. The result
suggested that only bulk solution is significant. At liquid loadings less than 0.5%
(w/w), the relationship between the weight of SLP and the weight of solid support
became non-linear and different results were obtained with differennt supports. This
wa- attributed to the influence of adsorption effects, probably at the solid-liquid
interphase.

Significant adsorption of carbon tetrachloride at the gas-liquid interphase of the
system dinonyl pnthalate—diatomite support is doubtful and the data can be satis-
factorily described by assuming only distribution between the gas phase, the bulk
liquid and the solid surface®.

Adsorption effects can be identified?2:32:34:%%,50 by representing the amount of
solute contained in the liquid-solid system, including interphases, as a function of the
mass of liquid coated on the solid. It was found that the data (see Table 6) could be
described by a linear function at liquid loadings above about 1% (w/w) of liquid on
solid G and 39 (w/w) on solid W, cerresponding to about 0.03 g/m? in all instances.

The parameters a and b were calculated from the data by determining the linear
regression. The corresponding correlation coefiicient characterizing the degree of
linearity was also calculated and the results are given in Table 6.

The results® show that the value of a is significantly different from zero in a
number of instances. The magnitude of a corresponds to the amount of solute adsorbed
at the gas-liquid and liquid-solid interphases at a given concentration in the gas phases.
The linear relationship at higher liquid loadings shows that the adsorption is inde-
pendent of the liquid loading, which suggests that the adsorption on the liquid—solid
surface dominates, as this interfacial area is constant whereas the liquid—gas interfacial
area decreases with increasing liquid loading on the solid. The magnitude of « was
found to be especially large for ethanol and acetone with squalane as solvent coated on
solid W, which is to be expected as this support is not silanized and a non-polar
solvent such as squalane does not compete effectively with the solute for the adsorp-
tion sites on the solid surface. Even with the silanized solid support G, the value of
is not zero for this case. Weak adsorption effects can also be observed for acetone and
ethanol with the polar solvent polyethylene glycol. It is interesting that in this in-
stance the values of a are negative, suggesting negative adsorption.

The gas-liquid partition coefficient is independent of the nature of the solid
support and the amount of liquid coated on the solid. When the liquid loading is de-
creased to below 0.03 g/m?, the contribution of the adsorption given by the value of @
is not constant, but changes with decreasing liquid loading from the combined value
for gas-liquid and liquid—solid adsorption to the value for gas—solid adsorption in the
case of an uncoated solid support. The concentrations of the adsorbates on the un-
coated solid at 100° and 10 mmHg (at 0°) are given in Table 7°° for the two solid
supports studied. If positive adsorption effects occur, the apparent partition coeffi-
cient should decrease with increasing liquid loading. This is generally found. For
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ethanol and acetone in polyethylene glycol coated on solid W, however, a minimum
value of the partition coefficient is observed, which suggests that a negative adsorp-
tion effect is involved, which could be due to the gas-liquid interphases. Another expla-
nation can be given if it is assumed that the thin film of liquid (0.01 gm thick) on the
solid surface has solvent properties that differ from those of the bulk liquid owing to
the orienting influence of the solid surface. In particular, a thin film of a polar liquid,
e.g., tolyethylene glycol, may be structurally oriented by the solid surface® and should
then be considered more as an adsorbed layer than as a liquid film. . .

TABLE 7

GAS-SOLID ADSORPTION OF DIFFERENT COMPOUNDS AT 100° AND CONSTANT
PARTIAL PRESSURE CF 10 mmHg AT 0°

Relative standard deviation of the data = 109,.

Solid Adsorbate concentration on the solid surface (molelg) x 107

Carbon tetrachloride Acetone Ethanol Toluene n-Heptane

Chromosorb W NAW 0.8 19.8 229 8.7 19
Chromosorb G DMCS 0.3 0.2 01 Q.15 0.2

6. METHODS OF IDENTIFYING CHROMATOGRAPHIC ZONES IN GAS-LIQUID
CHROMATOGRAPHY

~ Identification methods based on a comparison of experimentally found rela-
tive values of the retention of chromatographic zones of unknown compounds with
corresponding values available in the literature have been widely used in GC, together
with combined methods (chromatography-mass spectrometry, reaction chromato-
graphy, etc.)’%>. However, the simple comparison method developed early in the
development of GLC unfortunately has the limitation of a poor inter-laboratory
reproducibility, which seems to be due to the dissimilar properties of the sorbent pre-
pared by different techniques using different solid supports. Little attention has been
paid in the literature on chromatography to the difference in sorbent properties in
GLC being responsible for the inadequate inter-laboratory reproducibility of reten-
tion values, although the advantages of the chromatographic technique reside mainly
in its being widely applied in different laboratories. Advances in recent years in the
development of the retention theory and studies. of the properties of sorbents in GLC
chromatography enable one to understand better the causes of the irreproducibility
of the above values and to develop effective methods for identifying chromatographic
Zones.

Adsorption phenomena in partition chromatographic techniques, which have
been studied by many investigators, give new insight into the problems of the identifi-
cation of chromatographic zones. Until recently, it was generally assumed in chro-
matcgraphy that a relative retention value is determined only by the ratio of the parti-
tion coefficients of a given and standard compound and, consequently, is a chromato-
graphic constant of the compound of interest, Therefore, the values of the relative .
retention volume served as a basis for identifying chromatographic zones, i.e., for the
qualitative chromatographic analysis of mixtures being separated®-c,

The adsorption of the compounds being analysed on interphases in the course
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of chromatographic separation has the result that absolute and relative retention
values are, in a general case, determined not only by the ratio of the partition coeffi-
cients of a given and standard compound, as was assumed earlier, but also by the
adsorption propertics of the solid support (see Table 1), the SLP content on the latter
and the phase characteristics of the sorbent, which depend on the wnmti()ﬁs of its
preparation, etc.#%:%6.,97_ Fig. 8 shows, as an example, the relative retention volume
versus the SLP content on the solid support, as calculated using the data of Pecsok
et al3*_ 1t can be seen that a relative reiention value, in the presence of adsorption in
the chromatographic process involving the gas-liquid—solid system, is not 2 chromato-
graphic constant of the compound concerned.
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Fig. 8. Relative retention volume versus SLP content (per gram of solid support). Calculated according
to ref. 32. 1 = n-Heptane; 2 = n-butyl ethyl ether; 3 = ethyl acetate. Experimental conditions:
SLP, 8,8’-thiodipropionitrile; temperature, 25°; solid support, Chromosorb W (@) and firebrick
(O); standard, methyl ethyl ketone.

To derive a general equation for the relative retention volume that would take
into account both dissolution and adsorption of compounds being analysed, let us
use the reduced generalized eqn. 31 for the net retention volume of the compound
and standard. In this instance, the following equatlon is obtained for the relative
retention volume:

Vy K, [1 -+ (S Kyv, + Z“' KSJSSJ) _K%‘T] (58)
= . >
VNs: Klsl' {l + (iz‘z K“nvu -+ 2 KSJS'SS_]) Kli:vl]

As follows from this equation, a relative retention value is not a constant of
the substance being analysed, and therefore cannot be used for the identification of
compounds on the basis of the data available in the literature. Note that despite the
use of known techniques for modifying solid diatomite supports or the employment
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of polymer supports, the contribution of adsorption to a relative retention value
more often than not is appreciable®. Adsorption phenomena become particulacly
manifest in the high-temperature chromatography of polar compounds. Therefore, in
order to be able to use gas chromatography widely as a qualitative analytical technique,
it became necessary to develop methods for determining partition coefficient ratios,
K,/K,:, on the basis of the relative retention values of compounds being analysed?®-%,

If the retention volume is determined only by the dissolution of a substarce
being analysed in the SLP and by the linear isotherm of adsorption on the SLP-
mobile phase and SLP-solid support interphases, eqn. 58 is simplified, and the relative
retention volume can be expressed by the following equation:

1+ KuSis + KiKsSss 1 »
Va - K, . K, Vis (59)
Vst Kis: 1+ Kg15:S1s X KisoKsseSss | 1
Kis: Vis

where v;5, ;5 and Sss are the SLP volume, the area of the gas—SLP interphase and the
area of the SLP-solid support interphase, respectively, calculated per gram of -the
solid support. Expanding this equation into the Maclaurin series with respect to the
variable 1/v;s, we derive the following linear equation for the reciprocal SLP coatent:

Vx K, 1
N LA — 60
Vst Ky t Vis ©0
where
_ (KglKlst —_ ngssz)Sts‘+ (Ks — Kss)Ki K5 Sss
A= - 61)

st

Note that a similar relationship is derived when the more general eqn. 30 is
considered, provided that an increase in the SLP content on the solid support is
accompanied by an increase in the thickness of the SLP film whereas the content of
other phases in the sorbent remains virtually the same. In Fig. 9, the experimental
data from refs. 32 ard 67 are represented in accordance with egn. 60. It can be seen
that the use of eqn. 60 permits the determination of the value of the partition coeffi-’
cient ratio, which is independent of the experimental conditions.

The standard should preferably be a substance for which the retention is de-
termined only by dissolution, i.e. 4

. Vys: = Kisevy ‘ (62a)

21=

KnglS + KIKSSSS ‘
K... ©20)

In some instances, it is convenient to use the SLP content as characteristic of
the percentage content of the SLP in the column. Then appropriate transformations
give the following equation similar to eqn. 60:

Vy K, Az ' ' | |
. — L2 . 63
) VN:: ‘K'l.it + P 13 ' o i - : ( )
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Fig. 9. Relative retention volume versus reciprocal of SLP content (per gram of solid support).
Calculated according to () ref. 32 and (b) ref. 64. (g) Experimental conditions as in Fig. 8. (b)
Experimental conditions: SLP, dinoayl phthalate; temperature, 86°; solid support, PTFE; standard,
ethanol; 1 = n-butylamine; 2 = n-hexane; 3 = water.

where P, is the percentage content of SLP on the solid support (the weight of solid
support is taken as 1009).

Eqn. 63 can be used when difficulties arise in determining v, (e.g., the SLP
density is not known at the experimental temperature). Fig. 10 shows the relative
retention volume versus the reciprocal of the percentage SLP content on the solid
support. It can be seen that eqn. 63 agrees well with the experimental results. The
proposed methods can be used in determining the partition coefficient ratio (thermo-
dynamic characteristics of a substance), and also in identifying the substance on the
basis of these characteristics. The values of K,/K,,, obtained are independent of the
SLP content and the type of solid support.

During identification, in gas chromatography, Kovits retention indices®
(1) are widely used together with relative retention values: A

log (V/¥».) 6

I =100z 4+ 100 -
log (Vnz+1)/ Vnz)

where V. is the net retention volume of an n-alkane whose molecule contains z
carbon atoms, ¥y(:.1, iS the net retention volume of an n-alkane whose molecule
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Fig. 10. Relative retention volume versus reciprocal of percentage content of the SLP. Calculated
according to ref. 34.

contains z-~1 carbon atoms and V) is the net retention volume of the compound being
analysed, 1/v,s:

Vi: <V < Prnezeny

The standards should preferably be compounds for which the retention is
determined only by dissolution in the SLP. In this instance, expanding the numerator
of the second term of egn. 64 into a Maclaurin series and restricting ourselves only to
the first two terms, we obtain

log Vn = log(—KL + 4, - L)

K 1
o = log: +0434; - — 65
Vi: K. Vis 4 Vg ©65)

= Kl:

where 4; is a constant. Taking into consideration this derived equation, let us trans-
form eqgn. 64:

L log(KyKi) , _ 434 1
7= 100z + 100 logKl(:“’ v logKl(z-{-l) Vis (©0)
.Klz Klg .
or .
I=IL 4 - | 67
Vis
where
I, = 100z + 100 log g‘ /log K"K“‘“ : (68a)
Iz 1z B
Ag=— A | | (68b)

. K,
log ~tz+1)
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As has been mentioned above, the standards must be compounds whose retention is
determined only by dissolution in the SLP. With non-polar phases and phases of
medium polarity, this requirement is usually met by n-alkanes, but with polar SLPs
the standards should preferably be polar compounds (e.g., n-alcohols). A

As an example, Fig. 11 shows determination of J;, which is an invariate :va.lue
relative to the cxperimental conditions, for methy! myristate and n-decanol. It can be
seen that the use of sufficiently inert Chromosorb G as the solid support, acid washed
and treated with dimethyldichlorosilane, does not guarantee the absence of adsorp-
tion effects in GLC.

I
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Fig. 11. Retention indices of mcthyl myristate (1) and n-dodecanol (2) versus recnproml of SLP
volume in the column. Experimental conditions: SLP, Apiezon L; temperature, 150°; solid support,
Chromosorb W AW DMCS; column, 100 X 0.3 cm.

Thus, in partition {(gas-liquid and, obviously, Equid-liquid) chromatcgraphy,
there is a linear relationship between a relative retention value and the reciprocal of
the SLP content on the solid support, which can be used successfully for determining
the ratio of the partition coefficients of the compounds being apalysed, thereby-per-
mitting a reliable identification of chromatographic zones even when adsorption.is
involved in the chromatographlc process.

With the development in recent years of the concept of adsorption on inter-
phases of sorbents, which normally manifests itself when the polarities of the com-
pounds being analysed and the SLP are different, the theory and appropriate calcula-
tion methods permit the elaboration of new techniques for determining the adsorp-
tion characteristics and account quantitatively for such common phenomena in GLC
as the asymmetry of chromatographic zones and the dependence of retention values on
the sample size. Analysis of the derived equations has made it possible to explain the
frequently observed irreproducibility of the absolute and relative retention values;
which manifests itself in the dependence of the retention values on the type of solid
support, the SLP content on the solid support, the moisture content, the techniques
of sorbent preparation, ageing of sorbents, ctc. All of these phenomena are associated
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with the adsorption of the volatile compounds being analysed on the SLP interphases,
whose contribution to retention is described by the adsorption-related terms of the
above equations. The values of these adsorption-related terms depend not only on ihe
nature of the SLP and the solid support, but also on such sorbent characteristics as
the interphase (gas—SLP, SLP-solid support) area determined by the pattern of distrib-
ution of the SLP on the support. These sorbent characteristics are determined by the
properties of the solid support used, which vary from batch to batch, the SLP content
and the sorbent preparation conditions, which also vary from one experiment to an-
other. It is all of these factors that are responsible for the irreproducibility of the
absolute and relative retention values.

~ To provide for reproducible retention values in gas-liquid and gas-liquid—
solid chromatography, one should, in a general case, standardize not only the SLP,
but also the solid supports used, as well as the techniques of preparation and subse-
quent treatment of the sorbents. When adsorption substantially affects the retention
volume, GLC becomes gas-liquid-solid chromatography and loses one of its most
important advantages ,namely, easy preparation of a sorbent with reproducible char-
acteristics. It therefore seems justified when most investigators iry, in their analytical
work, to minimize the adsorption of compounds being analysed on the solid support
or to carry out measurements under conditions in which the contribution of the ad-
sorption to retention is small in comparison with that of the dissolution of the com-
pounds being analysed in the SLP.

1t should be emphasized that, unlike gas-adsorption chromatography, in gas—
liquid—solid chromatography, one can take into account the irreproducibility of re-
tention values, caused by adsorption using one of the above methods. These methods
permit, with certain complication of the experiment, the determination of the ab-
solute or relative partition coefficients of compounds being analysed in the gas-SLP
system, i.e. measurement of values that are the thermodynamic characteristics of a
compound. The partition coefficients found in this manner could be regarded as values
that were measured directly on columns with a given sorbent if the adsorption of
compounds on the SLP interphases had not taken place. Adsorption materially affects
retention values in capillary chromatography also!%.

It is also of interest to make use of adsorption effects in improving the selectivi-
ty and efficiency of separations of gas mixtures, as well as the possibility of the chro-
matographic determination of adsorption characteristics. The proposed methods
permit the measurement of truly invariate values of Vo and J, determined only by
the distribution of the compounds being analysed in the gas—SLP macro-layer system.

It has been impossible in this general review to discuss all important investiga-
tions that have been made an adsorption phenomena in GLC. However, there are
many interesting and important papers that have not been discussed earlier in this
review10-119,

7. CLASSIFICATION OF CHROMATOGRAPHIC TECHNIQUES ON THE BASIS OF THE
AGGREGATION STATE OF PHASES.

The polyphase nature of the sorbent compels us to take a new view of the
classification of chromatographic techniques. As one of the most important character-
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istics of a chromatographic process is the state of aggregation of the mobile and sta-
tionary phases (the definition of the mobile and stationary phases is often arbitrary
because of the relativity of motion), various types of chromatography are usually de-
fined on the basis of a different aggregation state of phases. The currently popular
classification of gas chromatographic techniques includes two basic techniques: gas—
liquid and gas-adsorption {or gas—solid) chromatography*®, which have been con-
sidered separately. It has been assumed that gas-liquid chromatography involves only
processes of adsorption of substances being analysed by the SLP, while.gas—solid chro-
matography involves only adsorption processes. However, even in adsorbtion (parti-
tion) types of chromatography, for instance, liquid-liquid and gas-liquid chromato-
graphies, adsorption processes are involved together with dissolution. This is the result
of the polyphase nature of various sorbents employed in standard techniques of parti-
tion chromatography. In gas-liquid or liquid-liquid chromatography, the sorbent
has at least three phases rather than one, cach being capable of retaining the sub-
stance of interest: firstly, the SLP, which absorbs the substances being separated;
secondly, the mobile phase-SLP interphase, which adsorbs the substances; and
thirdly, the SLP-solid (support) interphase, which also adsorbs the substances. There-
fore, such techniques as gas-liquid or liquid-liquid chromatography should rather,
in our opinion, be regarded as variants ‘of gas-liquid—solid or liquid-liquid—solid
techniques, respectively. For a more accurately defined classification of some widely
used chromatographic techniques, see Table 8.

TABLE 8

PROPOSED CLASSIFICATION OF SOME WIDELY USED CHROMATOGRAPHIC TECH-
NIQUES, BASED ON THE AGGREGATION STATE OF THE MOBILE AND STATIONARY
PHASES .

Mobile phase Stationary phase
Solid " Liquid-solid
Proposed terminology  Traditianal termiﬁology
Gas Gas-[solid phase] Gas [liquid—-solid] QGas [liquid] chromatography
chromatography phase chromatography
Liquid Liquid-[solid] phase Liguid {liquid-solid] = Liquid-liquid chromatography
chromatography phase chromatography

In conclusion, we should like to point that the development of concepts in
chromatography is still in progress, and the current status of this development can be
characterized in Einstein’s words: “Science is not and never will be a completely
written book. Each new success brings forth new problems. Every development reveals,
in the course of time, ever more profound difficulties”.
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9. SUMMARY -

The development of the ideas concerning the adsorption of the compounds to
pe analysed chromatographically on the surface of gas-liquid and liquid—solid sup-
ports in gas-liquid chromatography is examined. The theory and new gas chromato-
grappic techniques are described that allow one to measure the isotherms and heat
adsorption of the compounds being analysed chromatographically on the interface of
the stationary liquid phase (SLP) with the solid support and gas phase. The influence
of adsorption phenomena on retention values, which are usually used for the identifi-
catiors of chromatographic peaks, is examined.

A new classification of chromatographic methods is suggested, based on taking
into account the aggregate states of the phases that participate in chromatographlc
Pprocesses.
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