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SUMMARY 

A procedure for identification of the retention mechanisms in gas-liquid chro- 
matographic systems is proposed_ It is based on the introduction of a sorption model 
for these systems, in which the presence of two layers of liquid stationary phase on the 
support is assumed. First a multimolecular layer of highly oriented molecules ad- 
jacent to the solid surface is formed, followed by a second bulk layer. The partition 
properties of both layers were expected to be d&erent due to their structural pe- 
culiarities. An appropriate retention equation assumin g all probable sorption reten- 
tion mechanisms is derived. Problems attendant upon the application of this equation 
for identification purposes are discussed. The knowledge of some experimental pa- 
rameters and the employment of a suitable computer program lead to unequivocal 
identification of solute retention mechanisms as well as to determination of partial 
partition coefficients. The reliability of the identification procedure was verified with 
published and new experimental data. Calculated partition coefficients allowed to 
the evaluation of the relative contributions of the identified mechanisms tc the 
solute retention_ The results obtained are in good agreement with the require- 
ments of the introduced sorption model. 

INTRODUCTION 

A previously derived retention equation 

E = 1 K;Si 
i 

(1) 

was found to he applicable for all column chromatographic systems’. Here E is the 
so-called integral retention effect, representing the net retention volume per gram of 
packing; Ki are the appropriate partial partition coefficients and Si the corresponding 
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sp&fic phase characteristics of the packing. Hence eqn. 1 accounts in a most general 
form for the mixed retention mechanisms in a chrotiatographic system. 

IE gas-liquid chromatography (GLC) a commonly accepted approach is to 
consider the mixed retention mechanisms as a result of interfacial adsorption effects 
in addition to the dissolution in the liquid stationary phase (LSP)‘-13. Then, the 
contributions of all sorption phenomena to the solute retention are generally ex- 
pressed in a three-term equation 

E = VLKL f AGLKGL -i- A,KcLs (2) 

where V, is the volume of LSP while A,, and A, are the gas-liquid and liqu+l-solid 
interfacial areas, respectively_ Usually, all these quantities are expressed per gram of 
packing. The partition coefficients KL, Kc‘ and KGrs correspond to dissolution in the 
LSP and to adsorption at the gas-liquid and liquid-solid interfaces. For some GLC 
systems the reduced forms of eqn. 2 

or 
E = V,K, + AGrKci (3) 

E = V,_K, i- A,KG, (4) 

are also employed with the assumption that only two mechanisms contribute to the 
retention2-‘*6_ 

An important problem concerning the application of retention equations is the 
correct determination of their terms, ie., the exact identification of retention mecha- 
niams acting in the GLC system investigated. This originates in the necessity to find a 
solution of the so-called inverse retention problem’** which means determining the 
partition coefficients if the integral retention effect and the specific phase charac- 
teristics are known. A particular case of the inverse retention problem is related to 
thermodynamic measurements by GLC when an accurate value of Kz_ must be ob- 
tained from a system with mixed retention mechanisms’1*‘5. 

Usually, the dimensionality of retention equations is intuitively determined 
without guarantee of their correct presentation. Hence, the development of new ap- 
proaches for this purpose is of pronounced interest. It is of note that Weiner er al-I6 

considered factor analysis to be potentially able to solve the probiem. Unfortunately, 
the example chosen was not complex enough to demonstrate the power of the 
method. 

In the present paper a procedure for identification of the retention mechanisms 
in GLC systems is proposed_ It is based on the introduction of a sorption model 
specific to these systems. The application of the procedure requires knowledge of 
some experimental parameters as well as employment of an appropriate computer 
program. 

THEORETICAL 

&are of liquid stationary- ptzase on rfze supporr 

The loading of solid support with a film of LSP leads to a perceptible modifi- 
cation of the Mm properties in comparison with the bulk phase17-23. The cause for 
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this phenomenon appears to be the specific orientation of molecules in the multimolec- 
ular structurally modified liquid layer. Principally, the orientation of molecules can 
take place up to a considerable thickness of LSP film, gradually falling off with the 
distance from the support surface. Beyond the effective thickness of this modified 
liquid layer, the loaded LSP retains the properties of bulk phase. 

The existence of a highly oriented liquid layer in the vicinity of the solid surface 
is a manifestation of the so-called “long-range“ interaction forces’“-‘s which arise at 
interfaces and sometimes cause inexplicable behaviour of molecules_ Briefly, two 
different layers could be distinguished at suliicient LSP amount on the support: 

<;i a multimolecular layer of highly oriented LSP molecules, adjacent to the 
solid surface and denoted here as the srrrrctut-ed layer 

(ii) a bulk LSP layer covering the structured one 
If the solute molecules show propensity towards adsorption at the liquid-solid 

interface they could displace the adsorbed phase molecules because of a larger afhnity 
to the solid surface. Following a two-dimensional adsorption model, the adsorbed 
solute molecules will be considered to have direct contact with the support. On the 
other hand, those dispersed in the structured LSP layer will be treated as dissolved 
molecules simiiarIy to these in the bulk phase. However, a noticeable difference in the 
partition properties of both layers could be expected due to their structural pe- 
culiarities- 

Sorption model of GLC systems 

Let us consider a section of a GLC packed column. It is supposed that the 
packing consists of a usual wide-pore non-silanized solid support loaded with a LSP. 
The phase amount is adequate to guarantee complete coverage of solid surface with a 
multimolecular liquid t&n. The amount of packing in the section is considered to be 1 
g, so that the specific phase characteristics listed below are expressed per grarr of 
packing. V,, Vr, Z’, and r/B are the volumes of the gas phase, total LSP, structured 
and bulk LSP layers respectively, and A,, and A, are the corresponding gas-liquid 
and liquid-solid interfacial areas. Then, the general retention equation assuming all 
probable sorption mechanisms can be presented in the form 

E = VsKs + V,K, + ACLKGL t A,_&-rs (3 

where KS and K, could be interpreted as “structured” and “bulk” partition coef- 
ficients, respectively_ 

Eqn. 5 is valid under conditions of inlinite dilution whereas Ki are constants at 
a given temperature. Thorough examination shows the complex nature of K, and 
KoLs, with respect to the solute distribution between phases having no immediate 
contact In fact 

KS = KBsKL (6) 

Kc,s = KsKs (7) 

where Ktrs is the partition coefficient between structured and bulk LSP layers and &_,, 
is that between liquid-solid interface and structured layer. A combination of eqns_ 6 
and7 

K&s = Ks_aKirsKr_ (8) 
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enabLes the rigorous evaluation of the liquid-so&d adsorption by means of K,. 
The non-equal possibilities of obtaining data for all phase characteristics 

makes eqn. 5 inapplicable in practice_ Thus, A,, and A, can be determined experi- 
mentally, while V, and Ya cannot. However, 

vs + v, = VL (9) 

where vi is usually known. Combining eqns. 5 and 9 we obtain 

E = Vs(Ks - Kd + V,_K, + AGLGr + ALSKGLS (10) 

where only V, cannot be determined by an appropriate experimental technique. 
In fact V, is a function of V, and LSP film thickness, d With increase of V,, 

starting from zero, d increases gradually to the utmost effective thickness, d,, of the 
structured layer. Consequently, d, is considered here as a measure of the mean dis- 
tance to which the long-range forces affect the LSP bulk properties and then: 

V, = V,, whereas d < d, (11) 

With further increase of V, formation of the LSP bulk layer starts. Then, d, remains 
constant while d increases and a satisfactory evaluation of Vs could be obtained from: 

Vs = Ads, when d 3 d, (12) 

Taking into account eqns. 11 and 12, eqn. 10 can be presented in the form 

E = VLKL i SV,(Ks - K,.) -I- (1 - 6) A, [d,(K, - KL)] + 
f AGLK~_ + A~sKcxs (13) 

where: 

6 = 1,whend < d, (13a) 

or 

6 = 0, when d > d, (13b) 

Similarly, for K,, KGL and KGLs the quantities 

KS - KL = Kx 

and 

d&KS - Kd = KDsL 

(13c) 

(134 

are to be considered as constant terms under infinite dilution and at a given tempera- 
ture. They are independent of the variations of phase characteristics in a certain GLC 
system. Introducing the new eqns. 13c and 13d into eqn. 13, we obtain the f&al form: 

E = VrK, i- 8 V&L + (1 - 6) &&,s,_ + &L&X + A&&s (14) 
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Eqn. 14 involves all probable retention mechanisms in accordance with the 
introduced sorption model of GLC systems. It can be interpreted as a general reten- 
tion equation that permits the development of a procedure for identification of the 
retention mechanisms. 

Problems of identification 
The use of eqn. 14 gives rise to some experimental and mathematical problems. 

Prior to proceeding to the identification of the retention mechanisms, it will be shown 
how these problems can be overcome. 

Experhentalproblem_ Eqn. 14 is linear with five unknowns (KL, KS=, KDsr, 
KGL and &is) which can be determined only by solution of a system of minimum five 
linear equations. This requires knowledge of the phase characteristics ( VL, A,, and 
A& for a minimum of five column packings prepared from identical LSP and solid 
support at different liquid loadings”. Each solute must be chromatographed on each 
packing at the required constant temperature, thus obtaining a set of integral reten- 
tion effects, E. Hence, it is necessary to arrange a large number of precise chromato- 
graphic experiments, the basic problems being: 

determination of minimal amount of LSP providing eqn. 14 is still valid and 
exact determination of VL, ACL and A, 
Experience with wide-pore supports with specific surface area 14 rn’ g-r 

indicates that approximately I o/0 LSP is adequate to cover the surface with a layer 
thicker than one molecular diametes6_ Obviously, such a packing could be the fust in 
a series of packings with increased liquid loadings_ For determination of Vi_ the so- 
called evaporation method- “*” is recommended, since this requires minimal time and 
yields satisfactory accuracy_ Usually, the BET technique or the continuous llow meth- 
od is applicable for determining both A,, and A,, the latter being considered here as 

the specific surface area of the support. 
To avoid difficulties with area measurements some workers do not use such 

experimental data, especially when their interest is focused on the calculation of K, 

OdY 6*1X*2g_ However, to identify the retention mechanisms in a GLC system it is 
obligatory to employ A,, and A,. In this case, a modified BET technique offering 
considerable accuracy with small surface areas can be recommended30, and has suc- 
cessfully been applied’6*3’_ 

Mathemticalprobiem_ It is well known that solute retention in GLC systems 
is not always a result of mixed mechanisms. For some solutes there exist the so- 
called “pure” systems in which dissolution in the LSP is the unique mechanism of 
retention_ Then, the retention equation takes the forms 

E = V,_KL (15) 

or 

E = VsKs f V,K, (16) 

Since the application of eqn. 14 is m eaningless in such cases, the fist mathematical 
problem is to establish when it can be applied. In other words, it is necessary to 
examine whether solute retention results from mixed mechanisms or not. 
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E = v& + IA 
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(17) 

where 

Here & is considered as a mean value between KS and KL, so that VL& = VsKs + 
ri,K,. It will be shown later that such an approximation is quite acceptable because 
x, 2 KL. 

If adsorption effects contribute to the solute retention, Le., if 1, > 0 an E rs_ V, 
plot would give a curve convex to the abscissa for small V, values. Then, applying 
regression analysis to eqn. 17 the latter can be tested for linear correlation between E 
and VL. If precise experimental data are used the obtained straight line with slope EL, 
intercept 1, and correlation coefkient R will be the first step in estimating the pres- 
ence or absence of mixed mechanisms. Obviously, ifE= > 0, R z 1 and the absolute 
value of I_% does not esceed the standard error of estimation (SEE.) for E (ix_, 11.4 < 
S.E.E. > 0), it means IA = 0. ConsequentIy, the solute retention is due to the 
solution only (absorption mechanisms) and eqn. 17 has to be reduced to eqns. 15 or 
16. I!?& > 0, R c c i and IA% > S.E.E. > 0, it is to be accepted that retention results 
from mixed mechanisms. Then, the application of eqn. 14 is reasonable. 

It could happen that &_ < 0,/q < t and 1, > > S.EE_ > 0. The fact that IA* 
is too kuse indicates the action of at least one adsorption mechanism while the 
negative K, means thar absorption may not be absent. It is clear that a Linear corre- 
lation on the basis of the non-linear eqn. 17 leads principaIly to a decreased slope, &_ 
Hence, if E,_ is a priori small and ZA extremely large, an incorrect evaluation of gL by 
regression analysis is quite possible. A recommended approach in such cases is to 
appljj directly eqn. 14 that can give an unequivocal answer. 

Briefly, to identify mixed retention mechanisms in a GLC system the appli- 
cation of eqn. 14 is required_ It is necessary to compose a -‘suitable” system of linear 
equations. That is the second important mathematical problem. 

Whether de system of equations wii be a “suitable” one or not wili depend on 
the selection of 6 values in the particular equations_ Expressions 13a and 13b show the 
dependence of S on the relation between LSP film thickness, 4 and structured layer 
effective thickness, G& Usually, d is give-n by the approximation 

d = VJA, (if3 

while a& is unknown. This makes impossibie a direct compilation of the “suitable” 
system, bti does not exclude the possibility of “fmding” it among the set of several 
similar systems basfxi on eqn. 14 

To that purpose, the first equation must be related to the serial packing con- 
taining minimal amount of LSP. Each successive equation will correspond to a more 
heaviiy loaded packing than the previous one and the iast equation wiIi correspond to 

the packing with greatest Ioading. Supposing 4 to be within the intervai of dvalues for 
two “neighbouring*’ packings, the unequivocal selection of 6 values in all equations 
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will be facilitated. Since ds could lie between the d values of any pair of “neighbour- 
ing” serial packings, a set of similar systems of equations can be obtained. 

For example, with a series ofp column packings where p 2 5, following eqn. 18 
we obtain for each packing: 

d’ = Vd_4L (i = 1, 2. ___) m, m, . . . . p) (Isa) 

Supposing 8’ c ds d cf (where n = nz + 1) and taking into account eqns. 13a, l3b 
and 14, the general form for similar systems can bc written as follows: 

v:&_ + C’iKSL i- 0 + A&K,, i- AiSKGLS = E' 

(19) 

VfK, f 0 + -4&K,,, + A&KcL + A&KG= = Ep 

Principally, the maximum number of these systems can bcp - 1. However, in 
the case when d, is supposed to fall into intervals (&, &] or (&‘-I, dp] the cor- 
responding systems contain linear dependent equations and cannot be solved. 
Hence, the real number of similar systems is limited to p - 3, among which one is 
the so-calied “suitable” system. Its solution enables further identification of the reten- 
tion mechanisms and the problem here reduces to discovery of this system. To do this. 
the solutions of all p - 3 systems must bc obtained. Then, an appropriate test for 
Ki and d, values in conformity with a logical system of criteria permits the un- 
equivocal determination of the “suitable” system of equations. 

Prior to considering the principles of the system of criteria, a note concerning the 
mathematical approach to soiution of the similar systems is needed. Since the systems 
are approximate (because of the presence of experimentally determined quantities) 
their solutions are strongly influenced by the computational method employed. It was 
shown elsewhere’” that methods of matrix algebra give the best results, the latter 
being least-squares averaged. Such an approach leads to possibly the best approxi- 
mate solution_ 

S’.srem of crireria. In order to discover the “suitable” system of equations it is 
necessary to define the fundamental physical relationships which as criteria are to be 
obeyed by the unknowns in system 19. Failure to satisfy any one of these criteria is an 
indication of perturbation in the system of equations. Such a perturbation could be 
caused either by an incorrect assumption in the location of d, within a certain interval 
(dn, #I or by the absence of some mechanism whose contribution to the solute reten- 
tion is take into account through the corresponding term. 

The fundamental criterion for testing the solution of system 19 is the inequality 

KL > 0 120) 
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whose physical sense is obvious. Further, a reliable KL value must obey all equations 
of the system. Since the adsorption contributions to retention are smallest in case of 
the most heavily Ioaded, i.e., p-th packing, it is clear that fuEIment of the additional 
criterion 

will enable a reasonable K, value to be obtained. 
In the case of criteria 20 and 21, the relation 

KS > 0 (22) 

is relevant. The coefficient KS is analogous to K,_ and characterizes the partition 
properties of the structured LSP layer. Moreover, KS and Ki_ appear to be approsi- 
mately equal, thus the satisfaction of inequality 22 will be obligatory in case of a 
-‘suitable” system. 

SizMcant for the correct evaluation of d, are the criteria: 

dL > 0 (23) 

and 

d” < d, < 8 (nz = 2, 3, _..,p - 2; n = I?I + 1) (24) 

While inequality 23 reflects a clear physical requirement for d,, the fuEhnent of 
criterion 24 denotes a correct location of d, within the interval considered_ Hence, 
from a mathematical point of view this is a reliable indication for final discovery of 
the -‘suitable” system. 

To continue with the identification procedure, the values of KcL and KGLs have 
to be examined. If they satisfy the inequalities 

KG, > 0 (25) 

and 
KGW > 0 (26) 

the solute is retained by all possibIe sorption mechanisms and the corresponding K, 
values obtained represent the solution of the so-called inverse retention problem. 

If KGL -C 0 and/or KGLs -c 0, the system of equations is perturbed and the 
calculated K,, KL and d, are non-reliable. Their correct values can be determined by 
solving the systems of equations based on properly reduced variants of eqn. 14. For 
example. if KcL > 0 and K& c 0, the appropriate-equation will be 

E = V,_KL + 6 VLKsL i- (1 - 6) ALsKDs,_ + A,,&, (27) 

while when KG, c 0 and KGrs > 0, it will be: 

E = VLK,_ + 6 VLKsL + (1 - S) A,K,, + A,&, (28) 
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To compose the set of similar systems corresponding to any one of the above equa- 
tions, the same procedure as for the system 19 must be followed_ The fulfilment of 
criteria 20-24 is required in order to discover the “suitable” system of equations and 
if criterion 25 or 26 is also obeyed the identification procedure is completed. 

In case of KS < 0 for all similar systems of equations, the observed perturbation 
could be due to identical or nearly equal partition properties of both the structured 
and the bulk LSP layers with respect to the solute. This means that all the similar 
systems are inexpedient and others. based on the alternatively valid eqns. 2, 3 or 4, 
must be composed and solved. 

An appropriate computer program incorporating the system of criteria was 
written to facilitate the identification procedure_ Experimental data of Pecsok et ~1.~ 
were used to test the program. Their experiments concerned nineteen solutes with 
different functional groups chromatographed at 25°C in the system /$/3’- 
thiodipropionitrile (TDPN)-firebrick (42-60 mesh)_ Unfortunately, data for I’,, A,, 
and A, were recalculated from the amount of LSP and those for A,, were inter- 
polated from a plot of AGL vs. LSP percentage_ Results of the program verification are 
shown in Table I. They will be discussed later together with the results of the present 
experiments. 

EXPERIMENTAL 

Materials 
Celite 545 (BDH, Poole, Great Britain), 60-80 mesh, with specific surface area 

1.92 m2 g-’ was used as solid support. Non-polar Apiezon M and moderately polar 
Carbowax 4000 (both from Carlo Erba, Milan, Italy) were the liquid stationary 
phases. 

Twelve individual solutes, n-octane, cyclohexane, benzene, I-propanol, 2- 
propanol, I-butanol, 2-methyl-1-propanol, 2-butanone, 4-methyl-2-pentanone, chlo- 
robenzene and thiophene, were selected for the chromatographic experiments. Except 
for cyclohexane, chlorobenzene and thiophene (E_ Merck, Darmstadt, G-F-R.), all of 
99 % purity, the other solutes (Poly Science Corporation, Niles, IL, USA.) were of 
minimum 99.5 o/0 purity. Pure hydrogen (99,95 “/Q dried with molecular sieve 5A was 
used as carrier gas_ 

Apparatus 
A Fractovap Model B gas chromatograph (Carlo Erba, IMilan, Italy) with 

thermistor detector was employed_ The instrument was home-modified to ensure 
constant column and detector temperatures within +0_02”C. Stainless-steel columns 
were 2 m x 3 mm I.D. A I-mV Model 194 electronic recorder (Honeywell, New- 
house, Great Britain) was used for registration of chromatographic peaks. 

Procedures 
Initially, a series of six packings containing different LSP amounts within l- 

IS % was prepared for both Apiezon M and Carbowax 4000. In addition, a new series 
of four packings with Carbowax 4000 whose amount varied within l-5 y0 was ex- 
am&d in order to verify the GLC sorption model. To prepare each packing a certain 
amount of support was thoroughly dried at 150°C under vacuum at 2 x lo-” Torr 
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for 4 h. The LSP deposition was accomplished from dilute solution in analytical grade 
solvents using a rotating vacuum-evaporator. Conditioning at 150°C for 16 h was 
carried out for each column. 

The LSP amount in the packings was determined after completion of the 
chromatographic experiments_ An accuracy of +0.05-&O_ 1 y0 was achieved by 
means of the evaporation method’“. Using the method of Bliznakov er aL3’, LSP 
specific surface areas were measured with a reproducibility in three determinations 
within + 1.5 %_ 

All chromatographic experiments were carried out at 70°C. On-column injec- 
tions of solutes were made with a I-p1 Hamilton microsyringe. For each solute, three 
to fib-e samples of different amounts were chromatogaphed on all serial packings_ 

In order to ensure exact retention time determinations the recorder a-c. supply 
was additionally stabilized and the chart speed was suitably chosen for each solute_ 
The reproducibility achieved was within 5 0.06 %_ allowing accurate determination 
of integral retention effects within 10.2 ‘/& 

RESULTS AND DISCUSSION 

Partial partition coefficients of nineteen solutes in the system TDPN-tirebrick 
calculated at 25’C are presented in Table I. This system was chosen for verification of 

-l-ABLE I 

CALCULATED PARTIAL PARTITION COEFFICIENTS FOR IDENTIFIED RETENTION 
MECHANISMS ON @./3’-THIODIPROPIONITRILE-FIREBRICK AT 25’C ACCORDING TO EX- 
?ERIMENT_4L DATA’ 

Solure 

- - (10e6 cm) (lOme cm) (lOeb cm) (%) (IO-” cm) 

n-He.xme 9.3 9.2 64.4 
24iethylpentane 6.7 6.7 53.0 
3-Metbylpentane s-7 8.7 52-8 
2.ZDimethylbutme 7.4 7.4 45.2 
n-Hep-mne 20.7 20.6 _ 188 
%2,4-Trimetbylpentae 17.2 17.3 233 
Cyclopentane 16.2 16.1 21.0 
Cyclobexane 325 32.3 58.3 
Methylcyclopentane 21.2 21.3 53.0 
Hexene-1 20.2 14.5 73.6 
Cyclohexene 942 85.8 72.9 
Benzene 441 421 116 
Diethyl ether 26.9 31.9 56.4 
n-Butyl ethyl ether 99.9 56.0 386 
Propionzldehyde 299 246 109 
IsobutyraIdehyde 270 317 91.4 
Ethyl state 465 442 481 
ACCXOlle 427 447 247 
Methy! ethyl ketone 769 808 526 

W-8) 
(-0.9) 
t-0.7) 
( - 0.7) 

0.5 
-0.6 

0.5 

(-0”::) 
39-3 
9.8 
4.8 

- 15.7 
78.4 
21.4 

137 0.51 - 14.7 
5.2 

- 4.3 
- A9 

19 
20 
2-4 
20 
2.8 
2.3 
2.1 
I.9 
20 
1.9 

*Da = I@(& - K&K‘. AU valties in parentheses were obtained from unrounded K; and KL 
respectively, while the others were from those values listed in the table. 
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the computer program, i.e., of the identification procedure described. In agreement 
with the observations of Pecsok et ~1.~ it was found that paraffins and cycloparafhns 
are retained by both dissolution in LSP and adsorption at the gas-liquid interface_ For 
these solutes the absolute values, 1 l&j, of the deviations of KS from KL were less than 
1%. Simultaneously, the d, values obtained were always greater than the LSP film 
thickness in the most heavily loaded packing, failing to satisfy criterion 24. In accor- 
dance with the accuracy of the published data, it was decided to neglect Ds, values 
within + 1 y0 and to consider K, = Kr_ Nevertheless, both coefficients are presented 
in Table I, while the incorrect d, values are omitted in order to indicate the pertur- 
bation_ Hence, both the structured and the bulk LSP layers have equal partition prop- 
erties towards the hydrocarbons considered- 

On the contrary, hexene-1, cyciohexene and benzene are retained by means of 
two absorption and one adsorption mechanisms. Their 1 OS,1 values are large, varying 
within 5-39 %_ Without exception KS > KL, thus indicating the more intensive inter- 
actions in the structured layer. The third retention mechanism is connected with gas- 
liquid inter-facial adsorption of the solutes, their KG, values being nearly equal to 
those obtained by Pecsok er aL3. 

It is of particular interest to consider the behaviour of the polar oxygen-con- 
taining compounds_ Except for isobutyraldehyde, all solutes are retained by means of 
dissolution in both layers as well as by adsorption at the gas-liquid interface. Liquid- 
solid adsorption is observed only with isobutyraldehyde and could be explained in 
terms of eventual hydrogen bondin, = of the U-H atom, due to the so-called hyper- 
conjugation effect. In all cases KS clearly deviates from K,, while KoL values remain 
approximately the same as reported by Pecsok et ai.3. 

A noticeable difference is observed in K, to K,_ ratio for the pairs propionalde- 
hyde-isobutyraldehyde and diethyl ether-n-butyl ethyl ether. The explanation can be 
found in the difference between both the steric factors (for the first pair) and the 
molecular polarizabilities (for the second), which affect the solute interactions with 
the LSP. 

Further, calculated (is values are presented in Table I for those solutes retained 
(among others) by two absorption mechanisms. Principally, the effective thickness of 
the structured layer does not depend on the solute nature. As shown the d, values are 
of similar magnitude, the mean value together with the standard deviation being (2.1 
+ 0.3) x 10m6 cm. The observed range is due to the absence of original experimental 
data for Vr, A,, and A,, as mentioned above. Nevertheless, these results allow a 
positive estimation of both the identification procedure and the corresponding com- 
puter program. 

To demonstrate the ability of the proposed procedure to solve problems of 
mixed retention mechanisms under complicated conditions, the following experi- 
ments were carried out. Two conventional GLC systems were chosen under con- 
ditions of reduced adsorption contributions to the retention. Small specific surface 
area of the support and relatively high temperature were employed, thus complica- 
tions with the identirication were expected. 

Plots of A, and A,, vs. VL for both Apiezon-Celite and Carbowax-Celite 
systems are shown in Fig_ la and 1 b, respectively_ No significant dependence of A,, 
on the nature of the LSP is observed, while A, varies because of difference in the LSP 
density. The final results of application of the identification procedure will be con- 
sidered in detail separately for each system. 
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Fig_ 1. Dependence of liquid-solid and gas-liquid interfacial specific surface areas on liquid stationary 
phase volume per gram of packing: a, Xpiezon M-Celite 545; b, Carbowax 4OOO-CeIite 545 (systems A and 

W- 

System kipiezon M-Celite 545 
As reported in Table II, n-octane, cyclohexane, benzene, chlorobenzene and 

thiophene are retained only by dissolution in the LSP. These solutes have large I& 
values and show no tendency to adsorb at the gas-liquid or liquid-solid interfaces. En 
the case of benzene this behaviour is contradictory to the results of Komaita et QI_~~, 
who found adsorption at a squalane-alumina interface. However, the present result 
can be explained in terms of the substantial difference in the supports (Celite V.S_ 
alumina) as well as in the liquid phases employed (Apiezone XX. squalane). AIso it is 
known that the non-polar Apiezon M cont+ins a definite amount of polymeric methyl 
phenyl ethers33 , which adsorb preferably on the support surface, thus invalidating the 
competition of solutes such as benzene, chlorobenzene and thiophene. 

On the contrary, aicohols and ketones show relatively poor solubility in the 
LSP and a definite propensity towards liquid-solid adsorptions_ This behaviour is in 
agreement with some previous observations ‘sw, but contradicts others, according to 
which alcohols and ketones adsorb also at the gas-liquid interface when saturated 
hydrocarbons are used as liquid p&ases’“*lL. In the present investigation no gas- 
Iiquid adsorption was observed. As pointed out by Conder13, this could indicate 
absence of indite dilution for the solutes chromatographed- However. it seems more 
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TABLE II 

CALCULATED PARTIAL PARTITiON COEFFICIENTS FOR IDENTIFIED RETENTION 
MECHANISMS ON SYSTEM APiEZON K-CELITE -’ AT 70°C 

crclo- 
Bczozeue 
I-Fropzd 
2-Propanol 
I-Butan 
2-Bntanoi 
2-Methyl-I-propanol 
tButanone 
4-Kethyi-2-penlanone 
CilIoroknzcne 
Thiophene 

356-7 
117.5 
107.5 
24.18 78.5 32.5 
10.97 24.0 2.19 
57-47 245 4.26 
33.26 a&2 2.65 
45.92 I45 3.16 
34.50 19.5 0.57 

131.6 118 O-90 
511.9 
116.0 

reasonable that gas-liquid adsorption does not contribute to the retention of alcohols 
and ketones because of the higher temperature of the present experiments (70 vs. 30 or 
40°C for investigations discussed by Conder). 

Ks values are not presented in Table II because it was found Ks c 0 for all 
solutes. This fact, as already discusss, demonstrates the approximately equal par- 
tition properties of both structured and bulk LSP layers, so that Ks and KL cannot be 
distinguished_ A cursory inspection of the J& values indicates that alcohols adsorb 
more strongly than ketones. This parallels the hydrogen-bonding tendency of the 
solutes considered, and is responsible for their adsorption on the support surface. The 
more pronounced adsorption of primary alcohols in comparison with secondary ones 
is due to the well known steric factors. 

As pointed out above, a series of six packings loaded within I-18 % was pre- 
pared (system A). The results obtained by application of the identification procedure 
are presented in Table III. n-Octane and cyclohexane were retained by means of both 
dissolution in LSP and adsorption at the gas-liquid interface. In fact Ks and KL were 
identical, their deviations, 1 D,,j , being smaller than 0.5 %. Calculated 4 values were 
greater than the LSP thickness in the most heavily loaded packing of the series. In 
other words the behaviour of these hydrocarbons was the same as that on TDPN- 
firebrick. 

Ah other solutes were retained by means of two absorption and one adsorption 
mechanisms (at the gas-liquid interface)_ No liquid-solid adsorption was identitied. 
A relatively small but clear difference between KS and KL was observed for each of 
these solutes. The corresponding IDS4 values were not so large as in the system 
TDPN-firebrick, but they were essentially greater than 0.5 %_ In accordance with the 
accuracy of the present experimental data, it was accepted that there was a difference 
between Ks and& only if 1 &,I > 0.5 %_ It is seen in the table that 1 D,,l -c 2 72, thus 
indicating the small difference in the partition properties of both LSP Iayers at 70°C. 
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TABLE III 

CALCULATED PARTIAL PARTITION COEFFICIENTS FOR IDENTIFIED REIEN-I-ION. 
MECHANISMS IN SYSTEM A AND ESTIMATED DEVI_ATIONS OF K, AND &, IN COM- 
PARISON WITH SYSTEM B 

AlI experiments at 70X Both A and B contain Carbowax 4OOO-Cclire 545 packings in difkent loadings: 
A within I-18 “/, and B within l-5 “/ 

Solute 
Comparison with 

System A system B 

Ks & KG, 4 4, 4 D 

( - 10m6 cm) ( - lo-’ cm) (0~) (%I (Z 

n-Octzue 46.03 45.88 16.8 
Cyclohe_xme 23.81 28.69 4.21 
Benzene 135.5 137.2 8.50 2.7 
1-Propanol 246.1 242-7 31.7 2.9 
2-Prcqanol 114.3 116.2 19.4 2.8 
1-Butan 512.8 505.5 45.0 2.9 
I-Butanol 220.6 224-6 26.1 2.7 
2-Methyl-1-propanol 353.6 350.7 38.6 2.8 
2-Butanone 103.4 101.9 11.9 2.9 
4-Methyl-2-pentanoo 206.1 210.1 20.5 2.8 
Chlorobenzene 830.7 825.6 16.2 3.0 
Thiophene 221.6 220.0 7.28 29 

0.33 0.57 -1.2 
0.42 0.81 - 1.8 
0.95 -0.52 1.5 
1.40 0.34 0.97 

-1.64 -0.44 1.3 
1.44 0.31 -0.74 

- 1.78 - 0.29 I.1 
0.53 0.18 - 1.0 

1.47 -0.37 1.7 
-1.90 -0.33 1.4 

0.62 0.31 - 1.4 
0.73 -0.26 -1.9 

Because of the high temperature at which the solutes were chromatographed, their 
gas-liquid interfzcial adsorption was weak, reflected in the relatively small KGL 
values. Nevertheless, this adsorption mechanism was clearly identified without any 
complications. 

In contrast to the system TDPN-firebrick, calculated ds values for system A 
show a noticeable constancy with small standard deviation: (2.8 + 0.1) x low6 cm. 
This fact could be considered as evidence for a properly developed GLC sorption 
model. However, for final verification, an additional Carbowax-Celite system 
[system B) was examined under the same chromatographic conditions. 

Four packings loaded within l-5% were prepared in order to obtain only a 
structured layer coating on the support. This means that the LSP film thickness in the 
most heavily loaded packing should not exceed the calculated d, middle value. If the 
sorption model is adequate *&e integral retention of solutes should be controlled by 
the equation 

E = V,K, + AGLKG,_ 

where Vs is now equal to the totaI LSP volume per gram of packing. A solution of the 
corresponding system of four linear equations should give Ks and KoL. values nearly 
equal to those obtained for system A. 

In Table III the D, and DoL deviations are calculated as follows: 

Di T Id(Kp - Iq)/OS(Kf i Icy) 
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where the superscriptr A and B refer to the corresponding chromatographic systems, 
while i indicates S or GL respectively. Except for n-octane, cyclohexane and benzene, 
1 Dd is iess than 0.5 %, thus being also smaller than the respective 1 DSJ _ in fact the-@ 
values are identical with Kt-, while the differences between Kt and Kt are obviously 
greater. Coincidence of K&_ values for the solutes in both systems is also observed, so 
that1 &,I c 2 %. These observations agree well with the sorption mode&-and confirm 
its reliability as a basis of the identication procedure developed. The latter appears 
to be an usefti tool allowing one to solve probkms of mixed retention mechanisms in 
GLC systems even under complex conditions. 

As mentioned above, a correct identification of the retention mechanisms leads 
immediately to soMion of the inverse retention probkm. The partial partition coef- 
ficients obtained permit evaluation of the contributions of these mechanisms to the 
integral solute retention_ Results for the systems Apiezon-Celite and Carbowax- 
Celite (system A) are presented in Table IV. For each solute the partiaf retention 
effects (PRE) are indicated in accordance with the corresponding retention mecha- 
nisms identified on the packings of both systems. All calculated values are percent- 
ages, thus allowing comparison of relative contributions to solute retention. 

c 8 12 1s 

v, I lo-“cm3g-’ 

Fig 2. Variation of partial retention effects and integral mention with liquid stationary phase volume per 
gram of psking for isobutyrald&ycle on j$#J’-thiodipro~iani~brick at 2YC. 
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Fig 3. ?kriation of par&l retention effects and integral retention with liquid stationary phase volume per 
gam of packing for I-propanoi on Apiezon M-G&e 545 at 70°C. 

It follows from Table IV that liquid-solid adsorption of polar solutes con- 
tributes to their integral retention in the Apiezon-Celite system. Even in the case of 
the most heavily loaded packing the adsorption contributions vary between 4 and 
25%. @a the contrary, in the Carbowax-Celite system the gas-liquid adsorption 
contributes moderately to the retention of ah solutes, decreasing rapidly with in- 
creasing LSP loading. Considerable contributions varying between 3 and 42% are 
observed only in the packing with smallest amount of LSP. The most pronounced 
retention effect is due to dissolution in both the structured and/or the bulk LSP 
layers_ 

To demonstrate the variation of integral retention, E, and that of PRE with V,, 
plots are presented in Figs. 21 for selected solutes. Fig_ 2 shows absolute contri- 
butions of alI mechanisms to the integral retention of isobutyraldehyde in the system 
TDPN-firebrick. As expected, with increasing V, the VsKs c0ntributio.n increases 
until the structured layer achieves its maximum thickness, G&_ After the appearance of 
the bulk LSP layer, YsKs decreases slowly since Vs = A&, tihere A, decreases Gith 
increasing VL and d, remains constant. Apparently, the dependence of V& on V, 
can be represented by means of two straight Lines, ilh&rating the variation of this 
contribution before and after completion of the structured layer re+ctively. The 
intersection of both Lines corresponds to that V, value at which formation of the bulk 
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Fig. 4. Variation of partial retention effects and integral retention with liquid stationary phase volume per 
gram of packing for l-propanol on Carbowax 4OQO-Celite 545 (system A) at 70°C. 

layer starts, i.e., this point is the origin of the VsK, retention contribution. Simul- 
taneously, the contributions A,,_&, and A,&, parallel the corresponding depen- 
dences of A,, and A,, on VL_ Regardless of the small KsA for isobutyraidehyde, its 
liquid-solid adsorption contributes more to the integral retention than the adsorption 
at the ga-liquid interface. 

Figs. 3 and 4 show the behaviour of PRE for I-propanol on Apiezon-Celite 
and Carhowax-Celite respectively. Since in the former system Ks = KL the contri- 
Oution of the unique absorption mechanism is indicated in Fig. 3 as VLKL_ As dis- 
cussed above, the A,K& contribution decreases with increasing V,, remaining as a 
considerable part of the~integral retention. On the other hand, the situation on Car- 
bowax-Celite (system A) is quite different resuiting in two absorption mechanisms. 
Fig. 4 shows that for l-propanol V.&s and Vu&_ follow similar dependences on V, to 
those in Fig. 2_ _Moreover, the contribution of AGLK& is essentially small, while that 
of A,&, is completely absent. 

In conclusion, the introduced GLC sorption model has allowed a r&able pro- 
cedure to be developed which needs QO investigator’s intnition for identification of the 
retention mechanisms. The application of this procedure leads immediately to solu- 
tion of the inverse retention problem, resulting in a set of precisely calculated par- 
tition coefficients. The latter permits one to evaluate absolute and/or relative contri- 
butions of identikd mechanisms to the integral solute retention. 
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