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Abstract

Gas–liquid distribution coefficients at ideal dilution in non-volatile solvents can be measured by gas chromatography. The numerical value of
a coefficient depends on the choice of the concentration unit in the solvent and in the gas phase. The relationships between different coefficients
characterizing gas–liquid equilibria are discussed and summarized. Coefficients determined at several temperatures permit calculation of the
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tandard chemical potential difference of the solute with the ideal gas phase as reference as a function of temperature, theg-SPOT. Following
he proposal of Kirchhoff the latter can be formulated as an equation with three constants. As in the gas phase the molecules of the
o interacting partners, the three constants,�H, �Sand�C, characterize the interaction between solvent and solute molecules. They
alled the “solute–solvent interaction parameters”. In the same system the values of these parameters depend on the choice of th
oefficient. Five different distribution coefficients result five sets of interaction parameters. It is shown that conversion of a para
o another implies additive corrections independent of the nature of the solute. Ifg-SPOT-s are measured in a series of solvents, the
ay be used to calculate the corresponding liquid–liquid partition coefficients by electing one of the solvents as reference (l-SPOT). The

orresponding “relative interaction parameters” can be calculated by simple substraction. In a second chapter the precautions are
ecessary for gas chromatographic determination of distribution coefficients and examples are given for interaction parameters
ystems. It is concluded that there are significant differences betweeng-SPOT-s related to different distribution coefficients. On the o
and, differences betweenl-SPOT-s are negligible.
2004 Elsevier B.V. All rights reserved.
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. Introduction

A distribution coefficient is the ratio of the concentrations
f a solute,i, in two phases at equilibrium. In classical ther-
odynamics the concentration of the solute in the gas phase,

, is characterized as pressure,Pi, and the concentration
n a condensed phase as mole fraction,xi. The ratio of the
oncentrations of a solute at ideal dilution between these two
hases,Pi/xi, is the (classical) Henry coefficient,h′

i, of the
olute. Knowledge of the Henry coefficient between the ideal
as phase,g, and the ideal dilute solution in a solvent,sv, at a

∗ Corresponding author. Tel.: +41 21 6933131; fax: +41 21 3128283.
E-mail address:ervin.kovats@epfl.ch (E. sz. Kováts).

given temperature permits calculation of the standard ch
cal potential difference,�µ

(sv/g)
i , theg-SPOT. Knowledge o

theg-SPOTat several temperatures shows that it is a slig
curved function of temperature. Following the proposa
Kirchhoff the function,�µ

(sv/g)
i (T), can be described by

equation having three constants which may be interp
as the enthalpy of dissolution of the solute in the solv
�H

(sv/g)
i (T†), the difference of the molar entropy of t

solute between the two phases,�S
(sv/g)
i (T†), both at a refer

ence temperature,T†, and as the partial molar heat capa
difference of the solute in the two phases at constant pres
�C

(sv/g)
P,i . Latter is considered to be constant in a large eno

temperature domain around a reference temperature≈T†

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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± 100◦C). In the gas phase the solute molecules have no
interaction partners, hence these constants characterize the
interaction between solvent and solute molecules and they
will be called the “solute–solvent interaction parameters”.
Knowledge of theg-SPOTat more than three temperatures
permits calculation of the Kirchhoff function by regression,
i.e. the determination of the three interaction parameters.

In a gas chromatographic column the solute is distributed
betwen the gas phase and the stationary phase. In the case
of gas–liquid chromatography the solute is retained by ab-
sorption and adsorption. If adsorption at the liquid/gas and
the liquid/support interface is negligible the specific retention
volume,Vg,i = VN,i/wsp (cm3 g−1 ≡ L kg−1) is identical to
a distribution coefficient which is the ratio of the molarity of
the solute in the gas phase and its molality in the solvent. It
will be called the “molal Ostwald coefficient”. It corresponds
to the net retention volume of a solute, (cm3 g−1), measured
with a column containing one gram of non-adsorbing station-
ary liquid. For its calculation the mass of the solvent in the
column,wsp, must be known.

Note: In the early days of gas cromatography a “reduced
specific retention volume” was proposed, defined as the
value of the specific retention volume multiplied byT/273,
i.e. its value at−0.15◦C. This retention volume has no sense
and should not be used.
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version of data related to different distribution coefficients
and the conversion of data originally reported in calorie with
atmosphere as unit for pressure to data in Joule and the pres-
sure in bar. We do not intend to criticise works with erroneous
evaluations, hence mostly we cite our own papers. The con-
clusions will also be illustrated with some of our published
experimental results.

In the following, units will be used which are accepted
by the International Union of Pure and Applied Chemistry
as multiples of basic SI units[1]. Pressure is given as (bar)
which is equal to 105 Pa, volume as (L) which is defined
as 1 dm3 (=1000 cm3), the length as (cm) or its multiples,
the mass as (kg), the molar mass as (kg mol−1), finally en-
ergy as (J) equal to 1 kg m2 s−2. The relationship between
degree centigrade and thermodynamic temperature is:T (K)
= t (◦C) + 273.15. In this system the value of the molar
gas constant isR= 8.314472 J mol−1 K−1, corresponding to
(10−2 L bar mol−1 K−1). In order to avoid numerical factors
in the equations it is preferable to define two molar gas con-
stants: one related to energy,R= 8.314472 J mol−1 K−1 and
the second to pressure,� = 0.08314472 L bar mol−1 K−1. We
have chosen this solution.

The calorie (cal) and the atmosphere (atm) are often en-
countered in the literature for reporting data. For the con-
version of, atm→ bar, the following factor is accepted:
1 t
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If the density of the solvent is known then the mo
oncentration in the solvent can also be calculated. H
he concentration of the solute in the gas phase may be
s pressure and as molarity, in the solvent as molali
olarity. The four possible ratios result four distribut

oefficients having different numerical values. The rel
-SPOT-s may be used for the evaluation of interac
arameter sets which will also have different nume
alues. Finally, for the calculation of the (classical) He
oefficient the molar mass of the solvent should be avail
hich is practically never known.
In the last decade several papers have treated

valuation of interaction parameters originating from
hromatographic data by statistical methods. The aim
o detect main causes of molecular interactions, or to
est systems for the prediction of gas–liquid distribu
quilibria of solutes in industrial applications, e.g. betw
perfume mixture and the gas phase. The standard che
otential difference have been calculated in neithe

hese publications as it should be following the propos
lassical thermodynamics as described in the introduc
herefore, it is important to know the signification of
ifferences between these parameter sets and to answ
uestion wheather one of these sets gives the right re
ence is to be preferred. Our conclusion is that either of t
ets may be used for such an analysis but that the da
pplied for evaluation must be homogeneous, i.e. mem
f the set must be related to the same sort of distribu
oefficient.

The present discussion is meant as a help for writi
aper on this or similar subjects. It is focussed on the
l

e

t

atm = 1.01325 bar. For the conversion, cal→ J, we adop
he proposal of the National Bureau of Standards: 1 c
.184 J[2]. With this equality the molar gas constant isR′
1.9872 cal mol−1 K−1. Other conversion factors propos

or the calorie do not differ more than 0.5% from the N
efinition, which is less than the error of the experime
alue of distribution coefficients.

In the present discussion symbols are complex bec
hey should reflect their slightly differing significations. T
s made by subscripts and superscripts which have the fo
ng logics:related tosymbol

(in)
of and for the standard chemic

otential difference (SPOT): related to�µ
(in sv/in st)
of , where,sv,

s for solvent and,st, is for the solvent elected as standard.
as chromatography the generally used composite sym
re accepted, such asVg for the specific retention volum

3]. In this case the subscript is separated of the follow
ubscript by a comma, e.g.Vg,i.

. Characterization of distribution equilibria

.1. Distribution coefficients at ideal dilution

.1.1. Concentration units
The concentration of the solute,i, in the ideal gas phas

g), having the volume,V (g) (L), may be given by its pa
ial pressure,Pi (bar), or as its molar concentration,c(g)

i

mol L−1). They are related as follows:

iV
(g) = n

(g)
i �T (L bar) (1)
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c
(g)
i = n

(g)
i

V (g)
= Pi

�T
(mol L−1) (2)

where,n(g)
i (mol), is the number of moles of the solute in the

gas phase and,� = 0.08314472 L bar mol−1 K−1.
The concentration of the solute in the solvent,sv, may be

given as:

Molality m
(sv)
i = n

(sv)
i

wsv

(mol kg−1) (3)

Molarity c
(sv)
i = n

(sv)
i

Vsv

(mol L−1) for n(sv)
i → 0 (4)

Mole fraction x
(sv)
i = n

(sv)
i

(nsv + n
(sv)
i )

= n
(sv)
i

nsv
(−)

for n(sv)
i → 0 (5)

whereVsv (L) andwsv (kg) are for the volume and for the
mass of the solvent, respectively. For the calculation of the
volume of the solvent knowledge of its density,ρsv (g cm−3

≡ kg L−1), and for the calculation of its number of moles
knowledge of its molar mass,Msv (kg mol−1), is necessary:

V

n

I lvent
i

s:

2
of a

g
g e,
i uted
b ideal
g ature
m

O

Molal Ostwald coefficient κ
(sv/g)
D,i = m

(sv)
i

c
(g)
i

(L kg−1)

(12)

Molar Henry coefficient h
(sv/g)
i = Pi

c
(sv)
i

(L bar mol−1)

(13)

Molal Henry coefficient g
(sv/g)
i = Pi

m
(sv)
i

(kg bar mol−1)

(14)

Henry coefficient h′(sv/g)
i = Pi

x
(sv)
i

(bar) (15)

where the Henry coefficient given inEq. (15)is the “classical”
Henry coefficient.

If the concentration in the gas phase is given as pressure,
the coefficient is called “Henry coefficient” if it is given as
molarity the coefficient is called “Ostwald coefficient”. If the
concentration in the solvent is given as molarity or molality,
c

(sv)
i or m(sv)

i , the coefficient is designated as “molar” or as
“molal” coefficient. Concerning the gas–liquid solute con-
centrations Henry and Ostwald coefficients are defined in an
inverse manner. The “classical” Henry coefficient,h′(sv/g)

i

(bar), can only be calculated if the exact composition of
t ient,
x five
c

K

K

K

κ

κ

κ

sv = wsv

ρsv
(L) (6)

sv = wsv

Msv

(mol) (7)

n the case of mixed solvents the molar mass of the so
s defined as:Msv =

∑
xjMj.

The different composition scales are related as follow

m
(sv)
i

c
(sv)
i

= Vsv

wsv

= 1

ρsv
(L kg−1) (8)

m
(sv)
i

x
(sv)
i

= nsv

wsv

= 1

Msv

(mol kg−1) (9)

c
(sv)
i

x
(sv)
i

= nsv

Vsv

= wsv

MsvVsv

= ρsv

Msv

(mol L−1) (10)

.1.2. Gas–liquid partition coefficients
The isothermal system to be discussed is composed

as phase, (g), in contact with a non-volatile solvent, (sv). At a
iven temperature,T (K), an infinitesimal amount of a solut

, is introduced into the gas phase. The solute is distrib
etween the two phases: the ideal dilute solution and the
as phase. The distribution equilibrium at a given temper
ay be characterized by the following coefficients:

stwald coefficient K
(sv/g)
D,i = c

(sv)
i

c
(g)
i

(−) (11)
he solvent is known (the corresponding Ostwald coeffic
(sv)
i /c

(g)
i , is never used). The relationships between the

oefficients are as follows:

K
(sv/g)
D,i

κ
(sv/g)
D,i

= c
(sv)
i

m
(sv)
i

= ρsv (kg L−1) (16)

(sv/g)
D,i h

(sv/g)
i = Pi

c
(g)
i

= �T (L bar mol−1) (17)

(sv/g)
D,i g

(sv/g)
i = c

(sv)
i Pi

m
(sv)
i c

(g)
i

= ρsv�T (kg bar mol−1) (18)

(sv/g)
D,i h′(sv/g)

i = c
(sv)
i Pi

x
(sv)
i c

(g)
i

= ρsv�T

Msv

(bar) (19)

(sv/g)
D,i h

(sv/g)
i = Pi m

(sv)
i

c
(g)
i c

(sv)
i

= �T

ρsv
(L2 bar mol−1 kg−1) (20)

(sv/g)
D,i g

(sv/g)
i = Pi

c
(g)
i

= �T (L bar mol−1) (21)

(sv/g)
D,i h′(sv/g)

i = Pim
(sv)
i

c
(g)
i x

(sv)
i

= �T

Msv

(L bar kg−1) (22)

h
(sv/g)
i

g
(sv/g)
i

= m
(sv)
i

c
(sv)
i

= 1

ρsv
(L kg−1) (23)

h
(sv/g)
i

h′(sv/g)
i

= x
(sv)
i

c
(sv)
i

= Msv

ρsv
(L mol−1) (24)



188 E. sz. Kov´ats et al. / J. Chromatogr. A 1046 (2004) 185–202

g
(sv/g)
i

h′(sv/g)
i

= x
(sv)
i

m
(sv)
i

= Msv (kg mol−1) (25)

2.1.3. Liquid–liquid partition coefficients
The isothermal system is composed of a gas phase, (g),

in contact with two recipients one containing a non-volatile
solvent, (sv), the second containing the non-volatile solvent
elected as standard, (st). At the temperature,T (K), an in-
finitesimal amount of a solute,i, is dissolved in the reference
solvent. The solute is distributed between the three phases,
forming two ideal dilute solutions and an ideal gas. The two
solutions being in equilibrium with the same gas phase are
obviously also in equilibrium with each other. The concen-
trations in the two liquid phases may be given as indicated in
the case of gas–liquid equilibria as molal or molar concen-
tration or as mole fraction (seeEqs. (3)–(5)). Based on this
imaginary experiment the liquid–liquid partition coefficients
may be calculated from the gas–liquid partition coefficients
defined inEqs. (11)–(15)as follows:

K
(sv/st)
D,i = c

(sv)
i

c
(st)
i

= K
(sv/g)
D,i

K
(st/g)
D,i

(
= 1

h
(sv/st)
i

)
(−) (26)

κ
(sv/st)
D,i = m

(sv)
i
(st)

= κ
(sv/g)
D,i

(st/g)

(
= 1

(sv/st)

)
(−) (27)
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2.2. Partition coefficient and standard chemical
potential difference (SPOT)

The aim is now to calculate a standard chemical poten-
tial difference related to the equilibration process. In or-
der to be able to find this function we have to define a
process beginning with an imaginary initial standard state.
The final state is of course the two phases in equilib-
rium.

2.2.1. The equilibration process in the gas–solvent
system

(1) The system is composed of two containers,g, and
sv. One of the walls of the containers is common.
This common wall is permeable or impermeable to
solute molecules according to the will of the experi-
menter.

(2) In the initial state the common wall is impermeable,
hence the two containers are independent of each other.
Container,g, contains the vapor of the solute,i, having
the pressure,εi P†, where the superscript,†, designates
“standard”. The number,εi, is chosen small enough that
the solute vapor be an ideal gas. Container,sv, contains
the solution of the solute in a solvent at a mole frac-
tion, εi x(sv)†. The number,εi, is the same as that cho-

have
on-
tion
ed.
also

-

( pro-
mon

of
itive

( The
cter-

se

ses
e is

2
g ce)

ical
p sical
H m-
i zero.
T g
p

mi κD,i gi

(sv/st)
i = c

(st)
i

c
(sv)
i

= h
(sv/g)
i

h
(st/g)
i

(−) (28)

(sv/st)
i = m

(st)
i

m
(sv)
i

= g
(sv/g)
i

g
(st/g)
i

(−) (29)

′(sv/st)
i = x

(st)
i

x
(sv)
i

= h′(sv/g)
i

h′(st/g)
i

(−) (30)

As the gas phase is missing, the number of different d
ution coefficients is reduced to two in addition to the “c
ical” Henry coefficient, i.e. we do not admit that the c
entration in the two solvents,sv andst, be given in differen
nits. We propose to delete the two Ostwald coefficients
elationships between the three Henry coefficients are a
ows:

h
(sv/st)
i

g
(sv/st)
i

= ρst

ρsv
(−) (31)

h
(sv/st)
i

h′(sv/st)
i

= ρstMsv

ρsvMst

(−) (32)

g
(sv/st)
i

h′(sv/st)
i

= Msv

Mst

(−) (33)

In the case of two completely immiscible solvents the c
on gas phase is not necessary because in this specia

he two liquid phases can be in direct contact.

e

sen for the gas phase and it is small enough to
an ideal dilute solution. The solute content of a c
tainer may also be given by any other concentra
unit which is proportional to those already mention
Hence, in the gas phase the solute content may
be given as molar concentration,εic(g)† and in the sol
vent phase as molal or as molar concentration,εi m

(sv)†

or εi c(sv)†.
3) The process: In order to introduce the equilibration

cess, the experimenter allows now that the com
wall be permeable to the solute. There will be flux
the solute molecules which is considered as pos
for the direction: (gas≡) reference phase→ second
phase.

4) In the final state the two phases are in equilibrium.
concentration in the gas (reference) phase is chara
ized by,Pi (or given asc(g)

i ) and in the solvent pha

the concentration will bex(sv)
i (or given asm(sv)

i or c(sv)
i ).

The chemical potential of the solute in the two pha
is the same, i.e. the chemical potential differenc
zero.

.2.2. The standard chemical potential in the
as–solvent system, the g-SPOT (gas phase as referen

Following basic thermodynamics, the standard chem
otential difference should be calculated from the clas
enry coefficient. At equilibrium the difference of the che

cal potential of the solute between the two phases is
he resultingg-SPOT, �µ

(sv/g)
i , corresponds to the drivin

otential of the dissolution process. Theg-SPOTof the solute
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at a given temperature is:

�µ
(sv/g)
i = RT ln

(
Pi

x
(sv)
i

)
− RT ln

(
P†

1

)

= RT ln

(
h′(sv/g)

i

P†

)

= RT ln (h′(sv/g)
i /bar) (J mol−1) (34)

One can now calculateg-SPOT-s related to any of the distribu-
tion coefficients, which will be the difference of the standard
chemical potential between equilibrium and standard states.
The g-SPOT-s related to the other four coefficients are as
follows.

Theg-SPOTrelated to the molal Henry coefficient is given
by:

g�µ
(sv/g)
i = RT ln

(
Pi

m
(sv)
i

)
− RT ln

(
P†

m(sv)†

)

= RT ln

(
g

(sv/g)
i m(sv)†

P†

)

(sv/g)

en
b

h

is
g

−

f-
fi

−K�µ
(sv/g)
i = RT ln

(
c

(sv)
i

c
(g)
i

)
− RT ln

(
c(sv)†

c(g)†

)

= RT ln

(
K

(sv/g)
D,i c(g)†

c(sv)†

)

= RT lnK(sv/g)
D,i (J mol−1) (38)

The superscript preceeding the symbol,y�, means: related
to the distribution coefficient,y = g

(sv/g)
i , h(sv/g)

i , κ(sv/g)
D,i or

K
(sv/g)
D,i . The superscript,†, designates standard states. Obvi-

ously, the number,εi, multiplies all concentrations hence its
ratio is unity in all equations. For the latter four coefficients
the standard states in the two phases at two temperatures are
shown inFig. 1. For the Ostwald coefficients the standard
concentration in the gas phase isc

(g)†
i = εi mol L−1, i.e. the

volume of the gas phase is independent of temperature. For
the Henry coefficients the standard gas phase hasP† = εi bar
pressure, i.e. the pressure is independent of temperature.

For the calculation of the chemical potential related to
the molal coefficients only the mass of the solvent must
be known. For the calculation of the molar coefficients
knowledge of the density of the solvent is needed. The four
gas–liquid partition coefficients are related as follows (see
E

F in
t
t and
t nt of
t frame
illustrates the change of the volume at the two temperatures.
= RT ln (gi /bar kg mol−1) (J mol−1) (35)

Theg-SPOTrelated to the molar Henry coefficient is giv
y:

�µ
(sv/g)
i = RT ln

(
Pi

c
(sv)
i

)
− RT ln

(
P†

c(sv)†

)

= RT ln

(
h

(sv/g)
i c(sv)†

P†

)

= RT ln (h(sv/g)
i /bar L mol−1) (J mol−1) (36)

The g-SPOTrelated to the molal Ostwald coefficient
iven by:

κ�µ
(sv/g)
i = RT ln

(
m

(sv)
i

c
(g)
i

)
− RT ln

(
m(sv)†

c(g)†

)

= RT ln

(
κ

(sv/g)
D,i c(g)†

m(sv)†

)

= RT ln (κ(sv/g)
D,i /L kg−1) (J mol−1) (37)

Finally, theg-SPOTrelated to the (molar) Ostwald coe
cient is given by:
qs. (16)–(22)):

K
(sv/st)
D,i

ρsv
= κ

(sv/g)
D,i = �T

(h(sv/g)
i ρsv)

= �T

g
(sv/g)
i

(L kg−1) (39)

ig. 1. The hypothetical standard states of solute,i, in the gas phase and
he liquid phase at two temperatures, where the temperature,T2, is higher
hanT1. The number,εi is small enough that the gas phase be ideal
hat the solution of the solute in the solvent be ideal dilute. The amou
he solute must be the same at both temperatures. The surface of the



190 E. sz. Kov´ats et al. / J. Chromatogr. A 1046 (2004) 185–202

By multiplying the logarithm ofEq. (39)by –RTEq. (40)
results:

−RT lnK
(sv/g)
D,i + RT ln ρsv = −RT ln κ

(sv/g)
D,i

= RT lnh
(sv/g)
i − RT ln �T + RT ln ρsv

= RT ln g
(sv/g)
i − RT ln �T (J mol−1) (40)

Hence, the corresponding standard chemical potential differ-
ences are related as:

K�µ
(sv/g)
i + RT ln ρsv

= κ�µ
(sv/g)
i = h�µ

(sv/g)
i − RT ln �T + RT ln ρsv

= g�µ
(sv/g)
i − RT ln �T (J mol−1) (41)

where the symbol,y�µ
(sv/g)
i , means: the standard chemical

potential difference related to the distribution coefficient,y,
of the solute,i, in the solvent, (sv), with the ideal gas phase,
(g), as reference.

2.2.3. The standard chemical potential difference in a
solvent–solvent system, the l-SPOT (a standard solvent
as reference)

re-
f ence
w raffin
i has n
p l po-
t the
p
� om
t

see
E he
t

h

C

R

h

e
O enry
c

2.3. Temperature dependence of the standard chemical
potential difference

2.3.1. Ideal gas phase as reference
Following basic thermodynamics the standard chemical

potential difference of the solute,i, between the ideal gas
phase and the ideal dilute solution is given byEq. (34). Its
relation to the partial molar enthalpy and entropy difference
of the solute,�Hi and�Si, is:

RT lnh′(sv/g)
i = �µ

(sv/g)
i

= �H
(sv/g)
i − T�S

(sv/g)
i (J mol−1) (45)

whereh′(sv/g)
i , is the “classical” Henry coefficient.Eq. (45)

would suggest a linear temperature dependence of theg-
SPOT, which is a good approximation in a temperature do-
main of about 40◦C. However, the functions,�H and�S,
are temperature dependent. For this dependenceEqs. (46)
and (47)hold.

∂�H
(sv/g)
i

∂T
= �C

(sv/g)
P,i (J mol−1 K−1) (46)

∂�S
(sv/g)
i

∂T
= �C

(sv/g)
P,i

T
(J mol−1 K−2) (47)
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For the comparison of data in different solvents it is p
erred to discuss the standard chemical potential differ
ith reference to a solvent elected as standard. A pa

s often chosen as a standard because such a solvent
olar groups therefore the additional standard chemica

ential in a second (polar) solvent may be attributed to
resence of polar interacting groups. The resultingl-SPOT,
µ

(sv/st)
i , is the driving force of the transfer of the solute fr

he standard solvent, (st), into the solvent, (sv).
For the corresponding partition coefficients

qs. (31)–(33). Eq. (42)gives the relationship between t
wo Henry coefficients of importance (seeEq. (31)):

(sv/st)
i = g

(sv/st)
i

(
ρst

ρsv

)
(−) (42)

onsequently:

T lnh
(sv/st)
i = RT ln g

(sv/st)
i + RT ln

(
ρst

ρsv

)
(J mol−1)

(43)

Hence the correspondingl-SPOT-s are related as:

�µ
(sv/st)
i = g�µ

(sv/st)
i + RT ln

(
ρst

ρsv

)
(J mol−1) (44)

As the gas phase is missing, thel-SPOT-s related to th
stwald coefficients are equal to those related to the H
oefficients.
o

here�C
(sv/g)
P,i , is the partial molar heat capacity differen

f the solute at constant pressure. Following the propos
irchhoff we suppose that latter property is constant arou

eference temperature,T†, within an appreciable temperatu
omain. Hence, the temperature dependence of the en
nd that of the entropy is given by:

H
(sv/g)
i (T ) = �H

(sv/g)
i (T †)

+�C
(sv/g)
P,i (T − T †) (J mol−1) (48)

S
(sv/g)
i (T ) = �S

(sv/g)
i (T †)

+�C
(sv/g)
P,i ln (T/T †) (J mol−1 K−1) (49)

onsequently, the temperature dependence of the sta
hemical potential difference is given by the Kirchhoff eq
ion as follows:

µ
(sv/g)
i = �H

(sv/g)
i (T †) − T�S

(sv/g)
i (T †)

+�C
(sv/g)
P,i

[
T − T † − T ln

(
T

T †

)]
(J mol−1)

(50)

he three constants is this equation are the interaction p
ters of the solute in the given solvent.

We propose now to describe the temperature depen
f the fourg-SPOT-s related to the Henry and Ostwald co
cients by analogy to the Kirchhoff equation[4].
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g�µ
(sv/g)
i = g�H

(sv/g)
i − T g�S

(sv/g)
i

+ g�C
(sv/g)
i

[
T − T † − T ln

(
T

T †

)]

(J mol−1) (51)

h�µ
(sv/g)
i = h�H

(sv/g)
i − T h�S

(sv/g)
i

+ h�C
(sv/g)
i

[
T − T † − T ln

(
T

T †

)]

(J mol−1) (52)

κ�µ
(sv/g)
i = κ�H

(sv/g)
i − T κ�S

(sv/g)
i

+ κ�C
(sv/g)
i

[
T − T † − T ln

(
T

T †

)]

(J mol−1) (53)

K�µ
(sv/g)
i = K�H

(sv/g)
i − T K�S

(sv/g)
i

+K�C
(sv/g)
i

[
T − T † − T ln

(
T

T †

)]

(J mol−1) (54)
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Fig. 2. A typical example of the temperature dependence of theg-SPOT
related to the molal Henry coefficient:n-octane in the branched paraffin C78

around the standard temperature ofT† = 130 + 273.15 K. Partition data were
determined in the temperature range of 90–210◦C with an error smaller than
the diameter of a dot in the diagram. Note that�H and�Sare negative and
�C is positive.

The three constants ofEqs. (51)–(54)can be calculated by
regression ifg-SPOT-s have been determined at at least four
temperatures. Three degrees of freedom are necessary for the
determination of the three constants leaving one degree of
freedom for the dispersion around regression. Experimental
practice has shown that it is preferable to determineg-SPOT-
s at five equidistant temperature steps of 15–20◦C, i.e. in an
experimental temperature range of 60–80◦C.

2.3.2. Ideal dilute solution in a standard solvent as
reference

If the g-SPOTof a solute in both the standard solvent,
(st), and the solvent, (sv), is known, thel-SPOTof a solute is
calculated by simple substraction. For thel-SPOTrelated to
the molal Henry coefficientEq. (55)holds:

g�µ
(sv/st)
i = g�µ

(sv/g)
i − g�µ

(st/g)
i ( − κ�µ

(sv/st)
i

= κ�µ
(st/g)
i − κ�µ

(sv/g)
i )

= g�H
(sv/st)
i − T g�S

(sv/st)
i + g�C

(sv/st)
i

×
[
T − T † − T ln

(
T

T †

)]
(J mol−1) (55)

Thel-SPOTrelated to the molar Henry coefficient is given
b

h

here the constants,�H and �S, represent the value
hese functions at the reference temperature,T†.

Eqs. (51)–(54)have been written in analogy with t
irchhoff Eq. (50), i.e. the symbols,�H and�Shave bee

epeated as such, the symbol,�C, has been repeated
ropping the subscript,P. In fact, in the case of theg-SPOT-s
elated to the Henry coefficients the use of enthalpy,�H
ogether with�CP might be justified, because for the
-SPOT-s the concentration of the solute in the gas ph

s given as pressure as in the case of theg-SPOTrelated
o the classical Henry coefficient. With this logics, for
-SPOT-s related to the Ostwald coefficients one sho
ubstitute for these two symbols,�U (the molar energ
ifference) and�CV, because in this case the volume of
as phase is constant. We do not know exactly which sym
re justified, therefore we have chosen to characteriz
-SPOT-s and the three coefficients by the preceeding
erscript defining to which partition coefficient the funct

s related. This is justified because the numerical valu
he four differentg-SPOT-s are different. Consequently, t
umerical value of the interaction parameters,�H, �Sand
C, in the four equations are also different. In conclus

he preceeding superscript defines the standard states
olute in both the gas and in the solvent phase.

Either of these equations describe the slightly cu
-SPOTin a temperature range of≈T† (K) ± 100 K. The
-SPOTas a function of temperature is illustrated inFig. 2
n the example ofg�µ(sv/g) of n-octane in a paraffin so
ent. For data originating from gas chromatographic m
urements the choice ofT† = (130 + 273.15) K is usual an
dequate.
y Eq. (56):

�µ
(sv/st)
i = h�µ

(sv/g)
i − h�µ

(st/g)
i ( − K�µ

(sv/st)
i

= K�µ
(st/g)
i − K�µ

(sv/g)
i )
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= h�H
(sv/st)
i − T h�S

(sv/st)
i + h�C

(sv/st)
i

×
[
T − T † − T ln

(
T

T †

)]
(J mol−1) (56)

2.4. Interconversion of standard chemical potential
differences

There are two principal ways to interconvert differentg-
SPOT-s. The first possibility is to use original individual data,
convert them to the desiredg-SPOT-s by usingEqs. (39)–(41)
and calculate the correspondingg-SPOT/temperature func-
tions by regression. In general we do not dispose of the indi-
vidual data. Hence, the more important question is the rela-
tionship between the coefficients of theg-SPOT/temperature
functions related to different distribution coefficients.

2.4.1. Conversion of g-SPOT-s given in (calmol−1) and
(atm)→ (Jmol−1) and (bar)

Are known: the coefficients of ag-SPOT/temperature
function, g�∗µ(sv/g)

i , or, h�∗µ(sv/g)
i given in units of

(cal mol−1), related to either of the Henry coefficients,
g

∗(sv/g)
i orh∗(sv/g)

i , with the pressure of the gas phase in units
of (atm). Multiplying the function by the factor 4.184, results
in a g-SPOTin units of (J mol−1), but where the standard
state of the solute,i, in the gas phase is in units of (atm). The
t

g

h

H

R

R

F -
e are
r )
a

y

y

y�C
(sv/g)
i = 4.184y�∗C(sv/g)

i (J mol−1 K−1) (59c)

where the superscript,y, is eithergorh. For the conversion of
the coefficients ofg-SPOT-s related to Ostwald coefficients
given in (cal mol−1) the interaction parameters must simply
be multiplied by the factor of 4.184.

2.4.2. Conversion of molal→ molar g-SPOT-s
Conversion of ag-SPOTrelated to a molal to that related

to a molar distribution coefficient is equivalent to change the
standard state in the solvent from molar to molal concen-
tration. Forg-SPOT-s related to both the molal Henry and
Ostwald coefficientsEqs. (60a) and (60b)hold:

h�µ
(sv/g)
i = g�µ

(sv/g)
i − RT ln (ρsv/kg L−1) (J mol−1)

(60a)

K�µ
(sv/g)
i = κ�µ

(sv/g)
i − RT ln(ρsv/kg L−1) (J mol−1)

(60b)

where the correcting term is:

δµcorr,sv = − RT ln (ρsv/kg L−1) (J mol−1) (61)

For the conversion the following procedure is suggested.
First, the density of the solvent is determined at several tem-
p t +30
t ts
b

l

w em-
p of
t e the
c
v
i

δ

pen-
d he fit
i f the
s

h

h

wo Henry coefficients are related as follows:

(sv/g)
i = Pi (bar)

m
(sv)
i

= 1.01325Pi (atm)

m
(sv)
i

= 1.01325g∗(sv/g)
i (kg bar mol−1) (57a)

(sv/g)
i = Pi (bar)

c
(sv)
i

= 1.01325Pi (atm)

c
(sv)
i

= 1.01325h∗(sv/g)
i (L bar mol−1) (57b)

ence

T ln g
(sv/g)
i = g�µ

(sv/g)
i =RT ln g

∗(sv/g)
i +RT ln 1.01325

= 4.184g�∗µ(sv/g)
i + 0.10947T (J mol−1)

(58a)

T lnh
(sv/g)
i = h�µ

(sv/g)
i = 4.184h�∗µ(sv/g)

i

+ 0.10947T (J mol−1) (58b)

romEqs. (58a) and (58b)follows that the interaction param
ters related to the molal Henry coefficient given in calorie
elated to the interaction parameters as defined inEqs. (51
nd (52)are as follows:

�H
(sv/g)
i = 4.184y�∗H (sv/g)

i (J mol−1) (59a)

�S
(sv/g)
i = 4.184y�∗S(sv/g)

i − 0.10947 (J mol−1 K−1)

(59b)
eratures, in the case of gas chromatography from abou
o +250◦C. Eq. (62)is then fitted to the experimental poin
y regression:

n (ρsv/kg L−1) = ln ρ†sv − αsv(T − T †) − βsv(T − T †)
2

(62)

hereρ†sv, is the density of the solvent at a standard t
erature,T†, and,αsv andβsv, are constants. Knowledge

he density as function of temperature permits to calculat
orrectingg-SPOT-s withEqs. (61) and (62)e.g. at 5◦C inter-
als in the whole experimental temperature domain.Eq. (63)
s fitted on these points by regression:

µcorr,sv = −RT ln (ρsv/kg L−1) = δHcorr,sv − TδScorr,sv

+ δCcorr,sv

[
T − T † − T ln

(
T

T †

)]
(J mol−1)

(63)

Eq. (63)is a curious description of the temperature de
ence of the density of the solvent on temperature, but t

s excellent. The correction depends only on the nature o
olvent, in a given solvent it is the same for all solutes.

orK�H
(sv/g)
i = g orκ�H

(sv/g)
i + δHcorr,sv (J mol−1)

(64a)

or K�S
(sv/g)
i = g orκ�S

(sv/g)
i + δScorr,sv (J mol−1 K−1)

(64b)
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horK�C
(sv/g)
i = g orκ�C

(sv/g)
i + δCcorr,sv (J mol−1 K−1)

(64c)

2.4.3. Conversion of Henry→ Ostwald g-SPOT-s
The conversion of ag-SPOTrelated to molar Henry or

molar Ostwald coefficient to that related to the corresponding
molal coefficient is given by (seeEq. (41)):

κ�µ
(sv/g)
i = g�µ

(sv/g)
i − RT ln �T (J mol−1) (65a)

K�µ
(sv/g)
i = h�µ

(sv/g)
i − RT ln �T (J mol−1) (65b)

where the correcting function is:

δµcorr = −RT ln �T = −RT ln � − RT ln T ≡ RT †

−T [R ln � + R ln T † + R]

+R

[
T − T † − T ln

(
T

T †

)]
(J mol−1) (66)

Compared with the correcting equation:

δµcorr = δHcorr − TδScorr + δCcorr

[
T − T † − T ln

(
T

T †

)]

(J mol−1) (67)
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volumes are in units of (L). The mass of the stationary phase,
sp, is given in (g).

3.1. The ideal gas chromatographic column

The ideal column for gas/liquid chromatography is a tube
containing an ideal gas and a known amount of a non-volatile
solvent,wsp (g), called the stationary phase,sp. The column
has no flow resistence, hence it is at uniform pressure,Pc.
At the column inlet an ideal gas, the carrier is introduced
continuously, and its volume is measured with a gas volume
meter. At the column inlet is situated an injector, at the end
of the column a detector is mounted which signals the pres-
ence of a solute vapor in the carrier. The column, the injector
and the detector are at constant temperature,Tc (K), injector
and detector have zero volume. At the beginning of the ex-
periment an infinitesimal volume of the vapor of a solute is
introduced into the gas stream by means of the injector. The
solute impulsion is distributed between the two phases but is
not adsorbed at the gas–solvent interface. The part in the gas
phase is transported by the carrier, where partition is instan-
taneous. The volume of the carrier necessary to transfer the
solute to the detector is measured. This volume is called the
retention volume of the solute,i, and is designated by,VR,i

(cm3). A solute insoluble in the stationary phase traverses
t tion
v
w ume
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w
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t nt
a

V

w . of
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t

V

T

V

w nt)
i
“ For
t xact
m , but
he corrections forT = 403.15 K can be identified as fo
ows:

orκ�H
(sv/g)
i = horg�H

(sv/g)
i + RT † = horg�H

(sv/g)
i

+ 3351.8 (J mol−1) (68a)

orκ�S
(sv/g)
i = horg�S

(sv/g)
i + R ln � + R ln T † + R

= horg�S
(sv/g)
i + 37.5139 (J mol−1 K−1)

(68b)

orκ�C
(sv/g)
i = horg�C

(sv/g)
i + R = horg�C

(sv/g)
i

+ 8.31 (J mol−1 K−1) (68c)

.4.4. Ideal dilute solution in a standard solvent as
eference

With the aid of the relationships given underSection 2.4.1,
he corresponding relationships are easily found. It wil
een, that the values of the corrections to add for the
ersion of the constants related to the molal Henry→ molar
enry (≡ molal Ostwald→ molar Ostwald) are very sma

. Measurement of distribution coefficients by
as–liquid chromatography

In gas chromatography retention volumes and that o
tationary phase are given in units of (cm3) in contrast to
he beforegoing discussion on distribution coefficients w
he column with the same velocity as the carrier. Its reten
olume is called the holdup volume of the column,Vµ (cm3),
hich in the case of the ideal column is equal to the vol
f the gas phase in the column.
Note:The expression “carrier” suggests that this gas

he only role to transport, to carry the solute molecules
therwise the molecules of the carrier have no interac
ith the molecules of the solute.
In a gas chromatographic system where retention is m

y absorption only (i.e. no adsorption at interfaces) the re
ion volume,VR,i (cm3), is related to the Ostwald coefficie
s follows:

R,i = Vµ + VspK
(sv/g)
D,i (cm3) (69)

hereVsp (cm3), is the volume of the stationary phase, i.e
he non-volatile solvent in the column. The “holdup volum
f the column,Vµ (cm3), is measured by injection of a g

nsoluble in the stationary phase. The net retention volum
hen defined as[5]:

N,i = VR,i − Vµ = VspK
(sv/g)
D,i (cm3) (70)

he specific retention volume is defined as:

g,i = VN,i

wsp

(cm3 g−1) (71)

herewsp (g), is the amount of the stationary liquid (solve
n the column (the subscript,g, in the symbol,Vg,i, means
per gram” and has nothing to do with the gas phase).
he calculation of the specific retention volume only the e
ass of the stationary liquid (the solvent) is necessary



194 E. sz. Kov´ats et al. / J. Chromatogr. A 1046 (2004) 185–202

its density may be unknown. Combination ofEqs. (70) and
(71)gives:

Vg,i = K
(sv/g)
D,i

ρsp
= κ

(sv/g)
D,i (cm3 g−1) ≡ (L kg−1) (72)

3.2. The real gas chromatographic column

In a real system: (a) the column has a flow resistance and
(b) not the volume but the volumetric flow rate of the carrier
is measured which must be constant during the experiment.
For the calculation of the mean column pressure the column
must be uniform. Further, the stationary phase,sp, must be
applied on a support as a thin film, hence its specific surface
area may be considerable. Consequently, retention is made
not only by absorption but also by adsorption at the gas/sp
and at the support/sp interfaces.

The gas chromatographic system is composed of a gas
reservoir, the injector, (inj), the column, (c), the detector and
the flowmeter, (fl). The following scheme shows the desig-
nation of the experimental parameters at different points of
the system:

Injector Column Flowmeter

P (i) (i) (m) (o)

T

F

(o)
i rier,
P e be-
t d the
b ter):
� c-
t nce.
T into
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l parts
o tem,
T ated
s e
c the
fl ined
e ge as
f n-
n nce)
t d at
d
m

�

The viscosity of an ideal gas depends on temperature but
is independent of pressure. Therefore, it is supposed that with
the aid of the experimentally determined temperature depen-
dent flow resistance of the injector system,r inj , the inlet pres-
sure drop can also be calculated at higher pressures, i.e. if the
column is mounted:

�Pcorr = rinjΦ
(i)
inj (bar) (74)

P (i)
c = P

(i)
inj − �Pcorr (bar) (75)

Hence, knowledge of the flow resistance, permits determina-
tion of the small pressure drop in the injector necessary for the
calculation of the pressure of the carrier at the column inlet.
This correction is only an approximation for small pressure
drops.

(1) It is now suggested to repeat these experiments with a
void column mounted in the system. Probably, there will
be no difference between the results with or without the
void column. If the void column (a glass frit at the end)
or the detector connections have a flow resistance, these
experiments will prove it and one can introduce a correc-
tion for the pressure drop at the column end in a similar
manner as that at the column inlet. In most cases this
correction is negligible.

( ro-
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i ng it
fi the
ressure Pinj Pc Pc Pc = Pfl = Patm

emperature Tinj Tc Tc Tc Tfl = Troom

lowrate Φ
(i)
inj Φ

(i)
c Φ

(m)
c Φ

(o)
c Φfl

Here superscript (i) is for inlet, (m) is for mean and,
s for outlet. At the injector inlet the pressure of the car

(i)
inj , is measured by determining the pressure differenc

ween the pressure of the carrier at the system inlet an
arometric pressure (in general with a mercury manome
P

(i)
inj = P

(i)
inj − Patm. The carrier is introduced into the inje

or through a capillary which has a certain flow resista
he sudden evaporation of the liquid sample introduced

he injector will generate a short volume shock. The ca
ary prevents a return of solvent vapors back to the cold
f the system inlet. The temperature of the injector sys
inj , is not uniform. The part where the sample is evapor
hould be at column temperature,Tc, the beginning of th
apillary is practically at room temperature. Therefore,
ow resistance of the injector system must be determ
xperimentally in the whole envisaged temperature ran
ollows. By omitting the column the injector outlet is co
ected by a large bore capillary (negligible flow resista

o the flowmeter. Now the oven temperature is regulate
ifferent values and the flow resistance of the injector,r inj , is
easured by admitting that:

P
(i)
inj = P

(i)
inj − Patm = rinjΦ

(i)
inj = rinjΦfl


 Pfl

P
(i)
inj


 (bar)

(73)
2) It is important to note that in commercial gas ch
matographs inlet capillaries have an exagerated flo
sistance. It is recommended to change the capillary

From the injector the carrier enters the packed colu
he column filling is supposed to be uniform, hence it
ave the same flow resistance per unit length at any p
he column is placed in an oven hopefully having the s

emperature at any point. It is necessary to measure the
erature of the oven for example with a calibrated plati
esistance thermometer. It is recommended to measur
he temperature difference between the site of the plat
hermometer and seven points in the oven situated tog
ith the main thermometer at the eight corners of a cub
losing the site of the column. This can be made with
id of thermocouples where the reference point of the
ocouples is the point where the platinum thermomet

ituated. The average temperature of the eight sensor
e accepted as column temperature,Tc.

From the packed column the carrier enters the det
aving the same temperature as the column then it ente
owmeter at room temperature,Tfl = Troom. Measurement o
he flow rate of the carrier is made in general with a dig
r a soap film flowmeter with optical sensors. Its temp

ure may be controlled with a calibrated thermometer. U
soap film flowmeter the degree of saturation of the ca
y water vapor is badly defined if the outlet of the colum
irectly connected to the flowmeter, because the dry carr
nly in short contact with the aqueous soap solution. He

t is preferred to saturate the carrier with water by passi
rst through a column filled with wet cotton, then correct
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flowrate for the small water vapor content, to get the flowrate
of the dry carrier,Φfl, atTfl =Troom, and at the pressure of the
flowmeter which is equal to the atmospheric pressure,Pfl =
Patm. The main advantage of the bubble meter to be indepen-
dent of the nature of the gas. In contrast, electronic flowmeters
must be calibrated for a given gas or gas mixture and have an
accuracy of only 2–3%. The atmospheric pressure must be
measured with a barometer by applying the necessary correc-
tions (e.g. in the case of a mercury barometer the temperature
of the mercury, correction for the curvature of the mercury
surface in the tube). The pressure must be controlled at least
three times during a working day, especially if the weather
changes seriously (stormy weather).

Are now known: the corrected pressure of the carrier at
the column inlet,P (i)

c , and at the column outlet,P (o)
c , the

temperature of the column,Tc, and that of the flowmeter,
Tfl = Troom. The mean column pressure,P

(m)
c , can now be

calculated with the equation given by Martin and James[6]:

P (m)
c = P (o)

c

(
2(℘3 − 1)

3(℘2 − 1)

)
(bar) (76)

where℘ = P
(i)
c /P

(o)
c , is the relative pressure drop in the col-

umn. With the aid of the mean column pressure the mean
flowrate can be calculated:
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In the real system the retention volume of neon,VR,Ne =
tR,NeΦ

(m)
c = Vµ

′, is not equal to the volume of the gas phase
in the column,Vµ, but includes undefined contributions from
the volume of the injector and of the detector. The “retention
factor”, ki = tN,i/tR,Ne, is the net retention volume given in
units ofVµ

′.

3.3.2. The specific retention volume
For the calculation of the specific retention volume knowl-

edge of the mass of the stationary liquid in the column is
necessary. In addition, one has to prove that the effect of
interfaces is negligible, i.e. that the effect of adsorption on
retention is small enough to be neglected.

The loading of the support by the stationary liquid is best
determined during preparation. The necessary amount of sta-
tionary liquid is weighed and dissolved in a solvent (pentane
or diethyl ether). The weighed amount of a support of known
specific surface area is placed in a round bottom flask and
the solution is added portionwise. After addition the solution
should completely cover the support. On a rotating evapora-
tor the solvent is slowly eliminated in a gas stream and the
column filling is isolated. The flask is washed with ether, the
solvent is evaporated and the residue weighed to give the non-
supported part of the stationary phase. The percentage SP on
the support is calculated by correcting for this residue.
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(cm3 min−1) (77)

The system is now ready for experimentation. The
ecessary experimental parameters are known: the tem

ure of the column,Tc, and the mean flowrate of the carr
n the column,Φ(m)

c , which is an ideal gas.

.3. The retention volume

.3.1. The net retention volume
The determination of the retention time,tR,i, does no

resent a problem. We propose to inject small amounts
olute,i, and to accept the time between injection and
ppearance of the maximum of the peak as retention
R,i. Use of helium as carrier is the best possible cho
ince considering helium as an ideal gas does not intro
n appreciable error. For the determination of the sta
oint of the chromatogram a solute is necessary which
e also insoluble in the stationary phase. The best choic
marker is neon, also a nearly ideal gas practically inso

n organic solvents. The time elapsed between the appea
f the neon peak and of the solute peak is the net rete

ime, tN,i, of the solute:

N,i = tR,i − tR,Ne (min) (78)

he net retention volume at the column temperature,Tc, is
hen given by:

N,i = tN,i Φ
(m)
c (cm3) (79)
-

The void column is now weighed, packed with the p
ared column filling and weighed again. Knowledge of
eight of the packing and that of the weight percentag

he SP on the column packing permit to calculate the ma
he stationary phase in the column,wsp.

Adsorption is proportional to the specific surface are
he liquid which is obviously smaller on supports havin
mall specific surface area. The surface energy of the
ort must be high enough in order to complete wetting by
tationary liquid. As a first approximation, neglecting s
ial interactions, the surface tension of the support sh
e somewhat higher than that of the liquid. In this case
upport is wettable and the resulting interfacial tension
inimum. In conclusion, one has to choose a support o

pecific surface area and deactivate the surface withou
ring the surface tension of the solid as much as to be
on-wettable. The specific surface area of the liquid dim

shes with higher loadings. Higher loading implies lon
etention times. In order to arrive at a compromise, we
ose to apply supports having specific surface areas of
.5 m2 g−1, and to use of about 7% (w/w) of stationary pha
ith this quantity the specific surface area of the statio

hase,sp, is about 0.5/0.07≈ 7 m2 g−1. This permits to ca
ulate the surface area of the two interfaces:sp/support and
p/gas. Unfortunately one cannot influence adsorption a
p/gas interface where negative adsorption of solutes m
mportant with liquids of very low surface tension.

The experimental method for choosing the lowest pos
oading is the following: prepare three columns with differ
p-loadings, e.g. 4, 6 and 8%. Determine specific reten
f a group of solutes at low temperatures. Plot the resu
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retention volumes as a function of the specific surface area
of thesp in the column. Choose the loading where the effect
of the adsorption is negligible. After eventual control experi-
ments, the specific retention volume can be calculated using
Eq. (71).

Note:The most satisfactory solution implies the determi-
nation of both contributions to retention. For this purpose
retention data must be determined on at least three columns
with different loadings. The results are then plotted as a func-
tion of the specific surface area of the stationary phase and
extrapolated to a hypothetical stationary phase of zero spe-
cific surface area. For details see refs.[7,8].

3.4. Relative retention and standard chemical potential

The relative retention of solute,i, at temperature,T, is
defined as:

r
(sv)
i/ref = V

(sv)
N,i

V
(sv)
N,ref

= t
(sv)
N,i

t
(sv)
N,ref

(l) (80)

where the retention of the solute,i, and that of the reference
compound, ref, have been determined under the same con-
ditions. In this case the net retention volume,VN , or the net
retention time,tN , may also be substituted by the specific re-
t ts.
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is that its temperature dependence is small. Therefore for the
determination of the distribution characteristics of a solute
the following procedure is recommended:

Example:Determination of retention indices andg-SPOT-
s of a series of solutes in a given solvent as function of tem-
perature.

Preparation. Two columns are prepared with a given sta-
tionary phase and placed in the oven of the gas chromato-
graph. Temperature and carrier flow are regulated. The period
during which the nominal temperature is constant is called
the working period. It is planned to determine data at a series
of temperature steps of 15 or 20◦C.

Experiments. Regulate the temperature as close as possi-
ble to the nominal temperature of the working period. At the
beginning and at the end of a working day inject a series of
n-alkanes and during the working day the solutes planned.
Calculate the retention indices of the solutes. Determine the
specific retention volume of then-paraffins at beginning and
the end of the day. Accept the results of the day if the retention
times in the two chromatograms do not differ by more than
1%. After the working period one disposes of the retention
indices of all solutes and several results for the specific reten-
tion volume of then-alkanes at about the same temperature.
After the working period (several days) calculate theg-SPOT
of the paraffins at the temperature of the working period. The
t ntil all
m range.
T nged
i

d
t by
r .
T d
i

( near
w
func-
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id of
.5
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en-

n
.
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l tion
o ht,
e d to
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ention volume,Vg, or by any of the distribution coefficien
ith the aid of the beforegoing equations it is easy to s

hat:

RT ln r
(sv)
i/ref = − RT ln (V (sv)

N,i /V
(sv)
N,ref) (81)

= − RT lnV
(sv)
N,i + RT lnV

(sv)
N,ref

= �µ
(sv/g)
i − �µ

(sv/g)
ref (J mol−1)

here theg-SPOTmay be related to any of the distributi
oefficients,KD, . . ., h′. In conclusion, if theg-SPOTof the
eference compound is known, the correspondingg-SPOT
f the solute,i, can be calculated withEq. (81). The use o
unique reference compound is not possible, becaus

he temperature dependence of the retention of solute
ollowing rule is valid: the net retention volume is halv
hen raising the temperature by 20–30◦C.
The retention index is defined as:

(sv)
i = 100

[
lnV

(sv)
N,i − ln V

(sv)
N,z

ln V
(sv)
N,(z+1) − ln V

(sv)
N,z

]
+ 100z

= 100

[
ln(V (sv)

N,i /V
(sv)
N,z )

ln(V (sv)
N,(z+1)/V

(sv)
N,z )

]
+ 100z (−) (82)

here the solute designated by,z, is an-alkane, CzH2z+2.
omparingEq. (81)with Eq. (82)shows that the retentio

ndex is proportional to the logarithm of the relative reten
f the solute with the paraffin, CzH2z+2, relative to the log
rithm of the relative retention of the paraffins with car
umbers,z andz + 1. The advantage of the retention ind
emperature is changed and the procedure repeated u
easurements are made in the planned temperature
he temperature of the working periods should be cha

rregularly (e.g. not ascendent for the whole series).
Evaluation. Calculate theg-SPOTof n-paraffins relate

o the molal Henry coefficient as function of temperature
egression, using all the results obtained→ report the results
he results of solutes other than that ofn-alkanes are treate

n two ways:

1) Calculate the retention index of all solutes as a li
function of temperature→ report the results (in a fe
cases the dependence is not linear and a quadratic
tion must be used).

2) For a given solute correct every individual retention
dex to the adequate nominal temperature with the a
the temperature dependence of the index (e.g. 149→
150.0◦C). This correction is in general very small, mu
smaller than the experimental error (less than 0.5 in
unit). Transform every individual corrected experim
tal retention index of the solute point by point tog-SPOT
with the aid of theg-SPOTof the alkane by interpolatio
(at this stage we dispose of theg-SPOTof the alkane)
Calculate the temperature dependence for every s
by using all results obtained in the working period→
report the results.

Note:It is an error to transform points calculated from
inear or quadratic regression of the solute for the calcula
f the g-SPOTof the solute. In the same train of thoug
xtrapolated retention indices cannot be transforme
-SPOT-s.
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4. Examples

4.1. Conversion of interaction parameters

All the data needed for the interconversion of interaction
parameters related to different distribution coefficients (see
Eqs. (64a)–(64c)are summarized inTable 1. The densities

Table 1
Corrections to add to the interaction parameters related to molal distribu-
tion coefficients to give interaction parameters related to molar distribution
coefficients withT† = 403.15 K. The solvents,X/C78, are 1:1 (V:V) mixtures

Solvent δHcorr

(J mol−1)
δScorr

(J mol−1 K−1)
δCcorr

(J mol−1 K−1)

C78 −1034 −4.721 −5.7
st: C78 0 0 0

PCl −1031 −4.522 −5.7
st: C78 +3 +0.199 +0.0

PCl/C78 −1032 −4.622 −5.7
st: C78 +2 +0.099 0.0

MTF −1050 −4.541 −5.8
st: C78 −16 +0.180 −0.1

TTF −1075 −3.756 −6.4
st: C78 −41 +0.965 −0.7

TTF/C78 −1054 −4.239 −6.1
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Fig. 3. Structure of the nearly isomorphous and nearly isochor solvents
[9–13].

of the solvents with the structure shown inFig. 3have been
determined between 70 and 230◦C (the melting point of the
solvents is near 70◦C). It is seen that the corrections for dif-
ferent solvents are very similar implying that the densities of
the different solvents are similar and that their temperature
dependence is nearly equal. Consequently, the correspond-
ing corrections for the molal/molar conversion of the relative
interaction parameters with paraffin C78 as reference (given
in small script) are nearly zero. The converting corrections
st: C78 −20 +0.482 −0.4

MO −1062 −4.448 −6.3
st: C78 −28 +0.273 −0.6

MO/C78 −1048 −4.585 −6.0
st: C78 −14 +0.136 −0.3

CN −1037 −4.609 −5.9
st: C78 −3 +0.112 −0.2
CN/C78 −1035 −4.665 −5.8
st: C78 −1 +0.056 −0.1

SH −1036 −4.562 −5.8
st: C78 −2 +0.159 −0.1

SH/C78 −1035 −4.642 −5.8
st: C78 −1 +0.079 −0.1

OH −1056 −4.664 −5.7
st: C78 −22 +0.057 +0.0

OH/C78 −1045 −4.693 −5.7
st: C78 −11 +0.028 +0.0

OH −1055 −4.717 −6.2
st: C78 −21 +0.004 −0.5

OH/C78 −1044 −4.719 −6.0
st: C78 −10 0.000 −0.3

orrections to add to interaction parameters of solutes related to Henry
oefficients to give interaction parameters related to Ostwald
oefficients (seeEqs. (68a)–(68c)). T† = 403.15 K

+3351.8 +37.5139 +8.31
st: C78 0 0 0

he corrections based on the temperature dependence of the density of the
tationary phases are calculated withEq. (63)using data published in refs.
9–13] (seeFig. 3). In italics are given the analogous corrections for the
onversion of the molal to the molar relative interaction parameters with
araffin C78 as reference.

are independent of the nature of the solute.
The corrections for the conversion of the interaction pa-

rameters related to Henry coefficients or Ostwald coefficients
are given inTable 1. These corrections are independent both
of the solvent and of the solute but depend on the choice of
the reference temperatureT†.

4.2. Some experimental values

In a series of publicationsg-SPOT-s related to the molal
Henry coefficients of some 150 solutes have been reported on
nine nearly isomorphous and nearly isochor solvents[9–13]
with structures shown inFig. 3. The solvents must be isochor
and isomorphous for it has been shown that the magnitude of
the distribution coefficients seriously depends on the molar
volume of the solvent and to a lesser extent on its form[9].
I enry
c ta
r ol
f
s g
t akly
i

n the cited publications data are related to the molal H
oefficient given in (cal mol−1) which were converted to da
elated to the same coefficient but expressed in (J m−1)
ollowing Eqs. (59a)–(59c). As shown inFig. 3 the polar
olvents resemble the basic alkane C78, the difference bein
hat they contain an interacting group, or in the case of we
nteracting groups, four of them.
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Table 2
Interaction parameters ofn-octane and 1-hexanol in alkane C78 and in the solvent POH (seeFig. 3) related to different distribution coefficients based on
experimental data between 80 and 180◦C

ref/sv y�H y�S y�C

n-Octane
Related to (cal mol−1) (cal mol−1 K−1) (cal mol−1 K−1)

g∗(sv/g) Gas/C78 −8,517 −19.540 +12.3
Gas/POH −8,320 −19.297 +11.0
C78/POH +197 +0.243 −1.3

(J mol−1) (J mol−1 K−1) (J mol−1 K−1)

g(sv/g) Gas/C78 −35,635 −81.864 +51.5
Gas/POH −34,811 −80.848 +46.0
C78/POH +824 +1.016 −5.5

h(sv/g) Gas/C78 −36,669 −86.585 +45.8
Gas/POH −35,867 −85.512 +40.3
C78/POH +802 +1.073 −5.5

κ
(sv/g)
D Gas/C78 −32,283 −44.350 +59.8

Gas/POH −31,459 −43.334 +54.3
C78/POH +824 +1.016 −5.5

K
(sv/g)
D Gas/C78 −33,317 −49.071 +54.1

Gas/POH −32,515 −47.998 +48.6
C78/POH +802 +1.073 −5.5

1-Hexanol
Related to (cal mol−1) (cal mol−1 K−1) (cal mol−1 K−1)

g∗(sv/g) Gas/C78 −8,295 −18.990 +14.3
Gas/POH −10,179 −23.039 +47.3
C78/POH −1,884 −4.049 +33.0

(J mol−1) (J mol−1 K−1) (J mol−1 K−1)

g(sv/g) Gas/C78 −34,706 −79.563 +59.8
Gas/POH −42,589 −96.504 +197.9
C78/POH −7,883 −16.941 +138.1

h(sv/g) Gas/C78 −35,740 −84.284 +54.1
Gas/POH −43,645 −101.168 +192.2
C78/POH −7,905 −16.884 +138.1

κ
(sv/g)
D Gas/C78 −31,354 −42.049 +68.1

Gas/POH −39,237 −58.990 +206.2
C78/POH −7,883 −16.941 +138.1

K
(sv/g)
D Gas/C78 −32,388 −46.770 +62.4

Gas/POH −40,293 −63.654 +200.5
C78/POH −7,905 −16.884 +138.1

In italics are the relative interaction parameters in POH with the ideal dilute solution in alkane C78 as reference.T† = 403.15 K.

As first example are listed inTable 2the interaction pa-
rameters ofn-octane and 1-hexanol in alkane C78 and in POH
related to the molal Henry coefficient given in (cal mol−1)
with the ideal gas at 1 atm pressure as reference,g

∗(sv/g)
i ,

as reported in ref.[9]. In the following are listed the same
data converted to (J mol−1) with the ideal gas at 1 bar pres-
sure as reference,g(sv/g)

i , by usingEqs. (59a)–(59c). Finally,
are given the converted data related to the Henry and the
Ostwald coefficients, respectively, calculated with the cor-
rections given inTable 1.

Table 3reports interaction parameters related to the mo-
lal Henry coefficient ofn-alkanes and three typical so-
lutes in alkane C78 determined in a temperature domain of
80–230◦C. In Table 4are reported data for the calculation
of relative interaction parameters of the same solutes related

to the molal Henry coefficient in all polar solvents by elect-
ing alkane C78 as reference solvent. The coefficients for the
calculation ofl-SPOT-s were obtained by substracting from
a given coefficient the corresponding coefficient for alkane
C78 [9–13].

5. Final remarks

5.1. The interaction parameter set to be preferred

Let us now put forward the question which set of inter-
action parameters is the right one. From a purist standpoint
we can answer this question: the one related to the classical
Henry coefficient. This coefficient is practically never used,
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because in gas chromatography the molar mass of the solvent
is often unknown. Concerning the interaction parameter sets
related to the four remaining coefficients the answer is that
they are equivalent. The practician prefers the molal Ostwald
coefficient, because it is equal to the specific retention vol-
ume. For the calculation of molar coefficients knowledge of
the density of the solvent is necessary.

The differences between the numerical value of interac-
tion parameters related to different distribution coefficients
are important, especially between those related to the Henry
coefficients and those related to the Ostwald coefficients.
However, the corrections are additive and independent of the
nature of the solute and nearly independent of the nature of
the solvent. Differences between relative interaction param-
eters related to molal and molar Henry coefficients are in the
order of the experimental error.

As a conlusion, substances to be compared must be char-
acterized by interaction parameters referred to the same stan-
dard states. Hence, publishing data this relation must be ex-
actly specified and analysing data one must control that the
data are homogeneous.

We prefer interaction parameters related to the molal
Henry coefficient (listed as examples inTables 3 and 4). The
reason is that these parameters are the closest to those related

T
I l
H

S

C

S
t
g

h

R
i

to the classical Henry coefficient, two of them,g�H
(sv/g)
i and

g�C
(sv/g)
i , being identical. The relationship between the two

Henry coefficients in question is (seeEq. (25)):

h′(sv/g)
i = g

(sv/g)
i

Msv

(bar) (83)

Consequently, the correspondingg-SPOT-s are related as:

�µ
(sv/g)
i = g�µ

(sv/g)
i − RT ln (Msv/kg mol−1) (J mol−1)

(84)

Hence, the corresponding interaction parameters are related
as follows:

�H
(sv/g)
i (T †) ≡ g�H

(sv/g)
i (J mol−1) (85a)

�S
(sv/g)
i (T †) = g�S

(sv/g)
i + R ln (Msv/kg mol−1)

(J mol−1 K−1) (85b)

�C
(sv/g)
P,i ≡ g�C

(sv/g)
i (J mol−1 K−1) (85c)

The molar mass of the solvents listed inTables 3 and 4
are near 1 kg mol−1, hence the difference between the two
sorts of entropic parameters is small. For example:R ln Msv

= −1 −1 −1 −1
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able 3
nteraction parameters of some solutes in alkane C78 related to the mola
enry coefficient in the temperature range of 70–230◦C withT† = 403.15 K

olvent Solute g�H (sv/g)

(J mol−1)

g�S(sv/g)

(J mol−1 K−1)

g�C(sv/g)

(J mol−1 K−1)

78 [9,11] Pentane −23,041 −67.232 +25.9
Hexane −27,217 −71.876 +32.6
Heptane −31,451 −76.848 +44.8
Octane −35,635 −81.864 +51.5
Nonane −39,878 −87.103 +60.2
Decane −44,095 −92.303 +66.1
Undecane −48,371 −97.688 +79.9
Dodecane −52,589 −102.956 +85.8
Cyclohexane −28,434 −69.727 +39.3
1-Cl-hexane −36,028 −80.584 +50.6
1-Hexanol −34,706 −79.563 +59.8

±14∗ ±0.026∗ ±0.42∗

moothed values of the interaction parameters ofn-alkanes, CzH2z+2, in
he solvent C78 to obey the functiona + b zfor g�C, anda + b z+ c z−1 for
�H andg�S(it permits extrapolation of the interaction parameters to
igher carbon number alkanes)

Pentane −23,0654169 −67.1364.661 +26.78.2

Hexane −27,2344195 −71.7974.907 +34.98.2

Heptane −31,4294212 −76.7045.062 +43.18.2

Octane −35,6414222 −81.7665.164 +51.38.2

Nonane −39,8634230 −86.9305.236 +59.58.2

Decane −44,0934236 −92.1665.289 +67.78.2
Undecane −48,3294240 −97.4555.328 +75.98.2

Dodecane −52,5694242 −102.7835.358 +84.18.2

Tridecane −56,8114246 −108.1415.381 +92.38.2

Tetradecane −61,057 −113.522 +100.5

eference states: ideal gas phase with 1 bar pressure and the 1 molal solution
n the alkane. For the structure of the solvents seeFig. 3.

∗ Reproducibility at the 95% sigificance level.

t
o hase
c

l

+0.763 J mol K for C78 and + 2.258 J mol K for
TF.

.2. Unknown quantity of the solvent

If the quantity of the solvent in the column is unknow
he specific retention volume,Vg,i = VN,i (cm3)/wsp (g) =
T/gi (cm3 g−1 ≡ L kg−1) cannot be calculated. We put n

orward the question which interaction parameters ca
etermined if only the net retention volume is known at
ral temperatures. Combination ofEqs. (35), (51) and (71
esults:

−RT ln

(
VN,i

�T

)
= RT ln g

(sv/g)
i − RT lnwsp = g∆µ

(sv/g)
i

−RT lnwsp = g∆H
(sv/g)
i − T (g∆S

(sv/g)
i + R lnwsp)

+g∆C
(sv/g)
i

[
T − T † − T ln

(
T

T †

)]
(J mol−1) (86)

Knowledge of the value of this function at more than th
emperatures permits determination of the partial mola
halpy at the reference temperature and the heat capac
he solute related to the molal Henry coefficient, which
qual to those related to the classical Henry coefficient.

If on the applied stationary phase theg-SPOTof a solute a
ne temperature is known, the weight of the stationary p
an be calculated. FromEq. (86)follows that:

nwsp =
(

g∆µ
(sv/g)
i

RT

)
+ ln

(
VN,i

�T

)
(J mol−1) (87)
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Table 4
Relative interaction parameters of some solutes in solvents isochor with the alkane C78 related to the molal Henry coefficient in the temperature range of
70–230◦C. with the alkane C78 as reference andT† = 403.15 K

Solvent Solute g�H (sv/C78) (J mol−1) g�S(sv/C78) (J mol−1 K−1) g�C(sv/C78) (J mol−1 K−1)

PCl [11] Pentane +427 +0.435 +13.0
Hexane +439 +0.435 +11.3
Heptane +448 +0.435 +9.6
Octane +460 +0.435 +7.9
Nonane +473 +0.435 +6.3
Decane +481 +0.435 +5.0
Undecane +490 +0.435 +3.3
Dodecane +502 +0.435 +1.7

Cyclohexane +418 +0.439 +5.0
1-Chlorohexane +176 +0.226 +4.6
1-Hexanol −343 −0.678 +11.3

MTF [10] Pentane −289 −0.473 −7.1
Hexane −259 −0.448 −6.7
Heptane −234 −0.423 −6.3
Octane −205 −0.397 −5.4
Nonane −180 −0.372 −5.0
Decane −151 −0.347 −4.2
Undecane −121 −0.322 −3.8
Dodecane −96 −0.297 −3.3

Cyclohexane −301 −0.640 −11.7
1-Chlorohexane −531 −0.816 +11.3
1-Hexanol −1100 −1.854 +7.9

TTF [10] Pentane +205 −0.109 −7.9
Hexane +255 −0.109 −7.1
Heptane +301 −0.109 −6.7
Octane +347 −0.109 −6.3
Nonane +393 −0.109 −5.9
Decane +444 −0.109 −5.4
Undecane +490 −0.109 −5.0
Dodecane +536 −0.109 −4.6

Cyclohexane +205 −0.632 −10.5
1-Chlorohexane −577 −0.979 +9.6
1-Hexanol −1732 −3.146 +18.0

TMO [12] Pentane +92 −0.431 +4.6
Hexane +50 −0.582 +5.0
Heptane +4 −0.736 +5.9
Octane −42 −0.891 +6.3
Nonane −84 −1.042 +7.1
Decane −130 −1.197 +7.5
Undecane −176 −1.351 +7.9
Dodecane −218 −1.502 +8.8

Cyclohexane +188 −0.176 +19.7
1-Chlorohexane −1209 −2.255 +20.1
1-Hexanol −7556 −14.226 +57.7

PCN[12] Pentane +477 +0.050 −13.4
Hexane +423 −0.121 −12.6
Heptane +368 −0.289 −12.1
Octane +310 −0.460 −11.3
Nonane +255 −0.628 −10.9
Decane +201 −0.799 −10.0
Undecane +146 −0.967 −9.2
Dodecane +88 −1.138 −8.8

Cyclohexane +318 −0.310 −13.8
1-Chlorohexane −586 −1.268 −13.4
1-Hexanol −4489 −8.883 +32.2
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Table 4
(Continued)

Solvent Solute g�H (sv/C78) (J mol−1) g�S(sv/C78) (J mol−1 K−1) g�C(sv/C78) (J mol−1 K−1)

PSH[12] Pentane +335 −0.088 +2.5
Hexane +372 −0.050 +1.7
Heptane +414 −0.013 +0.4
Octane +456 +0.029 −0.8
Nonane +498 +0.067 −2.1
Decane +540 +0.105 −2.9
Undecane +577 +0.142 −4.2
Dodecane +619 +0.180 −5.4

Cyclohexane +209 −0.372 −2.1
1-Chlorohexane +276 +0.063 −15.5
1-Hexanol −381 −1.084 +0.8

POH[9] Pentane +849 +1.184 −3.8
Hexane +845 +1.130 −4.6
Heptane +837 +1.071 −5.0
Octane +824 +1.017 −5.4
Nonane +820 +0.962 −6.3
Decane +812 +0.904 −6.7
Undecane +808 +0.849 −7.1
Dodecane +799 +0.791 −7.5

Cyclohexane +770 +1.029 −8.8
1-Chlorohexane +573 +1.243 −2.9
1-Hexanol −7883 −16.941 +138.1

SOH[13] Pentane +536 +0.992 +2.9
Hexane +565 +1.029 +0.8
Heptane +598 +1.079 −1.3
Octane +628 +1.117 −3.3
Nonane +661 +1.155 −5.4
Decane +690 +1.205 −7.5
Undecane +720 +1.243 −9.6
Dodecane +753 +1.280 −11.7

Cyclohexane +565 +1.042 −2.9
1-Chlorohexane +163 +0.669 −2.5
1-Hexanol −5176 −10.560 +51.9

5.3. Unknown quantity of the solvent and unknown
flowrate

It is supposed, that the volume between the point of injec-
tion and the point of detection,V ′

µ (cm3), is independent of
temperature (this is not always true, see ref.[14]). An unre-
tained probe traverses this volume during the time,t′µ. Time
and volume are related as:

V ′
µ = ct t′µ (cm3) (88)

wherect, is a (unknown) constant. The “retention factor”:

ki = tR,i − t′µ
t′µ

= VR,i − V ′
µ

V ′
µ

= VN,i

V ′
µ

(−) (89)

is the net retention of the solute,i, given in units of the (un-
known) volume,V ′

µ. Hence, the specific retention volume,
Vg,i = ki V ′

µ (cm3)/wsp (g) =�T/gi (cm3 g−1 ≡ L kg−1) can-
not be calculated. Combination ofEqs. (35), (51), (71) and

(89) results:

−RT ln

(
ki

�T

)

= RT ln g
(sv/g)
i − RT ln

(
wsp

V ′
µ

)

= g�µ
(sv/g)
i − RT ln

(
wsp

V ′
µ

)

= g�H
(sv/g)
i − T

[
g�S

(sv/g)
i + R ln

(
wsp

V ′
µ

)]

+ g�C
(sv/g)
i

[
T − T † − T ln

(
T

T †

)]
(J mol−1)

(90)

If on the applied stationary phase theg-SPOTof any solute
at one temperature is known, the value of the factor,wsp/V

′
µ,

can be calculated.
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5.4. Final note

There is a principal argument against the use of the “mo-
lar” coefficients,h(sv/g)

i andK
(sv/g)
D,i , for the calculation of

g-SPOT-s. By changing the temperatureT1→T2 there is loss
of solvent (seeFig. 2), i.e., the system is open, contrary to
the closed GC-system. In the case of the classicalHenry
coefficient the related interaction parameters are�Hi(T †),
�Si(T †) and�CP,i, where the subscript,P (constant), is true
for both, the gas and the solvent phase. Theg-SPOTrelated to
the molalHenrycoefficient results,g�Hi ≡ �Hi(T †), g�Si
and g�Ci ≡ �CP,i, a further argument for its use for the
determination of interaction parameters. Finally, the inter-
action parameters related to the molalOstwaldcoefficient
are, κ�Hi ≡ κ�Ui(T †), κ�Si and κ�Ci ≡ κ�CV,i, where
the subscript,V (constant), is true for the gas phase but only
approximately true for the solvent phase.
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