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SUMMARY 

The mechanism of support surface adsorption is investigated in gas-liquid 
chromatographic systems with supports exhibiting strong adsorptive properties, 
For this purpose the characteristic adsorption isotherm for solute adsorbed on the 
support is evaluated, using the theoretical method developed previously by the 
authors. This isotherm is then analyzed on the basis of the third-order interaction 
theory, which,allows the determination of information on the mechanism of support 
surf ace adsorption. 

INTRODUCTION 

The adsorption effects in gas-liquid chromatographic systems have been 
investigated by many authors, and a great number of papers have been published 
in this field so far’. 

While some of the authors emphasized the role of liquid-gas interface adsorp- 
tion, others demonstrated the predominant role of support surface adsorption, 
The main point is that in many GLC systems investigated in practice, one of the 
above-mentioned types of adsorption is negligible in comparison with the other. 
Strictly speaking, the contribution from one adsorption mechanism to the total 
retention volume is much greater than the contribution due to the second adsorption 
mechanism. Of course, the most general treatment of GLC systems should take into 
account the simultaneous occurrence of the two kinds of adsorption. 

Such general treatment has recently been developed by CONDER et al.2 and 
modified by SUPRYNOWICZ et ~1.3. 

On the one hand the simultaneous occurrence of th.e two kinds of adsorption 
may be a source of difficulty in some analytical cases and in theoretical considerations, 
but on the other hand it may be a source of quite new possibilities of both a practical 
and theoretical, nature, Therefore, we are of the opinion that adsorption’ effects in 
GLC systems should not be eliminated at all, but rather modified, to agiven analyt- 
ical purpose. However, to be able to modify these adsorption effects, one must 
know in detail the mechanism of support surface and liquid surface adsorption. 

From this point of, view the liquid ‘surface ‘adsorption’is a rather simple case’. 
It is a typical physical adsorption on a: highly uniform surface.’ However, compli- 
cations appear when considering the mechanism of support surface. adsorption. 
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It should be emphasized that even in the absence of liquid stationary phase the 
support surface adsorption is a complicated case, because of non-homogeneity and 
non-regularity of the support surface. The additional presence of liquid introduces some 
new difficulties, connected with the degree and mode of wetting of the support by 
the liquid. 

The total support surface adsorption effect is assumed to consist of two parts, 
one due to the support-liquid interface adsorption and the other the support-gas 
interface adsorption. 

In this paper we shall consider the GLC systems in which strong adsorptive 
forces exist between the solute molecules and the support surface. Strictly speaking, 
the .potential energy of solute molecules adsorbed on the support surface is much 
greater than that in the liquid or adsorbed on the liquid surface. We shall present 
here a method for estimating the mechanism of support surface adsorption in this 
interesting czLse. 

TKRORY . ’ 

Following many authors, we shall distinguish three sources of chromatographic 
processes: bulk liquid solution, support surface adsorption and gas-liquid interface 
adsorption. Accordingly, .we consider the retention equation to be of the form: 

where VN = the total retention volume, Icrn is the partition coefficient in the mth 
retention mechanism (m = I, s or i) and Vl’m is the volume of zone where the mzth 
retention mechanism takes place. The subscripts I, s, and i denote the hulk liquid 
partition, support surf ace adsorption, and liquid surf ace adsorption, respectively. 
: In the case of infinite dilution of solute eqn. I yields3 

v: E 
=XVV;,expd -$& 

II 1 ,m=l,s,i 
m (2) 

where Em is the potential energy of a single molecule of solute in the zone Vm 
(the energy Scale being chosen so .that the potential energy in the free gas phase 
should be equal to zero). VG is the retention volume, extrapolated to zero sample 
size, of solute. 

Now. consider the problem of evaluating the parameters I& Vm which describe 
inkeractions in GLC systems. The parameter Vz is considered to be simply equal 
to .,the volume of the liquid Stationary phase. Later, the parameter KE can be easily 
obtained for both the case of infinite and finite dilutions of solute, for example from 
the plot of Va/T/z against r/V,, as recommended by CONDRRQ, 

,, Recently we’have found; the way to evaluate the parameters I/‘s, Ke,, Vl, Kc, 
iuthe case of finite dilutions of solute, from chromatographic data alond. For this 
one-must find experimental values of ,the function X(r/T), defined as follows: 

(3) 

where KF, is the, bulk solution coefficient for infinite dilution of solute. 
According t.o. eqn.:, 2, the function ,X(I/zl) is assumed to’ have the following 

analytical form : 
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x(+)=v.ellp[~]+V,exp[-&] (4) 

Now, we choose values of the parameters V8, Es, Vt, Et so that they should satisfy 
as closely as possible eqn. 4 with respect to experimental data from eqn. 3. 

Suppose now that E8 > El and Es > EC. Then, for a wide initial range of solute 
concentrations in the free gas phase, we can consider the densities in the zones 
Vz and Vi to be much smaller than the density in the zone V8. Consequently, for 
this initial range of small solute concentrations, we can neglect mutual interactions 
between solute molecules in the zones Vl and VC, whereas this cannot be done in the 
case of the zone tfs. 

Thus, for this initial range of solute concentrations, eqn, I may be rewritten in 
the following form: 

v, = v, exp 
4 

[ 1 & - -W&+Ww - [ 1 - kT (5) 

From the above equation we can extract the part of the retention volume 
V’N,* which is due to the solid support adsorption. Strictly speaking, the solid support 
adsorption is an average of two separate parts: support-gas interface adsorption 
and support-liquid interface adsorptionG. 

Before continuing further, we need to discuss the concepts of the ‘Ssupport-gas” 
and the “support-liquid” interfaces. We consider the support-gas interface as that 
part of support surface where the adsorption of solute molecules is not affected by 
liquid molecules. Later, we shall consider the support-liquid interface as that part 
of the support surface where the adsorption of solute is affected by liquid, inde- 
pendent of whether or not the support surface is immediately struck by liquid 
molecules. 

It has been shown earlie that there exists a simple relation between the 
retention volume VN and the concentration p,, of solute in the free gas phase. In 
the case of the retention volume VN,# this relation yields 

V N,s = c” Bf,p0(i-2) (6) 
l=2 

where Bcs is the so-called i-th gas-solid virial coefficient. Thus, having V’N,~ = VN,&,,), 
we easily obtain the adsorption isotherm for the solid support adsorption7 

Ns = POvN,s (7) 

where Ns is the number of solute molecules adsorbed in the zone V,. 
The function VZV,~ = VJV&,) can be obtained from simple chromatographic 

data. For this purpose one must find the function VN,&JJ for a number of low 
concentrations, po. Next, by extracting from it the value 

one obtains an approximate form of Ne(po) by using eqn. 7. A. more accurate form of 
this function can,be obtained by extractjng the value 
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\vitll the value Il+‘z = Ic’l(po), founcl cspcrinicntnll~*, since tlw non-iclcalit>* of the bulk 
liquid solution is tllcn taken into account. T11c second lmxcdurc \viw used in our 
calculations. 

In tllis way WC olhh the adsorption isotllcrm for tllc support surface adsorption 
in the presence of liquid stationary* plinsc. 

It is \vcll known that in cqn. 7 only tllc lirst two terms pin,* any considerable 
role ~vllen espanding T,‘.v,~ into tllc power series of density p,,, wcorcling to ecln. 6. 
These are the terms tllat include the second, I? zs, and the third, Bas, gas-solid virial 
coefficients. The coefficients Bz, and I& may be written in the following form 

B,, = JyS(w [ Wr1) + wr ) I. _-+lJ {CXP [ggq - I] dr,dr2 

(9) 

where V is the volutne of tile adsorption space, T,T~‘,(r,) is tile adsorption potcnthl of 
a single niolec~le, wliosc centre is at the point r 1; co,(r,, rJ is the interaction cncrgy 
between two molecules in tlie presence of a solid; U,(rl, ra) is the interaction energy 
between two n~olccules in the free gas plxwz. 

Tile difference bctwccn to,(r,, r2) and bcz(r,, ru) is connectccl with the presence 
of the so-callccl “third-order interaction” (two solute n~olecules plus surface) in the 
adsorbed please. 

From tlic thcoreticnl 
the third-orclcr in.teraction 
molecules when thy are in 
Jones type potential, i.c!. , 

cnlculations of SIxmocxu .mD PITzER~ it follows that 
is a source of an ,zdditionrtl repulsion betwecn solute 

a nmnolayer. If we a.ssutm U,(rl, r2) to be n Lcnnard- 

&h,M = 4b [(q2 - (gG] 

then m2(rl, rz) nmy be written in tlic form 

w2h,r2) = 4u0 [(~)12-(~)G+v@3] 

(10) 

where Y = (rl - pa) is the .distance bctwcen adsorbed molecules; 11, is the depth 
of tile potential minimum; 6 is the slow-collision dintueter and 7 is the proportionality 
constant. 

Similar results have been obtained by YmrsQ and by MCLACNLAN~~. 
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The repulsion effect in a monolayer, introduced by the additional term ?](S/Y)~, 
amounts to about Zo-q.0 % of the gas phase potential minimum, U,. On the other 
hand, the same third-order interaction is a source of an additional attraction between 
adsorbed molecules if the two molecules are directly on top of one another, as in a 
multilayer formation. This additional attraction amounts to xo -20 o/o over the 
potential minimum, U,. 

I;l”,EE~lAX~~ was the first to demonstrate the three-body effects in physical 
adsorption, tvhereas SAMS ct nL.1” were tllc first to investigate tlresc effects on the basis 
of the theoretical results of SIXANO~,LU ANI) PIT%ISII*. nkorc recent results are due to 
I<RIZAX AXD CROWELL”3 , JOHNSON .wi~ I<I.EIx~*~ and WOLFE AND SARLS~~. They 
still only consider two-dimensional models of adsorption, the differences between 
being only in their mode of evaluation of the third-order repulsion effect. 

In the nest section of our paper we shnll show that discussion of three-body effects 
can be a source of information about the mechanism of support surface adsorption 
in the presence of a liquid stationary phase. 

ESI’ERIbIRXTAL 

In our illustrative measurements, we used Polsorb C, a support esliibiting 
strong adsorptive propertiesThis support was loaded with a liquid mixture of slightly 
polar dilauryl phtllalate and polar fractonitrile III (3 : I). 

To find Kl, a number of different liquid loadings were investigated. These 
liquid loadings Were 0.2”/6, 0.40/o, o&O,/,, o.Sy/,, r.o%, 3,0(:/o, 5.0:; and 10.0% 

of mixed stationary phase by weight of Polsorb C, rcspcctivcly. 
Nest, two chemically different substances (solutes), cyclohcsane and cnr- 

bon tetrachloridc, were investigated. The retention data were measured at four tem- 
peratures, Gg”C, So%, 100°C and IZO”C. Each time five sample sizes (0.1 $, 0.3 ~1, 
0.3 ~41, 0.5 ,~cl and 1.0 /cl) of solute were introduced, by means of a Hamilton micro- 
syringe. The concentrations of solutes obtained with these sample sizes varied from 
about Io-‘l mole/l to about Ioe3 mole/l. 

The measurements were performed by means of the Polish apparatus, Chromato- 
prep N-502, with a catharometer as detector. The cllromatographic column was I m 
in length and of 4 mm I.D. Hydrogen was used as the carrier gas, being cleaned 
additionally by 4A- and SA-type molecular sieves, 

RESULTS AND DISCUSSION 

The results of the measurements and calculations are presented in Tables I-VI 
and in Figs. I and z. In Tables I and II the total retention volutnes are given for a 
number of different concentrations, pot at four temperatures, The values .Y(r/T) 
used in the best-fit procedure are presented in Table 111, whereas in Table IV the 
results of appropriate numerical calculations are given. 13y using tlic parameters 
from Table IV and experimental values of V&l, tile functions V~v,~(p~) were cal- 
culated, and are presented in Tables V and VI. 

Now consider the shape of the adsorption isotherms, hs(po), in Pigs. I and 2. 

According to the assumption that terms with p. powers higher than two arc negli- 
gible, the shape of the isotherms sl~oulcl depend on whether 133, is negative or positive. 
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TABLE V 

DATA USED IN CALCULATING THE ADSORPTION ISOTHERhIS ~v,(/l~) BOR CYCLOHESANE 

Values given in units as in Table 1. 

1.03 1.94 0.25 2.37 0.19 0.14 3,24 
1.06 3.81 0.34 5.01 0.20 0.14 648 
1.14 5.63 0.34 7.21 0.16 S-27 0.11 g&8 
1.35 g.20 0.36 11.66 0.16 14.62 0.11 16.11) 
1.36 17e.50 0.3G 22.41 - - 0.14 29.16 

- 

TABLE VI 

DATA USED IN CALCULATING THE ADSORPTION ISOTHERMS lv,(p,) FOR CARBON TETRACHLORLDE 

Values given in units as in Table I. 

65 “C 80 “C IO0 “C 120 oc 

v&*ron PO’ IO4 VJC, 9 103 PO’ 104 V,qIc,* IO3 p. l I-04 VJr, I& po*.rO” 

0.91 1.7G 0.27 2-41 0.17 2.98 0.20 3*37 
1.02 i.2: 0.29 4.79 0.13 5*7r O.IG 6.39 
1.13 

7:4o 
0.27 7.20 0.13 8.15 0.13 10.31 . 

1.23 0.27 11.20 0.17 x3.37 0.11 I542 
I .24 16.70 0.27 2r024 - - 0.06 28.33 

I J 

Go 104(moleslL 1 

Fig. I. The adsorption isotherms Nb (po) for cyclohsxanc. 
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Pig. 2. The adsorption isotherms NB(pO) for carbon tctrachloridc. 

In the case of a negative Us8 the adsorption isotherms should be of the first, second 
or fourth type, whereas in the case of a positive Bas of the third or fifth type. 

Both Bzs and Bss are functions of temperature, being equal to zero for some 
temperatures, called by SAMS et ~1.12 “first gas-surface characteristic temperature” 
and “second gas-solid characteristic temperature”, respectively. These temperatures 
also depend upon the gas-solid interaction function, as well as upon the intermolec- 
ular interaction function. 

It has been found by SAMS that the iirst gas-solid characteristic temperature 
for the (g-3) gas-solid interaction should be equal to L$I7”1<, and is therefore not 
accessible experimentally. 

In the experimental conditions under investigation, Bss is still positive. In 
contradiction to the first characteristic temperature, the second one is often found 
in practice. At this temperature the adsorption systems behave as ideal systems, 
in spite of intermolecular forces which do, in fact, exist. The adsorption isotherms 
are then linear functions of the adsorbate density, po. 

Now, we would like to introduce some theoretical results obtained by SARIS 

et aZ.12, which will be basis of later discussion. 
Considering the two-dimensional model of adsorption, and assuming the 

adsorption forces between admolecules to be LJ (IZ-6) interactions, unperturbed 
by the presence of solid, SAMS et al. 12 found that the second gas-solid characteristic 
temperature ‘should be equal to 3U,/zlz. Possible deviations from this value may 
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be due to deviations from the two-dimensional model or to the third-order interactions 
discussed above. There exists the additional possibility of perturbations due to the 
presence of liquid, 

Thus, the esperimental value of the second gas-solid characteristic temperature 
may be a source of interesting information about the adsorption mechanism. 

Now, let us consider the adsorption isotherms in Figs. I and 2. It is seen 
from these figures that the second characteristic temperature for cyclohexane is 
close to the appropriate value for carbon tetrachloride. They are both approximately 
80°C. From this it follows that the value U,/k for these substances, adsorbed on 
the support surface in our GLC systems, should be equal to about ~33~1<. 

This value can be compared with appropriate values for bulk phases. The bullr 
value U,/k found by LAUGER lo from the transport properties of liquid carbon tetra- 
chloride is equal to zSz”K. The value for cyclohexane found from the relation 
u,jlz = 0.77T, (semi-empirical relation found on the basis of LJ (12-6) interaction) 
is equal to ZIGOK 17. I-Iere Tc is the critical temperature. 

Now suppose that the solutes form a monolayer on the surface of Polsorb C. 
Then the esperimental values U,Jk, calculated on the basis of the third-order inter- 
action theory, should vary in the intervals rT,9-215”IC and ~29--173~I<, for carbon 
tetrachloride and cyclohesane, respectively (additional repulsion from about 
20-40 O/~ V,) . The additional presence of liquid should in the third-order approxima- 
tion increase this tendency, and hence lead to smaller values of U,/R for the adsorbed 
phase. 

It can be seen that the theoretical value of U,/k for adsorbed carbon tetra- 
chloride, i.e. 233’1<, is very close to the theoretical value zrg”I<, calculated with the 
assumptions of monolayer formation and the smallest possible third-order repulsion 
effects (assuming the presence of one perturbing body only). The absence of a second 
perturbing body means here the absence of a liquid phase. From this it follows 
that the adsorption of Ccl, on Polsorb C takes place on the parts of support: surface 
which are not covered by liquid phase. The monolayer formation is now predominant, 
since multilayer formation would increase U,/k (additional third-order attraction). 

On the other hand, in the case of cyclohexane, the assumption of monolayer 
formation leads to a considerable discrepancy between the experimental, &e. 233”1<, 
atid the theoretical data, i.e. 173”1<, even with the smallest possible perturbations 
in the monolayer. The experimental value is even higher than the value for the bulk 
phase, i.e. 2sG°K. This is evidence of a great contribution from additional third-order 
attraction forces, and therefore of extensive multilayer formation. The h’ighest layers 
may be additionally perturbed by the nearest liquid molecules, which should in- 
crease the experimental value U,/k a little more. In fact, this value is relatively very 
high. 

Thus, in contradiction Lo carbon tetrachloride, the adsorption of cyclohexane 
on Polsorb C in our GLC system should be of multilayer character, with strong 
intermolecular interactions, when solute molecules are directly on top of one another. 

It should be noted that theoretical concepts connected with the presence 
of the three-body effects allow for many other interesting investigations, However, 
they require extremely accurate measurements, which may be performed easily 
only in pure gas-solid systems. The experimental isotherms N&J were obtained 
indirectly by us, and we are not sure that we can draw more precise conclusions. 
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Therefore, we liave confined ourselves to these general conclusions about the mecha- 
nism of support surface adsorption in our GLC systems. 
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