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Summary 

After a brief recall of the chromatographic principles, 
t h e  different applications of gas chromatographic 
measurements of thermodynamic equilibria were re- 
viewed. Gas and liquid chromatographies are now well 
known and elegant methods for measuring the physico- 
chemical properties and phase equil ibrium thermo- 
dynamic constants. Although fundamentally a dynami- 
cal method and mostly known as a powerful separation 
technique, chromatography can be schematized by a 
succession of equilibria of a chemical species partition- 
ing between a mobile phase and a fixed liquid or solid 
stationary phase. It can be operated in either inf inite 
di lut ion or f inite concentration conditions and permits 
to collect a large number of data for calculating molec- 
ular interactions for solutes which are either rare or 
available at the trace level. 

Gas chromatography permits the measurement of gas 
adsorption isotherms, gas-liquid equilibria, molecular 
diffusion and interaction virials. The modelization of 
successive partition equilibria occuring in the chroma- 
tographic column leads to rather simple expressions of 
differential enthalpy, entropy, free energy of adsorption 
or solution, variation of heat capacity, complexation 
constant, second virial coefficients, gas-solid and gas- 
liquid isotherms and also binary or ternary equilibria. 
The possibilities of High Performance-Liquid Chroma- 
tography to investigate adsorption from solutions and 
chemical equilibria are also discussed. 

1 Present address: D~partement de Chimie, Groupe Masse-Chimie 
Th~orique, Ecole Polytechnique, Route de Saclay, 91128 Pa- 
laiseau Cedex, France. 

2 Present address: Laboratoire de Physicochimie des Biopolym6res, 
UM 27 CNRS, 2, rue Henri Dunant, 94320 Thiais Cedex, France. 

Chromatographia Vol. 23, No. 3. March 1987 Review Papers 

I ntroduction 

Fundamental aspects of the chromatographic technique 
render it a fast, efficient and appropriate method for 
measuring thermodynamic equilibria. 

The application of gas chromatography to the measurement 
of chromatographic data has first been proposed by Little- 
wood, Phillips and Prince th i r ty  years ago [1]. 

Although all the measurements of adsorption and solution 
thermodynamics can be made by other techniques, the 
chromatographic technique offers certain bri l l iant ad- 
vantages: 

(a) Measurements at infinite di lut ion are of first import- 
ance in the theory of equilibria. They can be obtained 
from classical techniques from often di f f icul t  extra- 
polations. They can be directly obtained from the elu- 
t ion of a small amount of pulse sample into a chroma- 
tographic column. 

(b) Correlatively, as it allows to operate on very small 
amounts of both solute and solvent or sorbent, chro- 
matography is also an extremely sensitive technique 
particularly valuable for solutes which are either rare 
or only available at the trace level. 

(c) As it is also a separation technique, chromatography is 
a rapid technique: it permits to operate directly on 
either impure solutes or mixtures wi thout  requiring 
long pumping like static methods. 

(d) Finally, as a highly efficient separator, the chroma- 
tographic column can be used for the theoretical 
interpretation of the separation of similar molecules 
exhibit ing a very small difference in their free energies 
of adsorption or solution. 

On the other hand, the chromatographic phenomenon is 
quite complex. Many by-effects such as adsorption or slow 
kinetics can appear requiring the use of rather complicated 
corrective terms in the data handling and interpretation. 
This sometimes compromises the credibil i ty of the techni- 
que even if the measurements are highly reproducible. Last, 
another l imitat ion of chromatography is its impossibility 
to operate with polar or very volatile station V phase. 

The chromatographic process involves the distr ibution 
of a solute between two phases: a gaseous or liquid mobile 
phase and a liquid or solid stationary phase. It is common 
to distinguish between gas chromatography (where the 
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mobile phase is a gas), and liquid chromatography (where 
the moving phase is a liquid or a mixture of liquids), al- 
though the fundamentals of chromatography are applicable 
to both forms of chromatography. The retention theory 
of chromatography is rather simple when studying the 
interaction between two species and neglecting other inter- 
actions. Therefore, chromatography is generally used to 
study binary systems. However, multicomponent systems 
involving for example a stationary phase interacting with 
two components can also be studied by chromatography. 

Thermodynamic measurements obtained from chroma- 
tography can be carried out in two concentration ranges: 
theory of linear chromatography is applicable at infinite 
di lut ion (when dealing with gas-liquid equilibria) or at zero 
surface coverage (for gas-solid equilibria). Non-linear chro- 
matography describes equilibria at f inite concentrations. 

At  infinite di lut ion, solute interactions are neglected. The 
equilibria thermodynamic properties are obtained by 
measuring the retention time of a pulse injection while 
the kinetic and transport processes are deduced from the 
elution peak profile. 

At  f inite concentrations, the chromatographic technique is 
appropriate for the determination of distribution iso- 
therms. Different methods can be used: frontal analysis, 
elution analysis at different concentrations and the "step- 
and-pulse" technique which consists in the analysis of the 
retention of a pulse on a steady plateau of constant con- 
centration. 

The applications of gas chromatography in physicochemical 
studies have been reviewed by several authors [2, 3]. The 
physicochemical applications of High Performance Liquid 
Chromatography (HPLC) have been the object of an ex- 
tensive review [4]. A general survey of the thermodynamics 
of HPLC has recently been published [5]. This work wil l  
be limited to the study of the infinite di lut ion chroma- 
tography since measurements at f inite concentration 
permits the determination of equil ibrium isotherm in both 
gas-liquid [6], gas-adsorption [7] and liquid-adsorption 
[8, 9] systems. 

Theoretical Recalls 

The general relationship between the experimental chro- 
matographic data (expressed through the retention volume) 
and the equil ibrium distribution coefficient describing the 
solute partit ion between the mobile phase and the sta- 
t ionary phase has been established by Riedo and Kovats 
[10]: 

rc n,/ 
VRi -- Vrn L \ax i / 0 -  xi~ o (1) 

where 

ni = number of moles of solute i, 
x i = molar fraction of solute i in the mobile 13hase, 
nt =- total number of moles in the system, 
Vm = average molar volume of the mobile phase. 

The subscript o refers to the initial composition of the 
eluant. 

In gas-liquid or l iquid-l iquid chromatography, eq. (1) re- 
duces to: 

v .  -- + Vm I ' -  x~ 
\ aXi ,/O (2) 

where 

V s = volume of the stationary phase, 
V M = volume of the mobile phase. 

This equation directly relates the experimental retention 
volume to the derivative of the equil ibrium isotherm 
Ci s = f (xi), at molar fraction xi ~ if C s is taken as the con- 
centration of the solute in the stationary phase. V R is 
there the retention volume of a pulse injected on a plate 
of molar fraction xi ~ and corresponds to the retention 
volume observed in the "step-and-pulse" method which 
was first developed by Valentin and Guiochon [6]. At 
infinite di lut ion, xi ~ = 0, and eq. (2) is reduced to its clas- 
sical expression for partition chromatography. 

VR = VM + VsV m ((~cS / -~X~/~ (3) 

with a solid stationary phase, eq. (2) becomes: 

/ ~ F ' i \  
vR = V +Svm t )o 141 

where 

F i = 
n s = 

S = 

n s i S = Gibbs adsorption 
number of adsorbed molecules, 
total surface area of the adsorbent. 

1. S o l u t i o n  Thermodynamics from Gas-L iqu id  

Chromatography 

Activity Coefficients at Infinite Dilution 

The net retention volume V N = V R - V M is experimentally 
obtained from the difference between tR, the transit time 
in the column of the retained compound, and tm the 
transit time of an unretained component, 

VN = ( t  R - t  m)'332"F (5) 

where 

F = column outlet f low rate, 
j2 = a correction factor accounting for the pressure gra- 

dient (P i -  Po) in the column. 

n (Pi/Po) m -  1 
J~ - (6) 

m (pi/Po)n_ 1 

It may be shown that the retention volume V n is related 
to the partit ion coefficient at infinite di lut ion Kt defined 
as: 

n~ Vg 
K I = lira (7) 

n~ ~ o n~J Vl 
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where 

n g and n~ = numbers of the moles of solutes in the gaseous 
and liquid phases, respectively, 

Vg and VI = volumes of the gaseous and liquid phases, 
respectively. 

K I is related to the activity coefficient at infinite di lut ion 
~/oo and zero pressure through the expressions [1 1 ]: 

2 B 1 2 - v ~  
Ln K I = Ln Ks(0) + RT "P (8) 

and 

n~ RT B l l - v  0 
Ln Ki (0) = L n - -  _ _  pO (9) o o  RT 3' Pl Vl 

where P is the system pressure, B l l  and B12 are the second 
virial coefficients characterizing the interaction between 
two solute molecules and between one solute molecule 
and a carrier gas molecule, v ~ is the solute molar volume, 
v I the partial volume of the solute at infinite di lut ion in 
the stationary phase, pO is the saturation vapor pressure of 
the solute, R is the gas constant and T is the absolute tem- 
perature. 

Considering the gas phase non ideality and the pressure 
drop through the column, one can calculate the retention 
volume of a solute in an ideal carrier gas as: 

B12-v~ 
LnVN = Ln KI (0)V l  + RT PoJ4+ ... (10) 

Eq. (10) is applicable when using Nitrogen, Argon, Hydro- 
gen or Helium as carrier gas, as l itt le deviation from ideality 
is observed. From a plot of LnV  N versus Po J4, one can cal- 
culate Ln K I (0) V 1 and thus obtain the activity coefficient 
at inf inite di lut ion. Agreement between data obtained 
from chromatographic measurements and static methods is 
generally good [2]. When optimizing the support selection 
together with the amount of stationary phase and account- 
ing for the pressure corrections, the accuracy in measuring 
the activity coefficient at infinite di lut ion by gas chroma- 
tography is about 1--2% [12]. 

Attention should be drawn on the fact that adsorption on 
the support and on the liquid stationary phase interface 
may contribute to the overall retention volume. It has been 
shown that liquid-surface adsorption occurs when a non- 
polar solute interacts with a polar stationary phase but is 
negligible when dealing with non polar phases. Therefore, 
measurements of activity coefficients by gas chromatog- 
raphy are only limited to apolar solutes and apolar non 
volatile solvents in the limited temperature range suitable 
for carrying the experiments. 

The partial molar enthalpy of mixing of the solute in the 
stationary phase can be obtained from the variation of 3,= 
with temperature at constant pressure: 

AH m=  R \ ~) ( l / T ) / p  (11) 

The precision on AH m measurement is about 300J mole-1 
for a 0.3% standard deviation in 3" measurement. Therefore, 
it is usually considered that it is more convenient to meas- 

ure AH m from calorimetric than from chromatographic 
experiments. 

The retention indices system which is widely used in analy- 
tical gas-liquid chromatography measures the retention of 
any compound relative to that of n-alcanes. The large 
amount of data that can be collected by gas chroma- 
tography has been exploited by correlating these para- 
meters with the molecular structure of molecules [ 13]. 

Mixed Second Virial Coefficients 

The gas-liquid chromatographic method permits the deter- 
ruination of the mixed second virial coefficient by vary- 
ing the total pressure (cf eq. (10)). B12 can be directly 
obtained from the slope of the straight line of the plot 
of LnV  N versus Po J4. Eq. (10) remains valid when the 
carrier gas is insoluble in the stationary phase and the 
gas phase is ideal. Values of B12 have been determined 
for hydrocarbons and various carrier gas systems [2]. 

2. Adsorption Thermodynamics from Gas-Solid 
Chromatography 

At zero surface coverage the retention volume is related 
to Henry's adsorption constant K H which is the slope of 
the isotherm na = f (P) at the origin (n a is the number of 
adsorbed molecules per unit surface area of the adsorbent 
and p the solute partial pressure). 

Ln (VN/A) = Ln K H RT + 2B2D na + 2B12 Po j4 /RT  (12) 

Eq. (12) takes into account the non ideality of the gas 
phase [13] and the lateral interactions of the solute mole- 
cules in the adsorbed state (middle term). A is the total 
surface area of the adsorbent. 

The last term can be neglected when using a quasi ideal 
carrier gas like Helium. 

The differential isosteric enthalpy of adsorption is ob- 
tained from the variation of K H with temperature: 

d Ln K H 
AHst = - R d(1/T---~- (13) 

and practically from the slope of the plot of Ln (VN/A) 
1 

versus ~ .  Gas adsorption chromatography has been used 

in many instances to measure the thermodynamic func- 
tions of adsorption on various adsorbents [7]. Graphitized 
carbon black is a priviledged adsorbent for hydrocarbons 
as symmetrical peaks are observed. By carefully controll ing 
the experimental parameters, the precision on AHst meas- 
urement is 50cal/mole and the variation of the heat capaci- 
ty during adsorption can be measured [14] and satisfac- 
tor i ly  compared with static measurements when extrapola- 
tion at zero surface coverage from isotherm determination 
is possible. 
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3. Solution Thermodynamics from Liquid 
Chromatography 

Deriving an equilibrium partition coefficient from liquid 
chromatographic experiments is possible if the partitioning 
of the solute molecules between the liquid and stationary 
phases is rapid enough so that the departure from equilib- 
rium summed over the whole column is negligible. 

A detailed review [5] has been published, describing the 
thermodynamics of retention in reversed phase chroma- 
tography, adsorption chromatography, ion exchange chro- 
matography, exclusion chromatography. 

Considering the liquid-liquid chromatography retention 
mechanism as a partitioning of solutes between two bulk 
liquid solvents, Locke [4] has established the thermo- 
dynamics of retention at infinite dilution, relating reten- 
tion volumes to solute activity coefficients. The activity 
coefficient in one phase can be determined if the activity 
in the other phase is known. 

Several theories explaining the retention mechanisms in 
liquid-solid chromatography, with mixed solvent mobile 
phases, have been proposed [15]. It is shown that the re- 
tention volume is related in a simple manner with the 
volume fraction composition of the mixed solvent. The 
theory of chromatography with mixed liquid solvents 
developed by Riedo and Kovats [10] was applied to the 
determination of adsorption at the liquid-solid interface 
[16] and the possibility of defining and measuring a gas 
hold-up volume discussed. 

4. Complexes Equilibria Studies 

Complexes studies by gas-liquid chromatography are 
generally based on the measurement of the interaction 
between a solute and an additive to the stationary phase 
or directly of the interaction between the solute and the 
stationary phase. 

The basic equations of chromatography are: 

V a = Ki Vl (absence of complexes) (14) 

VN = Ki Vi (presence of complexes) (15) 

The constants of the complexing equilibria are related to a 
theoretical expression giving Kj as a function of KI*. Silver 
and other metal ligand complexes, charge transfer com- 
plexes and hydrogen bonding systems have been studied by 
gas-liquid chromatography [2]. 

The same principles for measuring complex equilibria are 
still valid in liquid chromatography [5] and have been used 
to measure complex associations of metals with molecules 
of biological interest. Horvath et al. [17] have demonstrated 
that HPLC with non polar stationary phases is a precise 
method for the evaluation of the stability constant of 
complexes formed in solution only in the case where the 
rate of equilibrium in the mobile phase is rapid. 

5. Reaction Kinetics 

The gas chromatographic columns is an "on-column reac- 
tor"  which combines the function of a reactor and a sep- 
arator. The theories assume an ideal chromatographic 
reactor where the distribution isotherm is linear and involve 
solutions for the mass balance equations. Kinetic data may 
be derived from the peak area ratios observed in the reac- 
tion chromatogram [2, 3] or from measurements of the 
peak spreading [18]. 

Other techniques have been introduced in gas chroma- 
tography to study reaction kinetics: the stopped flow 
technique [19] uses the abil i ty to move molecules at will 
under precise control through the chromatographic bed. 
Reactants, individual products and even impurities can be 
separated by the reversed f low technique which consists in 
reversing the direction of flow Of the carrier gas from time 
to time [20]. 

The liquid chromatographic column can also be used as a 
reactor for kinetic studies [21]. 

6. Diffusion Measurements 

The diffusion coefficient Dm is measured from the band 
broadening of the elution peak as a function of carrier gas 
velocity. It is based on the height equivalent to a theoreti- 
cal plate concept, H, which is related to o t the standard 
deviation of the elution peak in time units, the retention 
time tR and the column length. For an open tube column, 
H is a function of the average mobile phase velocity -~: 

/,__~2 r2~ 
H = L / u t  = 2 D i n + - -  (16) 

\ t R ]  24Din 

where 

2r t = internal diameter of the column. 

The method and its application to the measurement of 
diffusion coefficients of vapors in various carrier gases 
has been reviewed by Maynard and Grushka [22]. Experi- 
mentally, equipment similar to the chromatographic one 
is required, including injection and detection devices. 

The same method has been applied in liquid chroma- 
tography [23, 24] to determine diffusion coefficients 
at infinite dilution, mutual diffusion coefficients in liquids 
and self diffusion coefficients with a suitable marker. 

Conclusion 

In this quick review of the possible applications of chro- 
matography in thermodynamical equilibria measurements, 
the basic equations are given which allow further develop- 
ments and the access to specific thermodynamic constants 
of the equilibria of solution or adsorption at infinite 
dilution, complexation constants, liquid interracial ef- 
fects, diffusion coefficients. 

The measurement of thermodynamic data in gas -- and 
liquid -- phases by chromatography can favorably com- 
plete with static experiments in the infinite dilution range 
as direct measurements are carried on and extrapolations 
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are unnecessary. On the exper imental  side, chromatography 

is a fast and sensitive technique for  thermodynamic  equi l ib- 

ria studies. I t  has however to  be stressed that  handling 
chromatographic data can sometimes be tedious and 

necessitate to account for  secondary effects which lead 
to the in t roduct ion of  correct ion factors which com- 
promises the performances of the method. 
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