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SUMMARY 

In this review we have tried to show that molecular gas and liquid chromato- 
graphy on adsorbents have a number of advantages for analytical and preparative 
applications, The vast amount of experimental data obtained on adsorbents with 
known and reproducible chemical and geometrical structure, together with the 
combined use of static and chromatographic methods, makes the development of 
a molecular theory of gas adsorption possible on the basis of molecular-statistics 
and semi-empirical, or effective, potential functions of intermolecular interactions. 
Advances made in this field so far warrant further applications of this theory to gas 
adsorption chromatography. Of practical interest is the fact that forecasts of certain 
parameters and phenomena can be made on the basis of this theory. The theory of 
adsorption from solutions and liquid chromatography has been developed to a lesser 
degree. However, here, too, the main qualitative aspects of this theory have been 
established. Further efforts should be made to develop the theory of adsorption from 
liquid solutions and apply this theory to equilibrium, non-equilibrium, molecular and 
macromolecular sieve liquid chromatography. 

INTRODUCTION 

About ten years ago molecular adsorption chromatography was mainly used 
in the separation of gas mixtures. Today this method is used on a much larger scale. 
It has been applied to the separation of various mixtures from hydrogen isotopes 
and isomers, to proteins and even to viruses. This development is related to 
a number of achievements in science and technology: (I) greater control of the homo- 
geneity and specificity of the molecular adsorbents by means of the individual syn- 
thesis of adsorbents and the chemical modification of their surface; (2) expansion of 
the working range of the gas chromatographic columns, up to 500~; (3) employment 
of strongly adsorbable carrier gases at high pressures, the result of which is a narrowing 
of the gap between gas and liquid chromatography; (4) advances in liquid molecular 
adsorption chromatography on the basis of adsorbents whose nature and degree of 
porosity can be controlled; (5) the development of molecular and macromolecular 
sieves, especially of the non-swelling type; (6) the development of highly sensitive 
detection methods in liquid chromatography. 
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The following factors -the relatively simple physicochemical basis of the chro- 
matographic separation of molecules and macromolecules on adsorbents, the possi- 
bility of controlling the geometrical structure of the adsorbents and the chemical 
nature of their surface, and the fact that most of the adsorbents are non-volatile and 
have a high thermal and chemical stability- all make an adsorbent particularly 
valuable for use in analytical temperature-programmed columns as well as for prepar- 
ative gas and liquid molecular-adsorption chromatography and its use on an in- 
dustrial scale. 

In addition to the more usual applications of gas adsorption chromatography, 
it is now an important tool in physicochemical investigations of the surface chemistry 
of solids, in studies of isotherms, the heat and entropy of adsorption, and the heat 
capacity of adsorption systems. Owing to the fact that the equipment is simple to 
operate and that it can be used over a wide temperature range, gas chromatography 
has made possible the achievement of rapid advances in the investigation of the 
adsorption of a large variety of organic, inorganic, and elemento-organic compounds. 
The investigation of the adsorption of many of these compounds is practically im- 
possible using the usual vacuum techniques. Both gas chromatographic analysis of 
solutions which are in contact with solid surfaces and direct liquid molecular adsorp- 
tion chromatography have opened wide possibilities for investigating such adsorption 
processes. All these developments provide the necessary experimental basis for 
studying adsorbate-adsorbent and adsorbate-adsorbate molecular interactions of 
the most diverse types of molecules. Such interactions take place during adsorption 
from the gas phase and from solutions. 

A good deal of highly reproducible experimental data has been obtained by 
using homogeneous and chemically well-defined adsorbents whose surface has a known 
geometrical structure. These results may serve as a basis for the development of a 
quantitative statistical molecular adsorption theory and provide a theoretical basis 
for chromatographic separation of comples molecules. With the aid of modern elec- 
tronic computers, such a theory derived from the properties of the surface and the 
adsorbed molecule would make it possible to select adsorbents with properties optimal 
for a definite purpose as well as to calculate adsorption equilibria and retention indices 
for a given system. Besides their theoretical significance, such calculations would 
facilitate the identification of the components of the mixture being separated and 
give data necessary for designing industrial-scale chromatographic equipment. 

Such are the general aspects of the theoretical and applied problems under 
further development of molecular adsorption chromatography. The complete solution 
of these problems will require considerable effort on the part of many scientists. The 
purpose of the present paper is to analyse some of the results achieved in this field 
and to indicate the difficulties that may be encountered in future work. 

MOLECULAR THEORY OF ADSORPTION AND GAS ADSORPTION CHROMATOGRAPHY 

ProbZe9ns of molecular adsorfitio9a theory 

At the present time an adsorption theory for adsorption from the gas phase on 
homogeneous crystal surfaces is being developed on the molecular level, i.e. by 
considering the geometrical and electronic structure of the solid body surface and 
of the molecule being adsorbed (see refs. x-5). On the whole, this theory includes 

1. Cilrorrlntog., 49 (1970) 84-129 



86 A. v. IcIslxEv 

molecular-statistical calculation of equilibrium constauts, virial coefficients, retention 
volumes at zero, low and average levels of surface coverage, as well as other thermo- 
dynamic constants, e.g., heat and entropy of adsorption and the heat capacity of the 
adsorption systems. The calculation of configurational integrals, which are part of 
these thermodynamic terms, is carried out with the aid of semi-empirical expressions 
for the potential energies of the adsorbate-adsorbent and adsorbate-adsorbate inter- 
actions. 

For analytical applications of this theory, especially in the case of highly sensi- 
tive detectors together with very low concentrations of the adsorbed molecules and 
fairly high temperatures, the adsorbate-adsorbate interaction is insignificant, and 
thus one only needs to consider the adsorbate-adsorbent interaction, i.e. the Henry 
constants and their dependence on temperature. At higher surface concentrations, one 
should introduce into the equation the next virial coefficient which takes into account 
the paired adsorbate-adsorbate interaction in the field of the adsorbent, etc., or take 
into account in some other way the adsorbate-adsorbate interaction. 

The calculation of the potential energy of the adsorbate-adsorbent interaction 
from semi-empirical potential functions is a separate problem. The potential energy of 
adsorption of the molecule, in its most favourable orientation on the surface, equals 
the heat of adsorption at absolute zero (including the correction for the zero energy). 
Owing to the relatively slight dependence of the heat of adsorption on temperature, 
the magnitude of the potential energy of adsorption also approximately expresses the 
heat of adsorption at the temperature of the gas chromatographic column. At fairly 
low temperatures the order of the retention volumes usually corresponds to that of the 
heats of adsorption. Thus the first approximation in the molecular adsorption theory 
is already of interest, i.e. the definition of the potential energy of adsorption for the 
most favourabli orientation of the molecules on the adsorbent surface. In this section 
we shall consider some data obtained from the calculation of the potential energy of 
adsorption for adsorption of different molecules on a series of crystalline adsorbenls. 
An analysis will also be made of the Henry constants obtained by molecular-statistical 
calculations and of the retention volumes at zero sample size. 

Up to now molecular-statistical calculations of retention volumes have only 
been made for a few compounds, whereas calculations of the potential energy of ad- 
sorption have been carried out for a relatively large number of compounds. To com- 
pare the calculated values with experimental ones requires calorimetric, isosteric, or 
gas chromatographic determinations of the heat of adsorption. The most convenient 
method, especially for compounds of low volatility, consists of the gas chromato- 
graphic determination of the retention volumes at different temperatures. However, 
the precision of such determinations is somewhat low, and thus it is necessary to carry 
out repeated measurements and make a statistical analysis of the data obtained. 

The calculated potential energy of adsorfition and a com$avisort of this calculated energy 
wilh tlze measwed heat of adsor$tion 

Gva$hitised thermal carbolt bkaclz. The surface of this adsorbent is almost entirely 
formed of the basal faces of large crystals of graphite 5~0. Therefore calculations were 
made for adsorption on the basal face of a graphite crystal. For adsorption of simple 
molecules on graphite the potential functions of the paired molecule-carbon atom 
interaction were used, e.g. VC,. .k or ‘pc . , . NJX3. For the adsorption of complex hydro- 
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carbon molecules and their derivatives the atom-atom potential functions vo.,,c, 
(pC.. .H# q&,.O# or group-atom potential funCtions 9%. ..CRa# pC...CH2# VC.. .CH# etc. 

were used. The summation of the energy of paired interactions was made with respect 
to all atoms or atomic layers on the semi-infinite lattice of a graphite crystal (see 
refs. 1-3,~)~ and for complex molecules, with respect to the atoms or linkages which 
form these compounds, so that the potential energy of the molecule is: 

CD = ~~qaL.i (1) 
Ci 

where qc . . J is the potential energy of interaction of a C atom of the lattice with an 
atom or linkage i of the molecule. The equation for VC.. . 1 was written in the form of 
the Buckingham or Lennard-Jones potential augmented by the term for dipole- 
quadrupole dispersion-attraction. In the first case we obtain: 

cpC...i 
-I? 

= --c’c1 Yc1 -C”C1 YCl -lo + 1301 exp(- z) 

The constants C’ci and C”ci were calculated with the aid of the KIRKWOOD-MULLER 

equation7s8 or an analogous equation0 for the polarisability and diamagnetic suscepti- 
bility of C and i linkages. The constant Bci was determined from the equilibrium 
conditions and was expressed in terms of the equilibrium distance zocl of the atom or 
linkage centres i from a plane passing through the centres of the C atoms of the outer 
basal plane, for the most favourable orientation of the molecules relative to this plane 
(i.e. the maximum number of molecular linkages which are in contact with the basal 
plane). The constant eel was taken to be equal to 0.28 A, as for the molecular crystals. 
In the case of adsorption of a dipole molecule a term was introduced into eqn. 2 for 
the energy of the inductive attraction of the dipole to the polarised C atom in the 

I I I 

5 10 a,@ 

PolarlsabIltty 

Fig. I. Dcpcnclcncc of the calculated potcntlal energy of adsorption, -4&,, and the cxpcrlmcntal 
heat of adsorption, Q1, for different substances aclsorbcd on the basal plant of graphite and on 
graphltxsecl thermal carbon black, respectively, at low surface covcragc as a function of the 
nclc;orbatc polnrisability, CL 

J. Clworuatog., 49 (1979) Y4-129 



88 A. V. KISELEV 

latticelO or for the energy of the reflected force of the dipole in the carbon 
layer of the latticell. In both cases the contribution due to this energy is small. 
Detailed calculations of the constants, the summation of the expression (2) in eqn. I, 

and the calculation of - a0 for the equilibrium distances z”ci have been described in 
original studies which have been reviewed 3~5. Fig. I shows a comparison of some results 
obtained ~~AVGULAND KISELEVB,CROWELL~~UZ.~~,~~~CURTHOYSANDELI(INGTON~~ 
of the calculation of@, together with the calculated heat of adsorption Q1 (for zero 
surface coverage) derived on the basis of experimental measurements (calorimetric, 
isoteric, and in many cases gas chromatographic). The values - Go and Q1 in Fig. I 
care plotted as the function of the molecule polarisability a. The calculated values 
agree well with the experimental data. Furthermore, the values of - @, and Q1 fall 
approximately on the same line as those obtained by plotting the data for rtcalkanes. 
This holds true for the molecules of group A (noble gases, saturated hydrocarbons) 
which are incapable of specific molecular interaction, group B which have z-bonds or 
lone electron pairs, and group D which contains functional HO- or HN-groups; groups 
A, B, and D are according to the classification by KISELEV~J+~J~. This indicates 
that graphitisedthermal carbon black is non-specific in naturefs6J4-1°; i.e. it belongs 

to the adsorbents of the first type according to the above-mentioned classification. 
Bovon nitvide. The lamellar structure of BN crystals is analogous to that of 

graphite except that at the intersection of the hexagonal basal planes-there are alter- 
nate I3 and N atoms instead of C atoms. When the composition of the crystal corre- 
sponds exactly to the BN formula and the lattice is practically free of defects, the 
basal plane BN exhibits properties of a non-specific adsorbent. CROWELL AND CHANGE' 
have carried out calculations ofthe potential energy ofadsorption andmeasurements 
of the heat of adsorption for noble gases, and CURTHOYS AND ELKINGTON~~ for ad- 
sorption ofhydrocarbons.As can be seen from the plots based on these datain Fig.2, 

I 1 I 

5 10 15 a.A3 
Polensablhty 

Fig. 2. Dependence of the cnlculatecl potential energy of wlsorptlon, -CD,,, and the experimental 
hcnt of adsorption, 8,. 
polarisability, a. 

on boron nitride at low surface coverage RR a function of the adsorbate 
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Fig. 3. Dmgram showing the packing of phthalocyanlne molecules on the surface of graphitised 
thermal carbon blackls. 

the values of - ds, and Qi are in good agreement (for hydrocarbons Q1 was obtained 
by a gas chromatographic method). 

Plztlzalocyanim. The basal plane of the phthalocyanine crystal shown in Fig. 3 
is an example of a specific adsorbent, since it contains different functional groups: 
= C=, -CH=, -N = , HN = l*. Although these groups are conjugated and thus facilitate 
a more regular distribution of the electron density, the resulting surface of the ad- 
sorbent is chemically heterogeneous. At the edge of the plane corresponding to the 
plane of the molecule there is a higher electron density locally. Thus this adsorbent 
belongs mainly to the third type according to the classification by KISELEV~~GJ~J~, 

even though it contains HN= centres which belong to the second type of adsorbent. 
The planes ‘in a phthalocyanine molecule formed by CH linkages possess a weaker 
molecular field. KOUZNETSOV et al .18 have obtained, by gas chromatographic methods, 
the heat of adsorption for different compounds including those from group A (n- 
alkanes), which are incapable of specific molecular interactions, group B (acetone, 
ethers, aromatic hydrocarbons) and group D (phenols and amines) which are capable 
of such interactionsl~G~14*lG. The a,, values for s-alkanes were calculated by the method 
described above with the use of the Lennard- Jones equation for calculating 43~. . .I. 

The force centres j of the adsorbent were taken as =C=, -CH=, -N=, and =NH 
groups. The calculation of 93~. . . i for i = CH, and CH, at different distances, z, of the 
linkage centres in the molecule i from the basal plane containing adsorbing centres j 
was carried out for points I-VI in the plane x,y,z = 0 (Fig. 3). The absolute value of 
GOi reaches its maximum above the centre of the phthalocyanine molecule (above point 
I in Fig. 3). It decreases linearly with the increase in the distance away from this 
point and parallel to the x and y axes, which are at a 45” angle to each other, the 
potential being somewhat greater for the x axis than for the y axis. Between these 
axes the change of potential was slight and could be easily compensated for. In Fig. 4 
the calculated - Q,,, values for CG-C,i qz-alkanes and some aromatic hydrocarbons are 
compared with the experimental values for the heat of adsorption Qi for graphitised 
thermal carbon black coated with phthalocyanine (10% by wt.) ; such an amount of 
phthalocyanine is sufficient to provide almost complete shielding of the carbon black. 
From Fig. 4a it can be seen that for the non-specific adsorption of molecules of group 
A (n-alkanes) and weakly specific adsorption of molecules of group B with conjugated 
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Fig. 4. Dependence of the calculated potential energy of adsorptron. -c&,, and the experimental 
heat of adsorption, QI, on graphitised thermal carbon blaclc coated wth 10% by wt. phthalo- 
cyanine as a function of the adsorbate polarisability a. (a) -@,, (solid points) and Q1 (open pornts) 
for n-alkancs and aromatic hydrocarbons; (b) Q1 for Iz-alkanes (solid line) and for a number of 
specifically adsorbing substances. 

n-bonds (aromatic hydrocarbons), the calculated values for the potential energy of 
a non-specific interaction, - @e, are close to the measured Qr, values, as shown in 
Figs. I and 2. 

Fig. qb shows the values for the heat of adsorption Q1 for dipole molecules of group 
B (acetone, ether, pyridine) and also for molecules of group D (alcohols). These values 
are considerably larger than the known heats of adsorptionlJ+4-f0 of the correspond- 
ing molecules of group A (rt-alkanes) which do not undergo specific molecular inter- 
action. The distance between the point for Q1 in the case of specifically adsorbable 
molecules and the corresponding point (for the same polarisability value Q (ref. 16)) on 
the straight line for ut-alkanes indicates the contribution to the total heat of adsorption 
QI due to the energy of specific molecular interaction Qspacff,; see refs. 1,5,14-16. 

Qspec~ = QI(BJD) - QIW (3) 

where, Q~(A) is the heat of adsorption of the corresponding molecule used for the 
comparison, the molecule being incapable of specific interaction. A theoretical calcu- 
lation of the specific interaction energy has not yet been made in this case. 

Some nolz-@vows ionic adsorbemts. The surface of ionic adsorbents is often heter- 
ogeneous not bnly because of the presence of growth steps or dislocations on indi- 
vidual planes but also because of sharp differences in these planes with respect to 
their crystallographic indices, i.e. because of the difference in the population of 
cations and anions. The simpler cases are those of laminar and cubic lattices (the latter 
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Frg. 5. Dependence of the calculated potential energy of adsorption ,-@, and the expcrrmental 
heat of adsorption, Q, for drfferent substances adsorbed on magnesium oxide at the lcvcl of 
surface coverage 0 = 0.5 as a functron of the adsorbate polarrsabllity a. 

being of the NaCl type). In the latter case all (100) planes are identically populated 
by cations and anions. If the dimensions of these cations and anions are small and 
similar to one another, the electrostatic field changes periodically parallel to the 
surface in a rapid sequence. Owing to this, the contribution of the specific interaction 
energy to the total heat of adsorption of relatively large-size molecules is small. Fig. 5 
shows a comparison of the calculated values for the potential energy of adsorption, 
- Q,, (with compensation for the induction potential) and the measured heat of 
adsorption, Q, (for MgO cubic crystals whose surface was half-filled by molecules of 
noble gaseslo and hydrocarbons?). Here, the values for - Q, and Q are similar, and the 
specific adsorption of benzene is low. 
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6 kthylbenzene 
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5 6 7 0 9 10 
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Fig. G, Dcpcndcncc of the heat of adsorption Q1 for drffcrcnt substances separated on barium 
sulphate at low surface coverage as a function of the adsorbatc polarrsabllity a (a) and of the 
number of carbon atoms n in the molecules (b). 
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In a similar case, when the cations and especially multi-charged cations pro- 
trude on the surface of the crystal and the negative charge is distributed within large 
complex anions, the adsorbent exhibits very strong specific adsorptions (specific 
adsorbent of the second type according to the classification of KI.sELEV~*~J~J~), This 
can be seen from Fig. 6 which shows the comparison of the heats of adsorption, Q1, 
for ut-alkanes and cyclohexane, cyclohexene, cyclohexadiene, benzene, toluene, ethyl- 
benzene and o-, m-, fi-xylene with barium sulphate as the adsorbent. The data were 
obtained by a calorimetric methods0 and a gas chromatographic methodal. The contri- 
bution to the heat of adsorption of benzene due to specific interaction energy, Qspecif,, 
amounts to N 5.0 kcal/mole. The heats of adsorption on salt surfaces depend to a 
great extent on the methods of preparation and treatment of the sample. 

Zeolites. The cavity surface of porous crystals of cationised zeolites carries 
positive charges concentrated within the exchange cations. The negative charges are 
distributed among many weakly charged oxygen ions surrounding Al and Si atoms. 
Because of this, zeolites are classified as specific adsorbents of the second type. From 
Fig. 7 it can be seen that the contribution to the heat of adsorption, Q, of the B- and 
D-type molecules due to specific interaction energy is rather large. The heats of ad- 
sorption of the A-, B-, and D-type molecules shown in Fig. 7 were mainly measured 
by the calorimetric22~23 and isoteric methods24*26, but for small molecules gas chroma- 
tography20 was also used. 
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Fig. 7. Dependence of the heat of adsorption Q for dlffercnt substances adsorbed on zcohtc NaS 
with a degree of surface coverage 0 = 0.1 as a function of the adsorbate polarisabllity (1. 
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Owing to the lccal distribution of the cations and the spec%ic structure of the 
porous crystal network, the molecular field inside the zeolite cavity, and especially 
near its surface, is quite heterogeneous (here, the dispersion and electrostatic at- 
traction forces must be taken into account). However, this heterogeneity can be 
allowed for2’, and thus we can obtain the average statistical value for the potential 
adsorption energy. This has been done for the adsorption of some gaseous compounds 
and a number of n-alkane@ on zeolites of the A-type27. The calculated - a0 values 
for the potential adsorption energy and the measured heat of adsorption in this case 
are also similar. 

Puve silica and sahca containang im$wtrities. The surface of non-porous and 
porous silica, as a rule, is covered by hydroxyl groups (see refs. I, 14, 15, 29-33). The 
concentration of these groups on the surface and within the bulk of the particles 
depends on the nature and crystalline structure of the silica (for amorphous silica, 
on the nature of the sample). The concentration of hydroxyl groups also depends on 
whether the sample has been subjected to hydrothermal or simple thermal treatment 
or thermal treatment j+z zlaczco. The concentration of hydroxyl groups on the surface 
can be determined by means o f the deuterium-exchange method (see ref. 33) or by 
means of Ire spectroscopy 32. Reproducible values for the concentration of hydroxyl 
groups on the silica surface (e.g. aerosil, aerosilogeP4, silica gel) can be obtained when 
reproducible conditions are used for the hydroxylation procedure or the dehydroxy- 
lation ‘of the surface. The concentration of hydroxyl groups is independent of the 
specific surface area33. 

The presence of hydroxyl groups on the silica surface determines the specific 
nature of this adsorbent, which is classified as one of the second types of adsorbent. 
This specific behaviour is demonstrated by hydrogen bonding with molecules of the 
I% and D-group rJ4J6@, The removal of HO-groups from the surface by heating the 
sample causes a decrease in the degree of specific molecular interaction, This behaviour 
of the silica surface is to a great extent determined by the chemical purity of the 
sample. 

The presence on the silica surface of impurities which form strong Lewis acid 
centres (such as Al and B) causes an increase in the bond energy formed with electron- 
donor molecules. The effect is especially noticeable upon dehydroxylation when 
strong Lewis acid centres become exposed. This can be directly observed by com- 
paring the heat of adsorption of electron-donor molecules on pure aerosilogels and 
aerosilogels containing aluminium before and after dehydroxylation at high temper- 
atures (the surface area of the macroporous aerosilogels in these experiments remains 
unchanged). Fig. 8 shows some calorimetric data obtained by ASH et al.sO for the heat 
of adsorption of vapours of N,N,N-triethylamine, a strong organic base. Relatively 
pure aercsilcgcl and aerosilogel containing o.3G”/, by wt. aluminium served as the 
adsorbent. The samples were kept in vacua at 200~ and 1100~. Both samples containing 
HO-groups following the 200~ treatment showed, with respect to triethylamine, only 
molecular specificity on the surface (weak Urijnsted acid centres). After gradual 
coverage of the monolayer on the hydroxylated silica surface, the heat of adsorption 
of triethylamine was about 20 kcal/mole. This value corresponds to a specific 
molecular adsorption leading to the formation of a SiOH...N(C,H,), hydrogen bond. 
Strong dehydroxylation of the surface, when the sample is treated at I~OO~ (without 
altering the surface area) in the case of pure aerosilogel, leads to the formation of 
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(21, pure, 1100’ 

1 2 3 4 
d, jJmole/m2 

Pig. 8. Heat of adsorption of triethylnmine on silica. I = on silica gel with the hydroxylatcd 
surface stored i?z vaGuo at 200~; 2 = on pure aerosrlogel with dehydroxylatcd surface stored 
in VaGUO at IIOOO, 3 = on aerosilogcl containing 0.36% by wt. Al with a dehydroxylated surface 
stored in vaGtio at I 100~. 

siloxane groups which are incapable of specific molecular interaction. In this case the 
heat of adsorption of triethylamine decreases to IO kcal/mole. This value 
corresponds to the energy for the non-specific interaction of triethylamine with 
a silica surface. In the case of the aerosilogel containing an aluminium impurity, 
dehydroxylation of the surface at 1100~ results in the formation of a large number of 
Lewis electron-acceptor centres besides the siloxane groups. The molecules of triethyl- 
amine on these centres undergo chemisorption with a heat of adsorption of approxi- 
mately 50 kcal/mole. Only when all such centres accessible to the N,N,N-triethylamine 
molecules are filled, does the heat of adsorption sharply decrease to a level corre- 
sponding to non-specific adsorption on the siloxane groups of the remaining sample 
surface. Thus, there are three main levels of interaction energy: the highest, N 50 
kcal/mole, corresponding to chemisorption of N(CaHti)9 molecules on the acceptor 
centres of the impurity; N 20 kcal/mole, a level corresponding to the specific molecul- 
ar adsorption of N(C,H,J8 molecules on silanol groups; and N IO kcal/mole, a level 
corresponding to the molecular non-specific adsorption of N(C,H&, molecules by the 
siloxane groups. Analogous results have been obtained by DAY et ~1.37 for the heat of 
adsorption of tetrahydrofuran (a molecule of the B-group) on aerosilogel containing 
0.36% of aluminium by wt.), The heat of adsorption of cyclopentane (a molecule of 
the A-group) at the usual temperature of calorimetric measurements is not affected 
either by the change of silanol groups into siloxane groups or by the exposure of the 
aluminium centre@‘. 

In accordance with this, the chromatograms of B- and D-type molecules on 
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Pig. g, Chromatogram obtained for Sllochrom C-So. I = Cyclohcxane; 2 = n-&cane. 3 = 
aniline : 4 = mtrobcnzcnc, 5 = acctophenonc. Column tcmperaturc, 2oo”, column length, 
100 cm, sanlplc slzc, 0.4 111; carrier gas flow rate, 40 ml/mm, flame iomsation clctcctor. 

aerosilogels respond with a high degree of sensitivity to the presence of aluminium or 
boron centres on the silica surface. Thus a separation on columns rnade of ordinary 
silica gel containing A120, as an impurity only gives chromatograms with symmetrical 
peaks in the case of hydrocarbons (especially saturated hydrocarbons, z.e. molecules 
of the A-type). Aromatic hydrocarbons, ethers and ketones are only eluted from the 
column with difficulty, and the corresponding chromatograms are characterised by 
expanded peaks IG. On the other hand, such compounds as amines, pyridines, quinoline 
andotherstrongorganic bases remain on the column i.e. they are held by chemisorption 
on strongly acidic centres distributed on the silica surfaceaa. In the case of porous 
glass adsorbents, the role of such centres is performed by boron atomP. 

In addition, in accordance with Fig. 8, the HO-groups on pure silica are neither 
too active energetically nor heterogeneous. From Fig. g it can be seen that the hy- 
droxylated surface of chemically pure aerosilogel (Silochrom C-80) does not behave 
like a chemisorbent towards various molecules of the B- and D-groups, including an 
amine (aniline), but merely like a specific molecular adsorbent of the second type, 
which forms hydrogen bonds of different strengths with the molecules of B- and D- 
groupsbO. The dehydroxylation of a pure silica surface, which decreases its specificity, 
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only decreases the retention of such molecules and has little effect on the retention of 
A-group molecules. 

The approximate energy values of the specific interaction (in this case the 
energy of the hydrogen bond) of different molecules belonging to the B-group with 
the silanol groups have been determined by several workers3G-37. IR spectroscopic 
investigation showed that, with respect to the energy of the hydrogen bond, the 
surface silanol groups are similar to phenol groups 41. The conjugation of unshared 
electron pairs in 0 and N atoms for furan and pyridine molecules, respectively, with 
the n-electron system of the ring results in a decrease in the specific interaction energy 
as compared with tetrahydrofuran and triethylamine molecules, whose re- 
spective 0 and N atoms have lone electron pairs 1J8. For molecules containing several 
functional groups, the geometrical structure of the molecule is of special significance. 
In the case of dioxane, the presence of two ether groups isolated from each other by 
methylene eoups does not result in a doubling of the value for the energy of the 
specific interaction with silanol groups on the silica surface3”. This is due to the fact 
that the favourable orientation of oniz ether group of the chairlike molecule of dioxane 
precludes the other ether group approaching close enough to the silanol group to form 
a strong hydrogen bond with the surface. All these factors affect the retention vol- 
umes in chromatographic columns filled with Silochroms. 

SiZica modi$ed by grafted silylal~yl gro@s. The heat of adsorption on a silica 
surface which has been modified by reaction with ClSi(CH,), has been investigated by 
BABKIN et al.42. It was found that for molecules of relatively large size-benzene, n- 
hexane, and carbon tetrachloride-the initial heat of adsorption measured is con- 
siderably less than the corresponding heat of condensation. These results agree with 
the calculated data for the interaction potential energy, - Qi,, for the adsorption of 
benzene and hexane on a silica surface densely packed with methyl groups from the 
grafted - Si(CH,), groups 48. Such low values for the heat of adsorption are due to 
the low concentration of force centres on the outer surface, since the distance of the 
neighbouring methyl groups from one another is not equal to the C-C bond length 
(1.5 A) but is considerably greater and at least equal to the sum of the van der Waal’s 
radii of these groups (4.0 A). The force field of the silica surface itself, like that of the 
graphitised carbon black when it was modified by dense monolayers of organic com- 
pounds (see below), becomes almost completely shielded. For the same reason, in the 
case of relatively low concentrations of force centres on the surface, the energy for 
non-spk&ific adsorption on molecular crystals is smaller than on atomic crystals. Thus 
the heat of adsorption of n-alkanes on phthalocyanine is considerably smaller than 
on graphite. - 

A com$avison of heats of adsor$tion and the contribution to their values dzce to the 
energy of s$eci$c interactions on diflerent adsorbents. Fig. IO shows the dependence of 
the heat of adsorption, at a low degree of surface coverage, for n-alkanes adsorbed on 
a number of surfaces described above, From Fig. IO it can be seen how the heat of 
adsorption of non-specifically interacting molecules can be varied within a wide range. 
This means that the retention of these compounds in the chromatographic column 
can be varied to a much greater extent. 

Furthermore, the relative role of specific interactions in adsorption on molecular 
crystals and monolayers containing functional groups can be quite significant, since 
the contribution of the non-specific interaction energy in this case is small. Thus the 
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n - alkanes 

Zeollte NaX 

I I I I I 

2 4 6 8n 
Number of C atoms per molecule 

Fig. IO. Dependence of the heat of adsorption of n-alkancs at low degrees of covcragc on the 
number of carbon atornc; In the molecule for cllffcrent adsorbents 

specific interaction with the basal surface of phthalocyanine crystals is strong (see 
Pig. qb). It is especially strong for adsorption on metal phthalocyanines. This fact 
has been utilised for carrying out precise separationsa. 

From Fig. Ira it can be seen that the shielding of the surface of graphitised 

Polyethyleneglycol, M-1000 

(a) (b) 

Surface coverage,8 
Fig:. II. (a) 13cpenclence of the spcclfic rctcntton volume for n-pentane and methanol on the dc- 
grec of coverage, 0, of the surface of the graphltlsed carbon black coated with polyethylcneglycol. 
(b) Dcpendcncc of the spcctfic retention volumes of, w-hexanc, rr-propanol, clicthyl ether, ancl 
acetonltrtlc, relative to the rctcntlon volume of wpcntanc on the degrees of coverage, 0, of 
the ncctylcnc black surfitce coated with the z,4-dmltrophenylhydrazone of methyl ethyl ketone 
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TABLE I 

APPROXIMATE VALUXS OF THE TOTAL HEAT OF ADSORPTION AT A LOW SURFACE COVERAGE, Qtolnl, 
AND THE CONTRIBUTION TO THESE VALUES DUE TO SPECIFIC INTERACTIONS WITH THE ADSORBENT, 

Qspactf., FOR DIFFERENT COMPOUNDS (IKAL/MOLE) 

The adsorbents are arranged in order of the decreasing Qrpacr/. for benzene adsoption. 

A dsorbent C&O (C&et) 0 n-C,H,OH 

Qtotat Q*ptW. Qtotat Q@pt?Ctf. Qtotat Q#JMldf. 

BaSO, 
Zeohte NaX 
Silica gel with hydroxylated 

surface (degree of coverage 
0 = 0.5) 

Polyacrylonitrile 
Polyethylencglycol (monolayer 

on carbon black) 
z.4-Dimtrophenylhydrazone of 

methyl ethyl ketone (mono- 
layer on carbon black) 

Phthalocyanine (10% by wt. on 
graphitised carbon black) 

Graphltised thermal carbon black 

12.2 

18.0 

10.2 28 15.0 7.3 16.0 11.1 

9.4 2.8 9.0 2.8 9.6 4.8 

9.1 2.5 6.1 0.0 9.4 4.6 

8.3 

7.9 
9.2 

5.0 - - - - 

5.2 21.0 8.6 - - 

I.2 8.1 I.5 83 2.8 

0.7 6.9 0.0 10 4 5.0 
0.0 5.6 0.0 8.1 co.5 

carbon black, a non-specific adsorbent of the first type, with a dense monolayer of 
polyethyleneglycol sharply lowers the adsorption of the A-group molecules (n-alkanes) 
but increases the adsorption of D-group molecules (methanol). By modifying graphi- 
tised carbon black with a monolayer of polyethyleneglycol, we can obtain an adsorbent 
of a third type. In this case we have the electron density concentrated locally at the 
edge of the ether group; this electron density provides high specific activity with 
respect to molecules of the D-group and at the same time gives a low background for 
non-specific interactionP. 

In Fig. rrb, the result of the modification of the surface of the graphitised 
carbon black with a dense monolayer of z,+dinitrophenylhydrazone of methyl ethyl 
ketone is shown. In this case, different centres appear on the surface, but the surface 
on the whole acquires the properties of an adsorbent of the third type characterised 
by the strong retention of alcohol@. 

The change in the contribution to the total heat of adsorption of the energy due 
to specific interaction and the change in the total heat of adsorption of molecules of 
different groups on adsorbents of different types are evident from the data summarised 
in Table I.. 

Molecular-statistical calculation of Henry constants 
Re#esentation of the adsor$tion isotherm in vi&al form. In addition to calculating, 

by the methods of the molecular theory of adsorption, the potential energy of ad- 
sorption, which is close to the heat of adsorption, the calculation of the retention 
volumes as a function of concentration (i.e. adsorption isotherms), or at least at zero 
surface coverage (i.e. Henry constants), is of even greater interest. The adsorption 
equilibrium for many cases can be expressed through the virial form of the equation 
for the adsorption isotherm: 

P = r exp(C, + CJ + C,P + . ..) (4) 
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where 9 is the pressure of a given adsorbate in the gas phase ; T is the Gibbs adsorption 
per unit surface area of the adsorbent; and C,, C,, C,. . . are coefficients which depend 
on the temperature. This equation is obtained by the molecular-statistical methodq7 
and by substituting into the Gibbs equation the equation for a two-dimensional state 
in the virial for-ml@. For a low surface coverage, eqn. 4 expressed as an equation of 
the Gibbs adsorption isotherm m the virial form changes to: 

P= K,‘T + i<,‘.P + * . . (5) 

where I(,’ = exp C,; I<,’ = C, exp. Cr. In the molecular-statistical theory of ad- 
sorption4@ this equation is usually written in reverse in the form of a series of powers 

offi 
1’ = I<& + K&2+ . . . (6) 

Here, I<, is Henry’s constant, which is related to tile absolute value (calculated per 
unit surface area) of the retention volume VS through the equation (ref.15) : 

T/s = K,RT (7) 

The remaining constants K,, K3,. , . take into account the adsorbate-adsorbate inter- 
action (paired, tripled, etc.) in the adsorbent field. 

Molecular-statisticat epatiGq?s for v&al coeflcicnts. Eqn. G is obtained by the 
general molecular-statistical methcd using a large partition function and assuming 
that the gas far away from the adscrbent surface is an ideal gas4@. The quantitative 
calculations of coefficients K, and I’, in the case of gas adsorption chromatography on 
fairly homogeneous surfaces are simpler than in the case of gas-liquid chromatography. 
This is due to the fact that the force centres of the adsorbent are tightly held. The 
virial coefficients are expressed through the corresponding statistical partition 
functions, Z, by following equations (ref. 49) : 

I(, _ v2 [ 222 - “:I 

s ( IzT) 2 (ZF)” 

Here, %r and Zy are the partition functions for a single molecule within the volume v 
when the interaction of the molecule with the adsorbent surface is possible and subse- 
quently when such interaction is absent in the same volume; Z2 is the partition func- 
tion within the volume v for two molecules when their paired interaction with one 
another in the adsorbent field is possible. 

Measurements in gas chromatography are usually carried out at fairly high 
temperatures except in the separation of hydrogen isotopes and isornc&jO. Thus the 
calculation of the partition functions Z can be made according to classical approxi- 
mations. By assuming that the partition function which is related to intramolecular 
motion remains practically unchanged during adsorption (which holds true for non- 
specific adsorption), POSHKUS AND AFREIMOVICH~~ obtained the following equation 
for the Henry constant, I<,, through the corresponding configurational integrals: 
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I<, = 
J[sl] bexp( - W/W) [exp( -@/rtzT) -I] sinM.zdydzd0d~dyldal. . . cln~ (IO) 

8n2skT J [si] *exp( - W/kT)da, . . . dat 

Here, W is the potential energy of the isolated molecule which does not interact with 
the neighbouring molecules of the adsorbate, this energy being dependent on the 
angles of the internal rotation of the molecule, al . . . at; - @ is the potential energy 
of interaction of the molecule with the adsorbent surface, this energy being the 
function of the ~,y,z coordinates of the centre of the mass, Euler’s angles 0, qz~, y de- 
scribe the orientation of the quasi-rigid core of the molecule in space and al . . , at, 
the internal rotation angles; the function [si] is the determinant of the matrix com- 
posed of the quadratic equation coefficients for the rotational kinetic energy of the 
molecule expressed by projection of the angular velocity of rotation of the core and 
the derivatives of the internal angles of rotation. Thus this equation for I<, is suf- 
ficiently general in form and is not linked to any model of localised or mobile ad- 
sorption. However, this equation involves the assumption that the interaction with 
the adsorbate molecule does not affect the state of the adsorbent which is considered 
as a field source only, causing deviation of the gas near the surface from its ideal state 
far away from the surface. For fairly rigid adsorbents, especially in the case of non- 
specific adsorption, this assumption holds true. 

In many cases of practical importance, eqn. IO for Henry constants can be 
simplified. For a homogeneous crystal surface, - @ is a periodic function of x and y. 
Often, for example in the case of adsorption on the basal plane of graphite, this 
periodicity can be neglected by assuming that the regular distribution of the adsorbent 
density is parallel to the bas,al plane s~b~Bs. The determinant [si] depends on the 
internal angles of rotation of the linkages i of the molecule. However, if the molecule 
has a rigid core and if t symmetrical spindles (as, for example, in butane and s-pentane 
molecules) are attached to it, [si] becomes constant and eqn. IO can be abbreviated. 
If the whole molecule is quasi-rigid, i.e. if internal rotations are impossible, IV = o. 
In this frequently occurring case, only the term for the potential energy for the inter- 
action of the isolated adsorbate molecule with the adsorbent remains in the expression 
for K, and: 

I<, = T-G j’ [exp( -@/kT) - 11 si&dxdydzdtidqdy, (IIt) 

Finally, when the molecule is of the one-atom type, the 
constant becomes very much simplified and contains only 
centre of the molecule. 

expression for the Henry 
the x,y,z coordinates of the 

The calculation of the next virial coefficient I<, is carried out by taking into 
account the potential energy of the paired adsorbate-adsorbate interaction (this 
energy is a part of the partition function 2, in eqn. g) in the case of simultaneous inter- 
action of both molecules with the adsorbent (the partition function Z, is included in 

eqn. 9). 
The approximation of the additivity of paired adsorbate-adsorbate interaction 

in the calculation of interaction energy in the equation for I<, as well as for paired j . . .i 
interactions in the calculation of - Q, (see eqn. I) is quite satisfactory, since to dis- 
regard the interactions of many bodies which strongly depend on their mutual orien- 
tation apparently does not lead to large errors. 
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Eqns. 8, IO, II have been used in the work of KISELEV et al.l ~4~1-65 for the 
calculation of the Henry constant I<, (retention volumes V8 for zero sample size) at 
different temperatures, as well as for the change in the chemical potential, d,u, in the 
case in which the adsorbate molecule transfers from the gas phase at standard pressure 
fiO to the surface with a low value of adsorption r (with the assumption that up to 
this value of r the adsorbate-adsorbate interactions can be neglected) : 

dp = - XT In K, + RT In (F/PO) (12) 

The calculation of isoteric heat of adsorption Q1 and the differential molar change in 
the entropy of the adsorbate, OS, at low surface coverage requires the calculation of 
the first derivative with respect to temperature of InK, (and thus also the corre- 
sponding configurational integrals) with the assumption that v and s are constants: 

and 

AS = R (lnli, + T a’;;1 
I 

- In - 
PO ) 

(13) 

(14) 

On the other hand, the calculation of the differential molar change in the adsorbate 
heat capacity, Ai;; y,8, requires the calculation of the second derivative of In I<, with 
respect to temperature (and thus the corresponding configurational integral@ as 
well) : 

AC ac?* v,g = - - = 
aT 

x (zT y_fl _t- T2 821nIC, 
+ I) aT2 3 

(15) 

A comfiarison of the calculated values of In K1 and the exficrintental values. Such 
:L comparison has been made by KISELEV et al. ~~~~~~~~~~~~ for the adsorption of a series 
of simple and complex molecules on graphitised thermal carbon black and by BR&JER 
cl aZ,l7b for the adsorption of some simple molecules on various cationic forms of 

(a) (b) 

lo3 T:K-’ IO3 T;K” 

l;lg. IZ. lhpe~~clc~~cc of the calculated (hncs) nncl the rncasurcd (pomts) I-lcnry constants as a 
function of the rcclprocal of the absolute tcniperature on graphitised carbon blaclc. (a) I = Neon 
2 = argon, 3 == krypton ; 4 = xenon ; 5 = mtrogcn. (b) For C,-C, n-nlkancs 
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zeolite A. In the latter case, account is taken of the heterogeneous distribution of the 
molecular field in different directions inside the cavities of a porous crystal. 

Fig. 12 shows a comparison of the calculated dependences of In I<, on I/T 

with the experimental data for adsorption on graphitised thermal carbon black. For 
noble gases and nitrogen, calculations were made by means of eqn. II. The adsorbate- 
adsorbate interaction potential vc . . .I was calculated from eqn. 2, and the summation 
with respect to the carbon atoms of the semi-infinite lattice of the graphite in the 
calculation of @ (z) (see eqn. I) was carried out by the CROWELL method3 for a regular 
distribution in carbon density along the basal planes. The constants C’ci and C”oi for 
these adsorbents were calculated from the KIR~WOOD-MULLER theoretical equation7J 
and an equation analogous to this one O. From Fig. I2a, it can be seen that the lines 
calculated in this manner agree satisfactorily with the experimental data. 

In the case of hydrocarbons (rt-alkanes from C, to C6), atom-atom potentials 

WL.C and VC , , .H and group-atom potentials VC,, .CHQ and VC., .CH2 were used. In the 
determination of the corresponding C’ci andC”ci constants of these potential functions, 
the calculation of the configurational integrals and the values of In I<, for adsorption 
of the first alkanes considered as quasi-rigid gave results which deviated some- 
what from the experimental data (within & IO-I~~/~). In order to use these potential 
functions for all hydrocarbons, a constant correcting factor was introduced for the 
constants C’ci andC”ci (ref. 54), POSHIWS~G (see also ref. 56) has shown that the effective 
potential function 99~ . . .C obtained for the adsorption of hydrocarbons on graphite is 
very close to the effective potential function calculated for other cases where there is 
molecular interaction between carbon atoms. This is indicated by data on the com- 
pressibility of graphite 67, the properties of molecular crystals of hydrocarbonsss, and 
the second virial coefficient of gaseous methane 6O. This means that the effect of inter- 
actions between many bodies is insignificant and that the approximation of the ad- 
ditivity of paired interactions is satisfactory. 

By using these effective potential functions for atom-atom and group-atom 
interactions and by taking into account the differences in the adsorption of different 
rotational isomers (tracts- and skew-forms of N-butane and +z-pentane), KISELEV et uJ.~~ 
calculated In I<, as the function of r/T for all C,-C, n-alkanes. From Fig. Izb it can 
be seen that in the case of the adsorption of complex molecules, the calculated values 
are close to the experimental values. Analogous results have been obtained for quasi- 
rigid molecules of benzene, ethylene, and acetylene. 

The calculated values for d&,,e (ref. 6 o can be compared with the calorimetric ) 
measurementsal only for the case of adsorption of benzene on graphitised thermal 
carbon black; and these values are in good agreement. The value of d& in this case 
amounts to approx. 5 Cal/mole l deg; this indicates that in the treatment of gas 
chromatographic data obtained at wide intervals of column temperature, Q1 as a 
function of temperature should be taken into account. 

Moleczclav-statistical and thermodynamic estimation of the se$aration of comfionents 
leaving a colum?h and the order of the appearance of these components. This problem is of 
great interest in gas chromatography, since the order of emergence of the peaks for 
two given components depends on the nature and the geometry of their molecules, 
the adsorbent surface and on the temperature. 

Usually the order of the In V, values for two components on the same ad- 
sorbent corresponds to the order of the values of the heat of adsorptionl6. However, 

J. Cfrromatog., 49 (1970) 84-129 



PROBLEMS OP MOLECULAR ADSORPTION CHROMATOGRAPHY =og 

with a change in temperature a reversal in the order of appearance of the peaks is 
often observed. The molecular-statistical calculation of the In V8 values and the heat 
of adsorption is not sufficiently precise because of the small changes in these values 
on changing over from adsorption of one molecule to that of another of similar 
structure. However, the difference in these values can be calculated fairly accurately, 
since in both cases the calculations involve the same assumptions and approxima- 
tions. 

In the papers a2 for this symposium (see also ref. 63) POSHKUS examines the sepa- 
ration of deutero-substituted molecules in great detail from the point of view of the mo- 
lecular statistical theory. He also cites the relevant literature on the subject. The 
quantum-statistical effects related to the intramolecular vibrations rapidly decrease 
with increase in temperature. Translational and rotational quantum effects increase 
the adsorption of the heavier molecules among the series of the isotopes investigated, 
but these effects rapidly disappear with the increase in the mass and moment of inertia 
of the molecule and increase in temperature. Thus, under conditions of chromato- 
graphic measurement, the difference in the potential functions of the interaction of 
deuterated hydrocarbons with the surface is of great importance. This difference is 
mainly due to the lesser polarisability of the deuterated linkages of the molecule. 
KISELEV AND POSHKUS~~.~~ give an equation, obtained by quasi-classical approxi- 
mation, describing the relative difference in the retention volumes for a number of 
organic substances in the H- and D-substituted forms of the molecules. In the same 
work, the corresponding expressions for the differences in the heat and entropy of 
adsorption and the changes in the heat capacity of the adsorbate are given. In ac- 
cordance with the molecular adsorption theory, the retention volumes and the heats 
of adsorption on graphitised carbon blacka*@ and carbonised Sarana are smaller for 
D-substituted compounds than those for H-substituted compounds. 

The separation of various geometrical isomers and positional isomers on gra- 
phitised thermal carbon black and the possibility of using gas adsorption chromato- 
graphy in the investigation of molecular structure have been reviewed in detail by 
KISELEV et uZ.~~. In the paper by KOUZNETSOV AND SHEHERBAKOVA~~ presented at 
this symposium, new results on the use of gas chromatography, based on non-specific 
adsorbents having a homogeneous plane surface, for the estimation of the molecular 
structure of a number of hydrocarbons are reported. 

The investigation of the frequently observed inversion of the order of ap- 
pearance of the components from a column upon a change in temperature is of great 
interest. KISRLEV AND POSHKUS~~ have examined the conditions leading to the inter- 
section of the plots of In V/S as a function of I/T in the case of low surface coverage. 
In this case (see eqns. 7, 12-14) we have: 

In Z<i = In (V,/RT) = Q,/RT + [AS/R + ln(.Z’/fiO)] (16) 

The entropy of the adsorption 0s + X ln(Z’/fiO) is usually negative1”@*a0~70. The 
value of AS/R _I- ln(r/fiO) as well as that of I<, = (Z’/fi)~,p~o and Q1 are limited and 
finite. That is, they are independent of r. But all these values I<,, V8, Q1, and AS/X + 
ln(r/fio) depend on temperature. With an increase in Q1, an increase in In I<, and 
in the absolute value of the entropy of adsorption also occur. The dependence of these 
values on Qr is often linear 16, This question has been examined in theoretical studies 
by BARRRR AND REES O”, BARRER AND EVERRTT~~, and KISELEV AND POSHKUS’~. 
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For adsorption on graphitised thermal carbon black the theoretical slopes of these 
relations were calculated for the noble gases and +z-alkanes’o. 

The difference between the In K, values for two adsorption systems at the 
same temperature, T, and for adsorption of two components on the same adsorbent 
is in accordance with eqn. x6: 

A In K1 = A Q,/RT + A [AS/R + ln(r/$“)] (17) 

The temperature at which the retention of both components becomes equal, i.e. 
when dlnZ<, becomes zero, and an inversion of the order of appearance of the peaks 
occurs, is described by the equation: 

Tin”ereIon = - A91 
A IX + Rln(r/PO)l w 

The difference in the heats of adsorption and the entropies of adsorption are related 
here to the temperature Ti nvereion. The intersection of the plots of In I<, against I/T 

for two components takes place in the range of temperatures usually encountered in 
gas chromatographic measurements, if the small differences in the heats of adsorption 
AQ, correspond to sufficiently large differences in the entropy of adsorption A [As+ 
R ln(r/$O)]. The inversion temperature can be predicted both on the basis of ex- 
perimental measurements of TIb as a function of T for the corresponding pair of com- 
ponents and by means of molecular-statistical calculations of lnZ<, (or Q1 and 
As + Rln(T/pO)). Fig. 13 shows the results of such calculation for the adsorption of 
benzene and cyclohexane on graphitised thermal carbon black. This calculation 
suggests that the inversion of the order of appearance of the peaks should take place 
at fairly high temperatures. Unfortunately, however, this cannot be confirmed owing 
to the fact that experimental data obtained so far are not sufficiently precise. 

SOME ANALYTICAL APPLICATIONS OF GAS CHROMATOGRAPHY USING NEW ADSORBENTS 

Gra$hitised thermal and acetylene carbon black 
The advantages of graphitised carbon black as a non-specific adsorbent with 
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Fig. 13. Calculated (solid and dotted lines) and measured (points) dcpcndence of In Ir’, on r/Z’ 
for benzene (I) and cyclohexanc (2) on graphitiscd thermal carbon black. 
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(a) 

I\ / 

0 2 4 6min 0 2 4 6 min 

Fig. 14. Separation on graphitiscd thermal carbon black column: (a) benzene -I_ perfluoro- 
benzene; (b) perfluorohcptanc + n-hcptane. Experiments by I. A, MIGUNOVA and YA. I. YASHIN 

the plane faces of the particles of graphite being formed by the basal planes are well 
knownr4J6~6~~Ob~O7. In this work, therefore, we shall only cite examples of new appli- 
cations of graphitised thermal and acetylene carbon black. 

Graphitised thermal carbon black, an adsorbent with a plane surface, is par- 
ticularly effective in the separation of structural and geometrical isomers. Several 
examples of separations of isomers are considered by KOUZNETSOV AND SHCHERBA- 

KOVA~~ in their paper for this symposium. The theory for the separation of isotopes 
has been examined by KISELEV AND POSHKU+@J. 

( b) 

min 

Fig, 15. Separation on graphitiscd thermal carbon black column: (a) bielomcnto-organic com- 
pounds containing silicon, germanium and tin; (b) organosilicon compounds; (c) heterocyclic 
compounds. 
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The separation on graphitised thermal carbon black of the usual and fluorine- 
saturated aromatic hydrocarbons is of interest. In the case of benzene the substi- 
tution of hydrogen by fluorine takes place in the plane of the aromatic ring and there- 
fore does not lead to an increase in the distance between the carbon atoms of the 
molecule and the basal plane of the graphite. The polarisability of the fluorinated 
molecule is somewhat higher, and thus the energy of a non-specific interaction with 
graphitised thermal carbon black in the case of perfluorobenzene is greater. From Fig. 
I4a it can be seen that in accordance with this, perfluorobenzene leaves the column 
after benzene. In the case of the fluorination of methyl and methylene groups, their 
radius increases and the carbon atoms of fluorinated alkanes are at a greater distance 
from the basal plane of the graphite. Consequently, the energy of a non-specific inter- 
action of fluorinated alkanes and cycloalkanes’l with the basal plane of the graphite 
is smaller than that of the unfluorinated alkanes and cycloalkanes. From Fig. r4b it 
can be seen that ut-perfluoroheptane leaves the column first, while the qz-heptane 
remains longer on the column. 

As a chemically inert non-specific adsorbent, graphitised thermal carbon black 
is effective in the separation of elemento-organic compounds. Fig. Iga shows the 
separation of bielemento-organic compounds of silicon, germanium, and tin ; Fig. rgb 
shows the separation of organosilicon compounds of the type 

0 
: 1 :;:aF$ 

2 
where R = CH, or H; while Fig. 15c shows the separation of 

heterocyclic organosilicon compounds of the type 

OCH,CH 

’ \X (CH&& 
\ / 

OCH,CH, 

where X is >O, >S, and >NC,H, (ref.72). The 

efficiency of this separation on graphitised thermal carbon black exceeds that obtained 
in gas chromatographic columns filled with various non-polar and polar liquid phases. 

Graphitised thermal carbon black is a fine powder. The granular particles ob- 
tained after shaking and passing it through a sieve are irregular in shape and have 
low mechanical strength. This has a detrimental effect on the hydrodynamic con- 
ditions inside the column and decreases its efficiency. KISELEV et al.73 investigated 
the optimal conditions for reinforcing the carbon black particles by treatment with 
an adhesive polymer (Apiezon L, o.oI~/~ by wt.). This treatment yielded mechanically 
strong particles without affecting the properties of graphitised thermal carbon black 
as a non-specific adsorbent having a homogeneous plane surface. We have named this 
new material Carbochrom. From Fig. 16 it can be seen that in the separation of C,-Cl0 
mixtures of rt-alcohols the efficiency of the Carbochrom column is twice that of a 
column of the same length filled with untreated graphitised thermal carbon black. 

It has been found that Carbochrom obtained from graphitised carbon black 
having a higher specific surface area is effective for the separation of more volatile 
mixtures. A suitable material for this purpose is acetylene black. During its prepa- 
ration acetylene black is subjected to thermal treatment at 2500-3ooo” (ref. 74). Fig. 
r7a illustrate the dependence of the specific surface area of acetylene black on the 
amount of polyisobutylene and polyphenylmethylsiloxane used as adhesion modifying 
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L?g. IG. Scparntlorl of C&-C,, n-alcohols (a) on graphltlsccl thcrmsl carbon black without modi- 
fication wth an r~clhcslve material, (b) on Carbochrom (graphltwxl thcrnwl carbon black + 
O.OIO/" by wt. Aplezon L) 

agents73. As shown in Fig. r7b, the addition of polyisobutylenc (0.5% by wt.) con- 
siderably increases the efficiency of the acetylene black column. 

SiZocJzronas 
Silochroms are prepared from aerosilogels subjected to an additional treatment 

for the purpose of obtaining the desired specific surface area and pore structure. As 
shown earlier (Figs. 8 and g), the hydroxylated and dehydroxylated surface of pure 
silica is only capable of molecular adsorption, even with rather strong organic bases. 
In Fig. 18, some examples are shown illustrating the separation of compounds of the 
B-group, i.e. those which can specifically interact with the hydroxyl groups of the 
silica surface’“. The peaks obtained in chromatographic separations with columns 
containing pure macroporous silica are fairly symmetrical, and the temperature of the 
column need not be high. The relatively low energy of non-specific interactions makes 
its possible to utilise macroporous silochromes for the separation of high-boiling-point 
substances at relatively low temperatures. Data in Fig. 19 illustrate the separation, 
at 250°, of a mixture of phthalic acid esters on macroporous silochrome having a 
specific surface area of 80 mz/g. 
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Fig. 17. (a) Dcpcndencc of the spcclfic surface area, s, of acetylene black on the amount of ad- 
hesive material. I = Polyisobutylene; 2 = polyphcnylmcthylsiloxanc. (b) Separation of aromatic 
hydrocarbons : I = benzcnc ; 2 = toluene ; 3 = cnmcnc ; and 4 = p-xylcnc ; all on acctylcnc black 
and on acetylene black modified by the addition of 0.5% by wt. polyisobutylenc. 

Barium sul$hate 
Data in Fig. 6 and Table I show the high specificity of BaSO, as an adsorbent 

of the second type. Thus barium and magnesium sulphates are suitable for separating 
molecules of the B-group, whi& utlrlergo weak specific interactions with adsorbents 
of the second typ’e. The selection of adsorbents such as these enhances the weak 
specific interaction. Fig. zo shows a chromatogram 21 for some aromatic hydrocarbons 
separated on barium sulphate, Even in this preliminary experiment with a low- 
efficiency column, there is complete separation of the o-, m-, and fi- mixture of xylenes. 
This example shows that it is possible to control the adsorption properties, particu- 
larly the specificity of the adsorbents, using various inorganic crystalline substances 
(especially those having a laminar structure). The modification of such adsorbents 
can often be achieved by the ion-exchange method. In this respect compounds with 
an organic cation should be effective, TARAMASSO AND VENIALE~O showed that the 
separation of aromatic hydrocarbons on a beidellite-type adsorbent treated with long- 
chain alkyl-ammonium complexes can be highly efficient. Apparently in this case we 
have an effective combination of the non-specific behaviour of the organic layer and 
the residual specific behaviour of the mineral itself. 
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Fig. IS. Chromatograms obtained with Sllochrom C-80. (a) Mixture of ltctoncs’ I = acetone; 
z = methyl ethyl kotonc; 3 3: dlethyl ketone. Column temperature, 200’; sample sme, 0.4 ~1. 
(b) Mdurc of esters: I = ethyl formate; 2 = ethyl acetate; 3 -= methyl Isobutyrate. Column 
tcmperaturc, 140°, sample size, 0.4 /cl 

I I I t I 

0 2 4 6 8 10 min 

Ftg. 19. Chronmtograms obtamcd with Silochrom c-80 of a mtxturc of phthatic ac~cl cstcrs: 
L = chmethyl phthalatc, z = dlcthyl phthalatc ; 3 = chbutyl phthalatc. Column temperature, 
270~~ sample size, 0 4 ICI. 
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Fig. 20. Chromatograms for mixtures of aromatic hydrocarbons separated on &SO,. Column 
temperature, I 65” ; column length, 400 cm ; column diameter, 0.6 cm ; flame ionisation detector; 
carrier gas, nitrogen; carrier gas flow rate, 55 ml/min. x = Cyclohexsne ; z = cyclohexcne, 3 = 
I, 3-cyclohcxadmnc , ,I = benzcnc ; 5 = toluenc, 6 = cthylbenzenc, 7 = fi-xylcnc; 8 = nt-xylcnc ; 
g = o-xylene. 

Fig. 31. Chromatogram for the separation of aromatrc hydrocarbons on graphitiscd thermal 
carbon black containing I o/o by wt. copper phthalocyanme. Column tcmpcraturc, 269; column 
length, I m ; carrier gas, hydrogen ; carrier gas flow rate, 28 cm/see. 
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Plttlaalocyanine and metal fiiathalocyaaines 
The characteristic adsorption properties of phthalocyanine have been illus- 

trated in Fig. 4. The possibility of introducing metallic complex-forming ions leading 
to the formation of different phthalocyanines widens the prospect of controlling the 
specific nature of these adsorbents. These properties have been exploited successfully44 
in excellent separations of complex mixtures. An example of such a separation is 
shown in Fig. 21. 

Adsorbents coated with dense monolayers 
The coating of adsorbent supports having a large surface area with dense 

monolayers of various substances provides a number of advalltageslG,4B*40,7’. These 
are : 

(I) The shielding of the adsorbent support field with a dense monolayer of 
molecules or macromolecules (see Fig. 3) leads to a sharp decrease in the concentration 
of force centres on the coated surface as compared with the uncoated surface; this 
results in a considerable decrease in the adsorption energy. 

(2) The detrimental effects due to heterogeneity of the adsorbent surface are 
completely or partially overcome. 

(3) The degree of specificity of molecular interactions with the adsorbent 
surface can be controlled effectively by coating the adsorbent with monolayers of 
compounds containing such functional groups as -COOH, -OH, -NH,, -CN, >O, 
>CO, -C,H,, etc. 

(4) The monolayers are much less volatile than the corresponding volume 
phase, since the monolayers are located in the strong adsorption field of the adsorbent 
support. 

Monolayers can be applied on the adsorbent support surface by adsorption 
from a solution (a particularly useful method when coating with non-volatile macro- 
molecular polymers1s~46*40~77) or by adsorption from the carrier gas directly on to the 
adsorbent in the chromatographic column. The latter method is very convenient 
with substances that undergo chemisorption from the gas phase on the adsorbent 
support38v7sa. KISELEV AND YASHIN 78b have examined the effect on the order of ap- 
pearance of the peaks in a separation of C,-C, alcohols on macroporous silica gel 
coated with various amounts of glycerine, sorbitol and triethanolamine. When the 
surface is almost completely covered with a dense monolayer, a change occurs in the 
relative retention volumes of this series of alcohols (see Fig. II). The functional 
groups of glycerine, sorbitol, and triethanolarnine become partially involved in a 
specific interaction with the HO-groups on the srlanol surface, forming strong hy- 
drogen bonds with them. Because of this, the strong specificity of the adsorbent is 
obstructed by the monolayer coating. Such modified adsorbents therefore show 
relatively weak adsorption of alcohols from the gas phase. As a result, the separation 
of alcohols can be carried out at a relatively low column temperature. 

The specific nature of the monolayer surface becomes even less pronounced 
when the adsorbent support is coated with planar molecules which, like phthalocya- 
nine (see Fig. 3), are located parallel to the surface of the adsorbent support. As a 
result, the adsorbent exhibits weak specificity. This makes it possible to separate the 
lower alcohols at yet lower temperatures. Fig 22 shows a comparison of the chro- 
matograms obtained for C,-C, alcohols on macroporous silica gel with a specific 
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Fig. 22. Separation of C&Z, alcohols on dense monolayers: (a) sorbitol on macroporous silica gel 
with specific stirface area s = 60 mn/g; (b) z,+dinitrophenylhydrazono of methyl ethyl ketone 

1 oh acetylene carbon black with specific surface area s = go me/g. 
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I \$i& 23. Soparation of the mix&e CH&OOCH, + CF,COOCI& on Chromosorb-rol. 
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surface area, s = 60 mz/g, coated with a dense monolayer of sorbitol and on an acetylene 
carbon black adsorbent (s = go ms/g) coated with a dense layer of the z,4-dini- 
trophenylhydrazone derivative of methyl ethyl ketone. In the latter case all eight 
C,-C, alcohols are well separated at a column temperature of 70~. The hydrazone 
monolayers on an acetylene carbon black surface do not affect the background of the 
flame ionisation detector at column temperatures up to 150~. 

Porous ~o&ymeys 
Porous styrene-divinylbenzene copolymers such as the Chromosorbs-IoI and 

-102 manufactured by the John Manville Co. and Polysorbs70 are weakly specific 
adsorbents of the third type. Some of their adsorption properties with respect to the 
molecules of groups A, B, and D have been described by GVOZDOVICH et al. *O. The 
use of porous polymers in preparative chromatography is discussed in the paper by 
ZELVENSKY AND SAKODYNSKY~~ at this symposium. Owing to their weak adsorption 
of water, porous polymers find wide applications in the analysis of various mixtures 
containing water *2s8s. In Fig. 23 an example is given illustrating the separation of the 
B-group molecules, CH,COOCH, and CF,COOCH,, on Chromosorb-101. Owing to the 
large radius of the fluorine atom, the volume of the CF, group is considerably greater 
than that of the CH, group, hence the main non-specific dispersion interaction of the 
fluorinated compound with Chromosorb-101, in this case the adsorption of B-group 
molecules on an adsorbent of the third type, is weaker, and CF,COOCH,is the first 
to leave the column. This case is analogous to the separation of a mixture of perfluoro- 
alkane and rt-alkane on a non-specific adsorbent (see Fig. I4.b). A more detailed anal- 
ysis of the chromatographic separation of fluorinated compounds is discussed in the 
paper by GVOZDOVICH AND YASHIN~~ presented at this symposium. 

LIQUID-MOLECULAR ADSORPTION CHROMATOGRAPHY 

Some characteristics of ligatid molecular adsor$tion clarowzatogra~lty 
In 1903 TSWETT discovered chromatography as a liquid adsorption proces@. 

One reason for the slow development of liquid chromatography, apart from the fact 
that TSWETT’S discovery at first received little attention, was the absence of sensitive 
and versatile detectors. In recent years liquid chromatography has become a subject 
of intense research. This interest is related to the development of new detection 
methods and to the fact that the shortcomings of gas chromatography had in the 
meantime become apparent. In its usual form (with a low pressure of weakly adsorbing 
carrier gas) gas chromatography can only be used in the separation and analysis of 
relatively volatile and thermally stable compounds. Highly compressed and strongly 
adsorbing carrier gases can be used to decrease the Henry constants in the case of 
heavy molecules 8os*7. Actually this type of high pressure gas and fluid chromatography 
is similar to liquid chromatography, since the molecules of the carrier are concen- 
trated and actively compete with the molecule of the components to be separated 
for the sites on the adsorbent surface. 

In the case of liquid chromatography the separation takes place in the liquid 
layer immediately adjacent to the surface of the solid adsorbent. The separation 
proceeds at lower pressures and temperatures (usually at room temperature). Sepa- 
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ration in liquid molecular adsorption chromatography can be controlled by regu- 
lating not only the chemical nature and geometrical structure of the adsorbent surface 
but also the nature of the adsorbable mobile phase (eluant). 

Depending on the diffusion rate of the components in solution and the pore size 
of the adsorbent, liquid chromatography can approach the conditions of equilibrium 
adsorption chromatography or molecular sieve chromatography. In this part of the 
paper we shall consider the first case, where the question of establishing a relationship 
between liquid adsorption chromatography and the theory of adsorption from solu- 
tionsss-so is of special significance. Unfortunately, however, this question has received 
very little attention as yet. 

Adsorption isotherms fvonz solution, equilibrium constants, and distribution function 
Liquid molecular adsorption chromatography, in the case where the system 

approaches equilibrium, is based on the difference in the equilibrium constants for the 
solution-adsorbent system. Even where complete separation of the components of 
a mixture takes place, the elution peak of a given component !contains at least two 
substances: the component from the mixture being analysed and the solvent. A 
characteristic of adsorption from solution is the mutual displacement of the molecules 
of the components of the solution on the adsorbent surface. That is, the adsorption of 
some molecules is inevitably accompanied by the desorption of others. The heat of 
adsorption of a given component from a liquid solution is determined by the difference 
in the energy of interaction of its molecules with the molecular fields of the adsorbent 
and the solution. Thus it is several times lower than the heat of adsorption of the same 
component from the gas phase. This makes it possible, firstly, to carry out liquid 
adsorption chromatography at significantly lower temperatures and, secondly, to 
utilise the changes in the molecular field both of the adsorbent and the eluant. In the 
case of mixed solvents being used during the elution of a given component of a 
mixture, adsorption takes place from at least a three-component system: a given com- 
ponent of the mixture being separated and the eluant which consists of the main 

Fig. 24. Gibbs adsorption isotherm P1(n) of toluenc from solution In n-heptanc on: 0 = hy- 
clroxylatcd silica gel, 0 = oxidiscd carbon black; A = non-oxldiscd carbon black. Mole 
fractions of the equilibrium bulk solution arc on the abscissa: 
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solvent and a substance added to it. The increase in the concentration of this sub- 
stance remains constant or is programmed. 

The effect of the chemical nature of the adsorbent surface and its modifications 
in liquid adsorption chromatography is in general similar to that in gas chromato- 
graphy. However, the competing interaction with the molecules of the solvent should 
be taken into account here. Fig. 24 shows the effect of decreasing the specificity of the 
adsorbent on the Gibbs adsorption isotherm rr(n) from binary solutions of toluene 
(component I) + ut-heptane 91. On going over to a non-specific adsorbent of the first 
type, graphitised carbon black, the magnitude of the Gibbs adsorption of the B-group 
molecules (toluene) from gz-alkane solutions (molecules of the A group) sharply de- 

TABLE II 

EQUILIBRIUM CONSTANTS FOR A BINARY SOLUTIOh ‘-ADSORBENT SYSTEM AT ROOM TEMPERATURE 

Mzxtuve Adsorbent Eqrczlzbvauva 
constant 

-- - 

Rcnzenc + rt-hexanc Hyclroxylatccl slhca 9.1 
Toluene + n-heptane Hyclroxylntccl silica IO.4 

Bcnzcnc + n-hexanc Dehyclroxylatecl silica 2.G 
Tolucne + m-hcptanc Oxiclisccl carbon black 3.0 
Toluenc + w-hcptanc Non-oxlchsecl carbon black I ,5 

creases. In this case, at sufficiently high concentrations of toluene, its adsorption 
changes sign. It becomes negative (while the adsorption of n-heptane becomes positi- 
ve), and the isotherm passes through the azeotropic point. 

Table II gives a summary of the values for the equilibrium constants for the 
adsorption of an aromatic hydrocarbon from a solution in a saturated hydrocarbon 
on the surfaces of adsorbents in the order of their decreasing specificityo1s02. These 
values were calculated with the assumption that there is monomolecular adsorption, 
constant orientation of the molecules of the solution components near the surface, 
and equal areas occupied by these molecules on the adsorbent surfacesO*O1. With an 
increase in the degree of dehydroxylation of the silica surface or in the graphitisa- 
tion of the carbon black, i.e. as one goes from specific adsorbents to non-specific, the 
equilibrium adsorption constant decreases. With the decrease in the equilibrium 
constant to x.5 (in the case of adsorption on graphitised carbon black), the ad- 
sorption isotherm passes through the azeotropic point. 

Fig. 25 shows the effect of the structure of aromatic compounds (benzene, 
naphthalene, biphenyl, phenanthrene) on the adsorption from solutions in non- 
specifically adsorbing solvents (n-alkanes) on the hydroxylaied surface of silica gel. 
Here the adsorption is expressed in mole fractions of the surface solution x1(8) calcu- 
lated from experimental Gibbs adsorption values, rl(n). In this case account is taken 
of the effect of the mutual displacement of the molecules of the aromatic compound 
and the solvent molecules. This effect is reflected in the ratio of the area occupied by 
the aromatic molecules to that occupied by the solvent molecules on the adsor- 
bent surfaceD’. 

J ChYOt?lfZtO~ , 49 (1970) 84-129 



116 A. v. I<ISELEV 

0 005 0.1 
4, mole fractton of bulk solution 

Fig. 25. Adsorption isotherms for benzene, naphthalenc, blphenyl and phenanthrcnc from N- 
allcanc solutions on silica gel with a hydroxylatcd surface, The adsorption values are given in 
mole fractions of the aromatxc hydrocarbons in the surface solution, X,(S). 

In this case, the values for the activity in the bulk solutions are unknown, and 
the areas occupied by the component molecules are considerably different. Thus the 
equilibrium constants could not be calculated. But the order of these valiies in the case 
of strong specific adsorption of one of the components of the solution (aromatic hydro- 

x,(8) 
carbon) could be expressed by means of the distribution function f = T/A 

2 x2 

when x1(*) = x,(8) = 0.5. Here, x1(@, x,(s) and x1, x2 are the mole fractions of the 
components of the surface and bulk binary solutions, respectively. Table III summa- 
rises the values off at x1(8) = 0.5 for the adsorption of a series of aromatic hydro- 
carbons from solutions in saturated hydrocarbons on a hydroxylated silica surface02. 
The successive order of the f values for polynuclear aromatic hydrocarbons from 
solutions in saturated hydrocarbons on specific adsorbents coincides with that of the 
retention times for polynuclear aromatic hydrocarbons in the case of the liquid ad- 
sorption chromatography (experiments of FROLOV AND YASHIN~~~) and in the case 
of fluid gas chromatography at high pressures and with a strongly adsorbable car- 
rier gasae. 

It will be necessary to establish in future work a clear relationship between the 
equilibrium constants for adsorption from solutions or at least the equilibrium values 
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TABLB II I 

DJSTRlBUTION COEFFICIENT f IN THE ADSORPTION OF AROMATIC HYDROCARBONS ON A IIYDROS- 

YLATED SILICA SURPACB FROM SATURATED SURFACE SOLUTIONS 

Mole fraction X,(S) = 0.5; at room tcmpcraturc 

Aromatic hydrocarbons Distvzbutzon 
cocf$czent f 

Benzene I2 

Naphthalcnc 15 
Biphenyl 47 
Phenanthrcnc 90 

of the distribution coefficients, f, examined and the corresponding 
teristics in liquid adsorption chromatography. 

retention charac- 

The adsorption from tertiary solutions is much more complex. Owing to mutual 
displacement of different molecules of the component in the surface solution, at least 
one of the components is negatively adsorbed, as in the case of binary systems. The 
magnitude of the adsorption can be determined by analysing the composition of the 
equilibrium solutions by means of gas chromatography93 or directly by liquid chro- 
matographic analysis on adsorption columns. 

The adsorption isotherms in this case are not in the form of curves, but of 
curved surfaces. They can be conveniently expressed by projection by means of the 
Gibbs triangle. Isotherms thus obtained for adsorption of dioxane, benzene, and jz- 
hexane from tertiary solutions of these component@ are shown in Fig. 26. The strong 

Ply. 26. Gibbs adsorptlon lsothcrms (micromoles/m~) of. a = dioxanc, b = hnzcne; c = n-hex- 
ant on hydroxylated silica gel from their mixtures The sol~cl hncs are proJections of the positwc 
surface adsorption: dotted lmcs are the proJcctions of the ncKatlvc surface adsorption. 
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specific interaction of dioxane molecules with the silanol groups on the surface makes 
the adsorption of dioxane positive throughout the whole range of concentrations. On 
the other hand, the adsorption of n-hexane is negative throughout. The adsorption of 
benzene whose molecules can only undergo weak specific interactions with the silanol 
groups on the adsorbent surface has different signs at different concentrations. The 
adsorption of benzene is positive at low concentrations of dioxane and negative at 
high concentrations of dioxane. This example shows the extent to which one can vary 
the adsorption of the component by changing the nature and concentration of the 
solvent mixture. 

SNYDER~~ has made a comparison of the results obtained from liquid and gas 
adsorption chromatographic analyses of the same mixtures. In liquid chromatography, 
as in gas chromatography, the retention volumes on non-specific and weakly specific 
adsorbents (in particular on various types of carbon black) are practically inde- 
pendent of the nature of the functional groups, but are determined by the configu- 
ration and the electron polarisability of the molecules of the components. In sepa- 
rations with a specific adsorbent such as aluminum oxide, the retention volumes in 
liquid adsorption chromatography sharply increase when the molecules of the com- 
ponents contain polar groups or n-bond@ in the case where the solvent belongs to 
the A-group, i.e. where the solvent cannot undergo specific interaction with the 
adsorbent, 

1 
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Fig. 27. Chromatogram obtained on aerosilogcls of different geomctrlcsl structures for the mix- 
ture of isomers: I = o-dlhydroxybcnzene, 2 = m-dlhydroxybenzenc, 3 = p-dihydroxybcnzeno. 
Column length, 15 cm : column diameter, o 6 cm ; column temperature 18” ; mobllc Ccl, phase 
flow rstc. 0.5 ml/min; specific surface arca (from top to bottom) : 30, 50. 80 mg/g. 
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The effect of the natzcre and fiorosity of the adsorbent on liquid chomatogra#y of molecules 
SNYDERO~ has studied the effect of various experimental parameters on the 

efficiency and selectivity of the separation in liquid chromatography. These are 
sample size, the nature of the adsorbent, the dimensions of the adsorbent particles, 
the nature of the mobile solvent and the rate of its flow, and the column diameter. 
The effect of the adsorbent porosity on the performance of a chromatographic 
column is of great interest ; an increase in pore size, corresponding to a decrease in the 
specific Surface area from 830 to 340 m2/g increases the efficiency (the number of 
theoretical plates) five times O7. By selecting the optimal pore size and controlling the 
porosity relative to the grain depth (e.g. by using surface-porous adsorbents such as 
were originally developed by ZHDANOV et aLO*), one can considerably raise the effi- 
ciency of liquid chromatographic columns and carry out separations in shorter 
periods of timeDO. 

Data in Fig. 27 illustrate the effect of pore size of aerosilogels in the chromato- 
graphic separation of dihydroxybenzene isomers loo. With the decrease in the surface 
area of the adsorbent and the increase in the average diameter of the pores, the 
retention times and peak width decrease. The best results are obtained on columns 
with a more macroporous aerosilogel. 

L 
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Fig 28. Chromatograms obtalnccl on aluminium ox~dc at varlow conccntratlons of ethanol (the 
amount of cthzrnol is lndlcated on cnch chromatogram) 111 bcnzcnc as the tnam solvent. I = O- 
nitroplicnol, z = m-nitrophcnol; 3 = P-nitrophenol. Column length, 50 cm, column dlamctcr. 
0.8 cm, column tempcraturc, zs”, flow rate, 0.44 ml/min 
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The eflect of changes in the natwc of the elzcant alzd in temjberatwe 
The effect of changes in the nature of the solvent on the retention volumes and 

the separation selectivity in liquid adsorption chromatography is illustrated in Fig. 
28 (ref. 100). The separation of nitrophenol isomers can be improved upon the addition 
of ethanol to benzene used as the main solvent. However, at higher concentrations of 
ethanol, separation becomes less efficient owing to a big decrease in the adsorption of 
nitrophenol. This makes it possible to control the adsorption of nitrophenol isomers 
and consequently the retention time. In applying the method of gradient elution, 
ALM et aLlo and SNYDER~~~ increased the concentration of the strongly adsorbing 
additive in the main solvent as a function of time. 

An increase in the column temperature in liquid adsorption chromatography 
leads to more diverse results than in gas chromatographyl03. This is apparently due 
to the fact that in adsorption from multi-component solutions the- competition for the 
most favourable sites on the adsorbent surface results in different dependences of the 
adsorption of the various components on the temperature. From Fig. 29, it can be 
seenloo that with an increase in temperature, the retention volumes of o- and Jo- 
nitrophenol on an aluminium oxide column, with benzene as the main solvent con- 
taining various amounts of ethanol, do not decrease but even increase slightly. With 
the increase in temperature the relative role of the specific interactions, in particular 
the formation of hydrogen bonds, of ethanol with the adsorbent decreases. The re- 
tention volumes when large molecules are being separated depend to a lesser degree 
on temperature. In this case the main contribution to the energy of adsorption is due 

t I I I 
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-..- 
0 20 40 60 60 100 mln 

Fig. ZQ. Chromatograms obtained on an aluminium oxde column: I = o-nitrophenol ; z - p- 
nitrophenol. Column temperature indicated on the chromatogram ; column length, 50 cm ; 
column diameter, 0.8 cm: mobile phase, 97.5 o/o benzene + 2.5 o/o ethanol; flow rate, 0.44 ml/min. 
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to dispersion interaction. Apparently at higher temperatures large molecules displace 
a fraction of the ethanol molecules from the more active sites and become themselves 
adsorbed more strongly than the ethanol molecules. 

Gas chromatogra@y versus lipid chvonzatografihy as a$q%?ied to the sefiaration of the 

same mixture 
In many cases the time for analysis by liquid chromatography may approach 

that for gas chromatography1°4JoG. Th is is illustrated in Fig. 30, where the data 
obtained for the same mixture of o-, nt-, and fi-nitrophenol separated by gas and 
liquid chromatographic methods’00 are shown. The separation times by these methods 

(a) (bl 

k 
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3 

k 

I - , 

0 4 8 12 mh 0 20 40 min 

Fig. 30. Chromatograms of the mixture* I = o-nitrophenol , 2 = m-nitrophcnol : 3 = fi,-nitro- 
phenol. (a) Obtained by gas chromatography on a column (IOO x 0.3 cm) with Chromosorb 
W + 3 y0 OV-17 at 150~; (b) obtainecl by liquid chromatography on a column (50 x 0.8 cm) 
with alummium oxide at 25O, moblle phase, 9.5 o/0 by wt benecnc -I- 5 o/0 by wt. ethanol : flow rate, 
0.44 ml/min. 

are comparable, though the liquid chromatographic separation is more complete. 
From data in Fig. 31 it can be seen that the mixture of diaminodiphenylmethane 
isomers is completely separated on the liquid adsorption column, whereas on the gas- 
liquid column the mixture of 4,4’- and 3,3 ‘-diaminodiphenylmethanes is not separated 
at allloo. 

The examples cited show the importance of liquid molecular adsorption chro- 
matography for analytical and preparative use. For the development of this method it 
is necessary to have more versatile and sensitive detectors and, what is especially 
important, new and homogeneous adsorbents with controlled geometric and chemical 
surface structure. It is important to develop further the theory of liquid chromato- 
graphy on the basis of the adsorption theory for binary and tertiary systems as well 
as for solutions of a more complex nature under both static and dynamic conditions. 

LIQUID MOLECULAR SIEVE CHROMATOGRAPHY BASED ON MACROPOROUS SILICA GEL AND 

ABROSILOGEL 

Sefiaration of synthetic polymers 
The molecular sieve effect can be used in liquid molecular adsorption chromato- 
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Fig. 31. Chromatograms of (I) 2,z’-diaminorliphcnylmethsnc , (2) 4.4’-dmminodlphcnylmethane; 
(3) 3,3’-diaminodiphcnylmcthane. (a) Obtal~I~~cI by gas chromatography on a column (IOO x 

0.3 cm) with Chromosorb W + 3 a/0 by wt. OV-17 at zooa; (b) obtamcd by liqurd chromnto- 
graphy on a column (IS x 0.~5 cm) of aluminium oxrde ; mobile phase, 99% by wt. CCI, -t_ I 0/o 
by wt. C,H,OH; column temperature’ 18~~ flow rate, 0.44 ml/min. 

Fig. 32. Chromatograms for toluene solutions of polystyrene on: Silocrom with d m 1500 A ; 
column size, 40 X 0.6 cm ; flow rate, 0.5 ml/min. 
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graphy as in gas adsorption chromatography. However, the slow diffusion rate 
prevents separation under equilibrium conditions with respect to the adsorption 
process. Thus molecular sieve separation, under conditions of liquid chromatography, 
finds its application not so much on the basis of the differences in adsorption as on the 
basis of the differences in diffusion rate through the pores of the adsorbent. The 
ordinary molecular sieve effect is the limiting case of this phenomenon, that is the 
molecules of a given component of the mixture cannot pass through the pores of the 

Fig. 33. Dependcncc of rctcntion volumes for polystyrene as a function of molecular wclght 
obtained on s~llcc?. gels with effective port dmmeters 1500, 500, and IOO A Eluant, toluenc. 

sieve. This effect has found important applications in liquid chromatography of 
polymers and microbiological substances on macromolecular sieves. 

In their usual form macromolecular sieves are cross-linked polymers (e.g. 
Sephadex). Good results have been obtained with cross-linked copolymers of vinyl 
acetate in separating oligophenylenes and polystyrene into fractions of different 
molecular weights loo. However, organic polymers in liquid media often swell to 
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Fig. 34. Adsorption Isotherms for polystyrene (mol. wt. w 300 ooo) from CCI, solutrons on aerosil 
(dotted hnc) and macroporous silica gel with dlffcrcnt cfkctivc port chametcrs as indicated. 
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various degrees, depending on the solvent system. Therefore in addition to this type 
of sieve, the macromolecular sieves that are rigid and do not swell are of great interest. 
Such sieves should possess the maximum possible homogeneous distribution of pores 
according to their size. They should have a sufficiently large total volume of pores and 
a definite chemical composition of the surface and should readily undergo regener- 
ation. These problems are now being solved on the basis of macroporous glassl”7--10D, 
macroporous silica gels110*111 and macroporous aerosilogels (Silocroms)a”. Some results 
obtained by KISELEV et ~~1.112 are given below. 

In Fig. 32, chromatograms are shown of the separation of polystyrene solutions 
in toluene on an aerosilogel with an effective pore diameter d w rgoo A. The highest 
molecular weight fraction of the polymer passes through a column without hindrance. 
Macromolecules with the lowest molecular weight diffuse into the pores and return 
to the eluant flow somewhat later. The corresponding dependence of the retention 
volumes as a function of the molecular weights of the polystyrenes separated on 
silica gels having pore sizes of approx. 1500, 500, and IOO A is shown in Fig. 33. In 
the case of silica gel having the large pore size (d w 1500 A), the best results were 
obtained for polystyrene having molecular weights in the range of one million to 
several hundred thousands. Silica gel with a d w 500 k! gives the best fractionation 
for samples with molecular weights in the range of several hundred thousands to tens 

I I I I I 

30 20 10 
V,ml 

Fig. 35. Chromatograms for humnn swum albumin (mol. wt. = 69 000) and cllymotryp%in (mol. 
wt. = 25 ooo) in 0.1 M acetic acid on silica gel with cl m 280 A. Column size, .+5 x 0.8 cln; 
flow rntu, w 0.5 ml/min. 
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of thousands. The adsorbent with the small pore size (d SW IOO A) effectively sepa- 
rates only relatively low molecular weight fractions of polystyrene. 

However, the residence time of the polystyrene macromolecules in the macro- 
pores of the silica gel is related not only to the direct and reverse diffusion of the 
polystyrene molecules inside the pores but also to their adsorption. In Fig. 34, ad- 
sorption isotherms are shown for polystyrene, with a molecular weight w 300,000 in 
CC& solution, on non-porous aerosil and on a number of macroporous silica gels with 
gradually decreasing pore size (from 800 to I IO A), as calculated per unit surface area 
of these adsorbentsll3. The values of the limiting adsorption of polystyrene on the 
surface of macroporous silica gels with effective pore size ranging from 500 to 1000 Hi 

practically coincide with each other and are close to the corresponding values for the 
adsorption on non-porous aerosil (0.9 mg/m2). This value corresponds approximately 
to the dense monolayer of polystyrene macromolecules spread over the adsorbent 
surface, A molecular sieve effect is only apparent with a pore size up to = 200 A. 

However, under the dynamic conditions of liquid chromatography, one should take 
into account the slowness of the diffusion and adsorption processes. The time required 
for attaining equilibrium in the cases shown in Pig. 34 was I h for the aerosil ad- 
sorbent, 2 h for macroporous silica gel having pore size of cu. 800 A; no equilibrium 
was attained after several days for silica gel having a pore size of cu. 280 k. The usual 
time required for carrying out a separation on a liquid chromatographic column is 
about I h. Thus the adsorption equilibrium for the above-mentioned silica gels will 

I?I~ 36 Separation of tobacco mosaic wrucj on Silochrom wth cl a 1500 ii in 0.01 M phosphate 
buffer solution, pI_I = 7.7, CoIumn size 60 x 1.0 cm: flow rate: w o 5 ml/min. 

not be achieved. Nevertheless, the adsorption of polystyrene in the macropores does 
take place to a certain extent. Thus in the case of molecular sieve liquid chromato- 
graphy, the retention of polystyrene in the column is due entirely to the molecular 
sieve effect (macromolecules of the largest size cannot enter the pore at all) and to 
parallel processes of diffusion and adsorption occurring on the most accessible parts 
of the surface. 
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Sepavatioa of proteins and ;burification of viruses 
Data in Fig. 35 illustrate the separation of proteins on a macroporous silica gel. 

The pore size of the silica gel is ca. 280 A. S,rum albumin (M = 69,000) passes 
through the column without hindrance, as albumin hardly enters the pores of the 
silica gel. Chymotrypsin (M = 2500) enters the pores and is thus delayed in the 
column. It should be noted that in this case the adsorption of the macromolecules 
takes place both on the grain surface and in the macropores; this is indicated by the 
irreversible adsorption of the first parts of the protein sample and by the gradual 
decrease in the working macropore volume. 

A pure molecular-sieve effect is of special importance in the fractionation of 
biopolymers of higher molecular weight such as viruses. Fig. 36 shows the molecular 
sieve chromatogram of a tobacco mosaic virus extract fractionated on macroporous 
silica gel with d e 500 A. The particles of the virus (3000 x 500 A) do not pass into 
the pores and leave the column without retention. The ratio of optical densities 

&3aolEsso = x.2 shown in the figure is characteristic of this virus. The proteins and 
pigments contained in the virus sample do enter the pores or become adsorbed. 

Thus macroporous silica can be used in liquid molecular sieve chromatography 
in the fractionation of polymers and other high molecular weight compounds. 
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