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1. INTRODUCX’ION 

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 chromatographic technique, invented by Tswett in 1903, was liquid-solid 
chromatographjr. 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 possibIe to develop a new .method of 
physical separation of various substances in organic liquids. 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 partition (absorption) of the substances being separated between two 
phases: the mobile phase (gas, liquid) and the stationary phase (liquid).‘. In their 
conclusions, 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 phases2. In the same work they also proposed another new technique of 
partition chromatography, namely gas-liquid chromatography (GLC). The first ex- 
perimental work on GLC 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 chromatography4. 1 

Over the past 15 years, we have learned 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 the 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 physicoGhem.ical 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 
notion 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 
pIay 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 foIlowing relationship between the true retention volume (V,) and the 
partition coefikient (K, = c,fcg): 

V, = K,v, (0 

where vI is the volume of SLP in the column and cI and c, 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 ividely used : 

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

I, = 1oo.z -I- lclolog * * (3) 
. 

where.r,,; is the relative retention volume of the ith compound (standard: n-alkane 
with z carbon ‘atoms) and. T=+~,~ is the relative retention volume of an alkane contain- 
ing z + 1 carbon atoms, 1 < rl,r < T=+~;=. ” 

As Can be inferred from eqns. l-3, the relative retention voltimes and retention 
indices in the case when the retention of the sorbate in a 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 Graz& showed that the rel- 
ative retention volumes are invariant with respect to certain conditions of a chromato- 
graphic experiment, while Porter et al. 9 and Anderson and NapierlO corroborated the 
validity of eqn. 1 for some specmc 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 dither 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 -& 3) and statically (25 f 1) was obtained. 

Many studies described in the literature were aimed at determining another 
equilibrium value, the activity coefficient,& 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 i was the 
specific retention volume (V:) calculated per gram of the SLP1l-‘J: 

j = RTJV;Mp” 

where R is the universal gas constant, T is the absolute temperature, pa is the vapour 
pressure of the sorbate at tepperature T and M is the moI&uIar weight of the SLP. 

As was shown by Kwantes and Rijnders I* the activity coefficient of I;-hexane , 
in 1,2,4_trichlorobenzene determined by GLC is 2.90, which agees well with the 
value of 2.93 determined statically. Good agreement between the activity coefficients 
determined by various methods has also been pointed out in a number of other publica- 
tions for different systems1s-18. 

According to Kwantes and Rijnders “, 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 strongly 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 adsorption on the support 
surface in GLC, Bohemen et al. I9 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 a&one is halved on a sorbent containing 20% of 
squalane after the surface of-the solid support used (S&O-Ccl) has been modised with 
hexamethyldisilazane; at the same time, the symmetry of the acetone peak is improved. 
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Bohemen et ai. concluded that, as a result of adsorption on the support, the retention 
volumes of the compounds being analysed are not directly proportional to the vohuue 
of SLP in the column, which is at variance with eqn. l_ 

In the l%st 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 mod&d by applying ortho- 
phosphoric acid on diatom&e and introducing stearic acid (10%) 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-GLCZo-31; 
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 et al. 3z have shown that the speciftc retention 
volume of hydrocarbons depends strongly on the content of the polar SLP (&!3’- 
thiodipropionitrile). In this instance the values of VT are not constant even if the /?,b’- 
thiodipropionitrile content is 20%. 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 40%. Bonastre 
et al.3’*35 examined the dependence of the specific retention volumes of various classes 
of organic compounds on the amounts of polyethylene glyco120000 and #?,/I’-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 tabulated 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 Sievers3’ 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 Juvet5, 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 tte 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 
ideahzed model of the sorbent, in which the polyphase nature (heterogeneity) of the 
latter is ignored. According to this simplXed model, 110 adsorption takes place at the 
interphases (e.g., gas-SLP, SLP-solid support), and sorption occurs only in the SLP 

film whose properties are similar to 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 
so&em, with particular emphasis on the distribution of the SLP on the surface of the 
solid support. 

In the early 196Ck, the adsorption of compounds on the SLP-solid support 
interphase was an experimentally well established fact. However, the experimental 
data on the adsoLrption of separated substances in GLC were inconsistent both with 
the then prevailing notion of GLC being a purely partition 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 by James and Martin, it may be appropriate to cite the 
following statement made by the Russian organic chemist A. M. Butierov (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), nameIy : (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 = Iiquidalid (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 treatmentz~26+41. 1n 
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 surf&x 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 held 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 et aLa 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 plate (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 
,um. 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 pm. The much greater (LOO-fold) effective thickness of the SLP film found 
from kinetic measurements using the Van Deemter equation seems 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 Keulemanslzo, 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 the liquid. 

The tilling 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 a porosi- 
metric study of an unimpregnated solid support (of the Cbromosorb 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 GiddingsJ5 and Saha and Giddings *ss7_ According to their theory, the 
SLP forms a continuous tilm 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 (adsorbe++, 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 (dJ of 
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the adsorbed SLP and the radius of a filled capillary (r), the following relationship 
applies : 

d, = (G)“’ = J/l3 (5) 

where &??is the difference in the energies of liquid-solid and liquid-liquid intemctions, 
(T is the surface tension and N4 is Avogadro’s number. The coefhcient J, is, according 
to Giddings and co-workers, equal to 10e5 cm2p (dE was assumed to be about 1 
kcal/mmole and 0 = 30 erg/cm’). Therefore 

d 
.s 

= lo-+‘/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 lo-’ to 10m3 cm. 
Hence, the adsorption film thickness calculated from eqn. 6 for solid supports varies 
from 40 to SO 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/cm”, with an even distribution of the SLP, 
the amount corresponding to the above layer thickness is only 24% of the SLP, 
relative to the weight of the solid support. Thus, the bulk of the SLP in a sorbent 
containing more than 10-15 o/0 of the SLP on a diatomite support must be in the fine 
pores of the support. 

In other work40.48.4g, 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 mled 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 SLPso. 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 tilled, 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 Mm 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 &p-thiodipropionitrile. These data were obtained by Pecsok 
et 01.~~ 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- 



‘ADSORPTION IN GLC 367 

Fig. 2. Siiplikd model of coverage of the solid support with the SLP (A) and experimentai retation- 
ship between the sorbent’s specific surface area and the SLP content (&@‘-thiodipropionitrile, n- 
hexadtxane) (ES)_ (a) I = 0%; 2 = xx; 3 = y”/,; 4 = r%; 0 < x c y -C z. (b) I = Firebrick; 
2 = Cbromosorb 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 results were obtained by 
Martin*‘. 

Berezkin et aZ.52 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 Nling 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 a linear relationship between the pore volume and 
pore diameter, by the equation 

S‘, = so - s,, = so = 4l3lLt(~ i- 1) (7) 

where SO is the specific surface area of the initial solid support, S,, is the surface area 
of the pores being Iled, CO and % are constants and vis 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 : 
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For v& >> 1, a variation in the surface area can be described as follows: 

l-QS=~.hv,,_+lv 0 0 

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 vls > 0.1 ml/g or even vIs > 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 

OO I -1 I -2 8 -3 I -4 3 

‘r-l “1s 

Fig. 3. Expximental verification of eqn. 9. A = Resorb; 0 = Chromosorb W; SLP = squalane. 

To establish the manner in which a solid support is covered by a film of SLP, 
experiments were carried out53 using solid supports with lead acetate applied on their 
surface in advance. The solid supports were impregnated with 0.1-l y0 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 with 
the SLP to approximately the same extents). 

Lead acetate was applied from au ethanol solution: 1% on Chromosorb P, 
0.1% 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 quantitattve study of the coverage of the surface 
of various solid supports with various SLPs. The results obtained (Table 2j 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 SUPPORF 

Solid support* SLP SLP 
content 
(%I 

Sorbent Soiid support 
colour” coverage wirh 

SLP 

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

Chromosorb W Neopentyl glycol succinate 10 Black Drops 
PEG 1000 10 Black Drops 

Cbromosorb W PEG 100 + stearic acid 10 + 1 White Continuous film 
Chromosorb P Stearic acid 25 Pink Continuous film 

15 
3- 

Pink Continuous fiim 
NaCl Stearic acid White Continuous film 

1 White Continuous film 
0.1 Black Drops 

* Treated with Pb(CHJ100)2. 
l * After treatment with hydrogen sulphide in the carrier gas flow at room tempe*mture. 

Zhukhovitskii and co-workerr?-” and Keller eC almSI 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 sorbetits prepared in a 
conventional fashior+“. 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 surfam. For example, for the n-hexane-dinonyl phthalate system 
in which the SLP content is 35%, the use of a vacuum halves the HETP as a result of 
the lower internal difIusion 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 
pei cent and the support is adequately wetted with the liquid phase, its surfa& 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 he 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. FUNDAMENTALS OF EQUILIBRIUM RETENTION THEORY 

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 &n 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 elution 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 

(11) 

Cl = fi (c,) (12) 

cs = fiS (Cl) (13) 

where u is the linear velocity of the carrier gas, x is a coordinate, c, is the volume con- 
centration ofthe substance being analysed in the gas phase, cl the volume concentra- 
tion of the substance in the SLP, cgI 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, xs is the fraction of the gas phase across the column, xl is the 
ratio of the SLP-solid support interphase surface area to the sorbent volume and xgI is 
the ratio of the SLP-solid support interphase surface area to the sorbent volume. 

Eqns. 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 
cgl, ci and c,. Using the equation for adsorption isotherms, we obtain the following 
expressions for the partial derivatives of cgi, cI and cs with respect to time: 

(14) 
acgl f’ acg -= 9’ at 

where fiI = - dc,: 
d% 
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qcL . ac, 
-=f- at 

where f; = - dC1 and 
dc, 

ac, f0 ac, 
at = Is at 

= f& 2 

(15) 

where f;s = s 
L 

:' __ .' 

Substituting the derived expressions into equ. 10, we obtain 

u ac, -’ ac ac 
----Fig ax 

- * + ;cpLf~L - * 4 XL6 
_ac,, f’ f’ at -r xgs IS L 

- + = 0 (17) 

or 

ac g ac 
u- * 4- (xg + XgLfiL f XLf; + XLxf&L> +- = 0 

or 

V(c) - * + 7 - 
a~, _ o 

c 

(19 

(1% 

where 

V(c) 1 - 
u 

x9 + X9Lfl + ZLfI’ f XL&& 

cm 

Consider now the physical meaning of V(c). Concentration, c = c,, is a func- 
tion of two variables, x and t: 

I- 

c = c&t) (21) 

Then, the following expressions hold: 

ta* = - (3, GFlc 
ac 

ax ( 1 
( ) at, 

at.=- ac ( ) ax, 
Taking into consideration eqn. 19, we obtain 

ax ( ) ww= = vo 

at E = - (acjax), 

(22) 

(234 

(24) 
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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 V(c). It can also .be shown that the 
solution of eqn. 19 is the function 

c.= c(2) (25) 

where 

z = x - V(c)t (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 compressibiity of the carrier 
gas need be introduced. In this instance, one can write for the volume of retention of 
a substance . 

(27) 

where F is the volumetric flow-rate of the carrier gas in the column, t: is the retention 
time, S is the column cross-section, L is the column length, VAtf is the dead volume of 
the column, S, is the gas-SLP interphase surface area, vf is the SLP volume and 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: 

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 
id 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, V,, on a real poly- 
phase sorbent is the sum of partial retention volumes, VI, and Vsj, determined, re- 
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spectively, by the solution and adsorption of a substance being analysed on individual 
sorbent phases : 

._._ 

v, = E v,, -I- .i v,, (2% 
t=1 1=1 

or 
m n 

VN = 2Z &ivU + z KTJ_SJ (30) 
I=1 i=l 

where K,, is the equilibrium constant of a substance distributed between the mobile 
and stationary liquid phases of type i, vii 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, Ksj is the equilibrium constant of the substance 
distributed between the stationary phase and the j-type interphase surface and. S,, 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 dc,, 
KsJ = s = - Sl dc 

(31) 

where cII and c,, are, respectively, the concentration of the substance in the stationary 
bulk phase of type i and the stationary surface phase of typej, 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 another56*57. Therefore, 
the area of application of eqns. 29 and 30, with non-linear isotherms, seems to us to be 
sufficiently wide. Clearly, in the future the development of more rigorous methods 
based on the non-equilibrium theory of chromatography584o will permit the mccha- 
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 retention 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 adsorption in GLC were newly derived retention equations and their expcri- 
mental verification. 

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

VN = KlV, A- K&Y, (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 
Stewart62~63, 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: 

VP, = &VI + KJ, (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 aLso, while it was shown elsewhere5’7~@ that the coefficients 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 solutiorF. 

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 et ~2.~~ (see eqn. 28): 

Viv = &Vi + J&S,, + K&S, (35) 

where Ki 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 aZ.4g also proposed methods for the simultaneous determination of 
all coefficients in eqn. 35, and it was shown that the equation adequately describes the 
experimental data obtained by different workers 32*37*76. Conder et aZP8 also utilized 
eqn. 35. 

Eqn. 35 was later used successfully in determining 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*8~67, Karger et &a, Urone et (11.~‘, 
Gritchina and Dreving“’ and Liao and Martire”. 

Eqns. 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 qf parameters in eqn. 30 

1 K,,=Oati>2;Ks,=Oatj>l;K,1=0; 
6; = fi 

2 K,,=Oati>2;K,,=Oatj>2;Kst=KgI; 

& = si 
3 K,,~Oati>2;K,1=Oatj>3andj=l; 

K,r = K,; S,z = S, 
4 K,,=Oati>2;KgJ=Oatj>3;Ks,=Kg1; 

Ss, = 8; Ksz = K,; SQ = S, 
5 Kl, =Oati> 1 

Ks,=Oat2<j<4 
K,:, = &s; Ssr = S,, 

6 Klr = 0 at i > 1 
Ks,=Oatj>2 
Ks, = K,I; Ssz = Sr 

7 K11=Oati>2 
K,,=Oatj>6 
Ksl = I%,; ssi = Sl 
K,r = K,; S,r = S, 
K,:, = Kg,; Ss, = S,, 
KA = Ku; Ss, = S,, 
Kss = 4-r; Sss = SIA 

VN = K,v, + K&I (33) 

v, = K,V, i- KS, (34) 

VN = K,v, + K& i k,S, (35) 

VN = && (ref. 56) (36) 

vv = K,,S, (ref. 68) (37) 

VN = K,K + &,S, i KS, _t 
+ KL&A + K&L i 
f KP,tSgA (ref. 72) (38) 

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 195673, 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 and, 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 components 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 determinin g 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 (I’&: 

Kl 273 ._ 
dl- T 

(39) 

where V,, is part of the total net retention volume, for which only the dissolution of 
the substance being analysed in the SLP macrolayer is responsible, V,, 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 T, 
W, is the mass of the SLP in the column, and dt is the density of the WLP. 

As it is difficult to determine directly all contributions to retention, rapid 
approximate methods of determining V,, 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 V N1 = Kl V, and dividing all terms of the equa- 
tion by V,, we obtain the following expression for determining K,: 

KI = + 
I 

+ f < VNi 
1 i-2 

(41) 

or 

.. This method of determining the value of the partition coefficient on the basis of 
the derived three-term equation was first proposed by ConderJ8. A similar equation may 
also be proposed for defining Vgt, which is the initial value in determining the specific 
retention volume : 

(43) 
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Table 4 summa&es the values of V, that we calculated Mby using eqns. 43 and 
44 and on the basis of the experimental data of Pecsok et aZ.i2. Table 4 also includes 
values obtained by a conventional method, i.e., by calculations using the equation 
V,, = V,lWr 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 results of calculating V,, 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 &@‘-OXYDIPROPIONlTlULE, CALCULATED BY 
DIFFERENT METHODS= ON THE BASIS OF THE EXPERIMENTAL DATA OF PECSOK 
et a1.3~ 

Compound solid support 

Firebrick Chromosorb W _. 

By extrapoktion, TradithnaI, By extrapoIation, TrazIitionaI, 
taking adsor- without taking taking adrorp- without taking 
tion into account nrisorption into tion into account adsorption info 

account . . account 

Propionaldehyde 242 300 243 260 
Benzene 384 425 372 389 ‘. 
Ethyl acetate 379 533 388 444 

Acetone 393 450 400 414 

MethyZ ethy1 ketone 71s 849 714 753 

1 -Hexene 14 34 I5 22 
Cyclohexene 69 99 74 89 

Veening and Huber’-’ were the first to study in GLC the intluence of adsorption 
phenomena on the retention of metal chelates [tris(trifluoroacetonato)chromium and 
tris(trifluoroacetylacetonato)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 hi_&ly loaded columns (15-20 y0 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 sufhciently deactivated solid supports”. Later, Huber and 
Gerritse75 proposed an equation 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 



378 v. G. BEREZKIN 

-. 
1 D- 

_ 

_ 

Fig. 4. Chromatograrns for tris(triauoroacety~~toMtonato)chronium(nr at various stages of silaniza- 
tion with dicI$orodimethylsiIane (DCDMS). Cohurm: 3.4 g of Chromosorb W, no liquid loading. 
Temperature: 120”. Sample: 3O/rg of eluate dissolved in 3~1 of solution. Carrier gas fiow-rate: 
4.Ocm/sec. 1 = Solvent; 2 = chelate. A, Opl of DCDMS; B, 30~1 of DCDMS; C, lOOpI of 
DCDMS; D, 500~1 of DCDMS. 

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

5. STUDY 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 SLP-solid (support) interphase. 

As has been -mentioned above, the net retention volume on a polyphase sorbent 
is the sum of the partial retention volumes, Vii and V,,, 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 eqns. 31 and 32, similar to those used in gas-solid chromatography, 
it is possible to calculate the adsorption or adsorption isotherm: 

1 = 
Cli =- 

Vii 0 I vti WC 

1 = 
_ c,, = - 

ssj 0 I 
Vsj (cW 

(45) 

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 
being analysed on interphases. 
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It should be noted that, in some instances, it is possible to determine the adA 
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 inteiphase. 

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

v,= v,t v,=K,v~f dcs - - s, c 

dc (47) 

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

Or 
dcss 

: : 
VNS = KIV,, i- Kl - dc 

1 .., .-.- 
(4% 

where css = csSss is the concentration of the substance adsorbed on the liquid-solid 
interphase, calculated per unit weight of the solid, and V,, and vls are the net reten- 
tion volume and the SLP volume, respectively, both calculated per gram of the solid 

(suPPW. 
Consider a case where the adsorption isotherm is described by an equation of. 

the Langmuir type76: 

6&l a,KK,c 
C’s = 1 + Kc, = 1 + KK,c (50) 

where a, and K are constants of the Langmuir equation. In this instance, the net 
retention volume depends’ on the concentration as- followsz4: 

where 

vss = (1 yz,,, 

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

(52) 

where Pss is the weight of the solid (support). The calculation technique is similar to 
that used in gas-solid chromatogaphy56*n, except that the value VI = 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. 

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

(541 

me 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 f&d concentration of the substance being analysed: 

V&J = #I% f Ksw (55) 

where c,.= c,,c,,. . .,c,. This method of measurement is similar to that described 
elsewhere4g+*77. As a result of a calculation on the basis of the conducted measure- 
ments, one can determine K1 and the relationship Vss = &s(c), which serves as a basis 
for determining the parameters of the adsorption isotherm equation using eqn. 46 or 
54. 



ADSORPTlON IN GLC 381 

Note that one can also use the following relationships to determine the param- 
eters of the adsorption isotherm: 

dv,, Wss 2a,K2Kf 
- = - = - (1 + K&c)3 dc dc 

1 1 1 - = t ‘C 

(56) 

(57a) 
3 

V 

--- .z 

V 

--- 

dV,s 2Q,K2Kf v -- 1 kl 
dc KK, 

These methods were used for the experimental determination of the adsorp- 
tion isotherm of p-xylene on a dimethyl diactadecylammonium derivative of vermi- 
culite, impregnated with diisooctyl sebacinate a. 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 ofp-xyIene in the liquid phase was 
determined by Gp. 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 SLP-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 lo-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”* 
5o*77. When the coefficients Kli and i& 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 f&n of SLP7s. 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-workersJ9p66s79. 

Eon et ~1.8~ critically assessed our suggested method of “reference point”66 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 f&tly, 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 u@. 
Secondly, they quoted our work incorrectly. In our work, the values of V,,, V,, and 
S,, referred to 1 g of the solid support, but not to 1 g of the sorbent, [Vi (retention 
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Fig. 6. Measurement of the adsorption of p_xyIene on a dimethyl dioctadecykmmonium derivative 
of vermiculite from solutions in diisooctyl sebacinate. Solid line, adsorption isotherm according to 
gas chromatographic data; 0, statically obtained data. 

volume), A! (surface area of the ga@+LP intq&ase) and V,D (voiume of the SLP) re- . 

ferred to 1 g of the sorbent], ‘WI+& is why t&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 obtainedso: 

Wb) 

does not correspond to the suggested equation=: 

E 
0,; x? / 

lo- 
/ x 

a- . 
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Fig. 7. Dependence of the retention volume of n-heptane on the area of the gas4LP interphase in the 
system Water-Spherosil XOB-30 at 10” (ref. 80). 
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in QIU method of “reference point”. The character of &e dependence Vg = f(A”) is 
also dserent (Fig. 7); it is non-linear in our work and linear in ref. 80. Thirdly, they 
made only general conclusions, analysing the resulti concerning only one system 
(water-XOB-30). Hence the criticisms of Eon et al. are.not valid. 

&rezkin and Fateeva8’ 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&k&es these values are roughly the 
same. Taking the adsorption on the solid support surface into consideration one can 
obtain also more accurate values for the gas-SLP adsorption constant7g. Original 
methods for determinin g the mechanism of retention in GLC have been proposed by 
Suprinowicz and co-workerss2*83. 

TABLE 5 

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

Compound 
-- 
n-Hexane 
I-Hexyne 
n-Heptane 
tHeptyne 

Heat of dissolution (kcai/nwle) Heat of adsorption (kcaI/moIe) 

5.8 4.55 
5.2 10.9 
6.6 7.6 
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-workersWvs5. 

In comparison with static methods, chromatographic methods have-the follow- 
ing advantages: (1) rapidity of analysis, (2j 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 supports86-s8. 

Huber and Gerritse= investigated adsorption phenomena in GLC, especially 
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 diEerent laboratories are compared. This inter-labora- 
tory precision is crucial to the usefulness of a collection of data compiled from different 
sources. The intIuence of the precision of the retention data must be standardized or 
reduced in order to achieve highly reproducible measurements. Standardization of alI 
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 camot be standardized and to 
reduce their infIuence as much as possible. 

.The inter-laboratory reproducibility of retention data has been tested several 
times90r”2 and the results were unsatisfactory, Some e&&s that decrease the precision 
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. 
of rete&on data in GC have been discussed in many papers. Huber and Gerri&e89 
identiiied the significant sources of errors in the measurement of ret&ntion data in GLC, 
discussed_ the conditions for the reduction of the dominating statistical errors and 
est&ated-the limits of inter-laboratory precision. T&e samples and chromatographic 
systems investigated for adsorption effectss9 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 (I OR 10 mmHg 
AT O”) OF THESOLUTE 

Solute Liquid’ Solid” r*** fz f -cl b f SC, Lower limit of 
(mole/g) X (mole/g) X linear range 
IOB’ I@’ cy* (w/w) IiquidloadingJ 

Carbon 
tetracbloride 

Acf!tone 

Ethanol 

Toluene 

rz-Heptane 

DNP 

SQ 

PEG 

SQ 

PEG 

SQ 

PEG 

SQ 

PEG 

W 1.000 -1.3 1 27.5 0.2 0.5 
G 0.994 28 3 27.7 0.6 0.4 
W 0.986 167 11 5.1 0.6 4 
G 1.000 3.0 0.5 5.0 0.1 1 
W 0.999 -6 1.5 11.6 0.2 1 
G 0.996 -1 1.8 11.4 0.5 1 
W 0.997 173 13 4.2 0.6 4 
G 0.996 2.5 0.4 3.3 0.1 1 
W 0.998 -11 3 20.1 0.4 1 
G 0.998 -3 3 22.7 0.6 1 
W 0.999 17 16 70.3 1.1 2 
G 1.000 -2 1.4 70.8 0.2 0.5 
W 0.999 -11 6 45.1 0.8 0.5 
G 0.995 -5 8 44.8 2.0 0.3 
W 0.999 -4 11 46.3 0.7 2 
G 1.000 1 3 46.3 0.4 0.5 
W 0.995 3 1.4 5.1 0.2 4 
G 0.993 1 1.1 5.2 0.3 1 

* DNP = dmonyl phthalate; SQ = squalaue; PEG = polyethylene gIycol20,tKJO. 
** W = Chromosorb~W NAW; G = Chromosorb G DMCS. 

l ** f .= correlation coe5cient for linear regression 

-_=a+b.mil.l()O, nt 

mx m, 
where nz = number of moles of solute in total liquid-solid system, m, = mass of solid s and mg = 
mass of liquid /I on the solid. 

* u and b = parameters of the linear regression; s, and s* = estimated standard deviations of 
a and b, respedvely_ 

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 partition 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 papeP3. The component of which the distribution was to be mea- 
sured was mixed with an inert carrier gas and led through a tube con&-g the chroma- 
tographic system. After attainment of equilibrium, the contetits 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, tilled 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 literatures, thus allowing a comparison of results. The type of 
solid support appeared to have no effect on the distribution data. The result 
suggested that only bulk solution is sign&ant. 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 phthalate-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 surfaces9. 

Adsorption el%cts can be identifiedw*32*“*49*so 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 3 o/0 (w/w) on solid W, corresponding 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 coefilcient characterizing the degree of 
linearity was also calculated and the results are given in Table 6. 

The resultss9 show that the value of Q 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 c 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 a 
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 aad 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 CL 
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 mmIIg (at O”) are given in Table 789 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 coe6icient 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 pm 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., telyethylene glycol, may be structurally oriented by the solid surface36 and should 
then be considered more as an adsorbed layer than as a liquid film. 

TABLE 7 

GASSOLID ADSORPTION OF DIFFERENT COMPOUNDS AT 100” AND CONSTANT 
PARTIAL PRESSURE CF 10 mmHg AT 0” 

Relative standard deviation of the data = 10%. 

Solid Adsorbate concentration on the solid surface (mole/g) x IO’ 

Carbon tetrachloride Acetone Ethanol Toluene n-Heptane 

Chromosorb W NAW 0.8 19.8 22.9 8.7 1.9 
Chromosorb G DMCS 0.3 0.2 0.1 0.15 0.2 

6. METHODS OF IDENTIFYING CHROMATOGRAI’HIC 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.) g4,g5 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 diierent 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 cbromatograpbic techniques, which have 
heen 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- 
matography 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 separateds~96. 

The adsorption of the compounds being analysed on interphases in the -co.urse 
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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 properties of the solid support (see Table l), the SLP content on the-latter 
and the phase characteristics of the sorbent, which depend on the conditions of its 
preparation, etc. 49*66*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 ~i.~*. It can be seen that a relative retention value, in the presence of adsorption in 
the chromatographic process involving the gas-liquid-solid system, is not a chromato- 
graphic constant of the compound concerned. 

2 
L& -10 

Fig. 8. Relative rctentionvolume 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, #?,~-thiodipropionitrile; temperature, 25”; solid support, Chromosorb W (e) and fxebrick 
(0); 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. Iu this instance, the following equation is obtained for the relative 
retention volume : 

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 69_ Adsorption phenomena become particularly 
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 dete rmining partition coefficient ratios, 
WK,,, on the basis of the relative retention values of compounds being analysedWsW. 

If the retention volume is determined only by the dissolution of a substance 
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 simplifkd, and the relative 
retention volume can be expressed by the following equation: 

(59 
* I 

K 1st VLS 

where vIs, S,, and S,, 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 l/vls, we derive the following linear equation for the reciprocal SLP content: 

where 

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 &II whereas the content of 
other phases in the sorbent remains virtually the same. in Fig. 9, the experimental 
data from refs. 32 and 67 are represented in accordance with eqn. 60. It can be seen 
that the use of eqn. 60 permits the &termination 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. 

vNst = Kstv, W4 

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: 

VN ._=_S++ 
V NS? 1-t 1 
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Fig. 9. Relative retention volume versus reciprocal of SLP content (per gram of solid support). 
CalcuIated according to (a) ref. 32 and (b) ref. 64. (a) Experimental conditions as in Fig- 8. (b) 
Experimental conditions: SLP, dinonyl phtha!ate; temperature, 86”; solid support, PTFE; standard, 
ethanol; 1 = n-but&mine; 2 - n-he-e; 3 = water. 

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

Eqn. 63 can be used when diiculties arise m determining vls (e.g., the SLP 
density is not known at the experimental temperature). Fig. 10 shows the relative 
retention volume versLIs 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 Kr/Kr,t obtained are independent of the 
SLP content and the type of solid support. 

During identification, in gas chromatography, Kovrits retention indices6 
(Ir) are widely used together with rekive retention values: 

1=1002+100- Iog (V,! V,z) 
log (VNCr+l,/VNz) 

where VN, is the net retention volume of an n-alkane whose molecule contains z 
carbon atoms, VNCzcl, 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 /vIs : 

vN= < VN < vNC=Cl) 

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 eqn. 64 into a Maclaurin series and restricting ourselves only to 
the first two terms, we obtain 

log+ = Kl 

NZ 
log(S + 1.1 - $-) = hz~ f 0.434 - + 

where AA is a constant. Taking into consideration this derived equation, let us trans- 
form eqn. 64: 

~=1002+100 l~NGi&A i- 432, -- 1 

log 
K?(Zi-i) K I~rt1) 

1% K 
VlS 

.KIZ le 
or 

where 

1, = luoz + loo log +-/log 
K 

I: 
*;+I’ 

12 

(‘35) 

(67) 

(684 
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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); : - 

As an example, Fig. 11 shows determination of I,, which is an invariate value 
relative to the experimental conditions, for methyl my&ate and n-decanol. It can be 
seen thatthe use of sticiently inert Chromosorb G as the solid support, acid washed 
and treated with dimethyldichlorosilane, does not guarantee the absence of adsorp- 
tion effects in GLC. 

-0 
t 

5 10 15 ’ 
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5 

Fig. 11. Retention indices of methyl myrktate (1) and n-dodecmol (2) wows reciprocal of SLP - 
volume in the column. Experimental conditions: SLP, Api&on L; temperature, 150”; solid support, 
Chromosorb W AW DMCS; column, 100 x 0.3 cm. 

. . 

Thus, in partition (gas-liquid and, obviously, liquid-liquid) Chromatography, 
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 coefkients of the compounds being analysed, thereby-per- 
mitting a reliable identikation of chromatographic zones even when adsorption ,is 
involved in the chromatographic process. 

With the development in recent years of the concept of adsorption on iuter- 
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 ValueSj 
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, etc. 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 &sorption-related terms depend not only on the 
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 try, in their analytical 
work, to minim& e 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. 

It 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 alsolOo. 

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 VRo and &, 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 
reviewlo-llg. 

7. CL4SSIFICATION 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 
dassification 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 oftenarbitrary 
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 
classi6cation of gas chromatographic techniques includes two basic techniques: gas- 
liquid and gas-adsorption (or gas-solid) chromatbgraphy4*6, 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 adsorbtidn (parti- 
tion) types of chromatography, for instance, liquid-liquid and gas-liquid chromato- 
graphics, adsorption processes are involved together with dissolution. This is the result 
of the polyphase nature of various sorbents employed in standard techniques ofparti- 
tion chromatography. In gas-liquid or liquid-liquid chromatography, the sorbent 
has at least three phases rather than one, each 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 CHROMATOGRkHIC TECH- 
NIQUES, BASED ON THE AGGREGATION STATE OF THE MOBILE AND STATIONARY 
PI-LUES 

Mobile phase Stationary phase 

Solid Liquid-solid 

PropOsed terminology Traditional ternkfology 

Gas 

Liquid 

Gas-[solid phase] Gas [liquid-solid] Gas [liquid] chromatography 
chromatography phase chromatography 
Liquid-[solid] phase Liquid [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 di&ulties”. 
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9. .GUMMARY ;. 

The development of the ideas concerning the adsorption of the compounds to 
be arzlysed chromatographically on the surface of gas-liquid and liquid-solid sup- 
ports in gas-liquid chromatography is examined. The theory and new gas chromato- 
graphic techniques are described that allow one to measure the isotherms and heat 
adsorpti.on ofthe 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 ident& 
catiorl 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 chromatographic 
processes. 
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