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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
standard chemical potential difference of the solute with the ideal gas phase as reference as a function of tempeg8&e;TtRellowing
the proposal of Kirchhoff the latter can be formulated as an equation with three constants. As in the gas phase the molecules of the solute have
no interacting partners, the three constantd, ASandAC, characterize the interaction between solvent and solute molecules. They will be
called the “solute—solvent interaction parameters”. In the same system the values of these parameters depend on the choice of the distribution
coefficient. Five different distribution coefficients result five sets of interaction parameters. It is shown that conversion of a parameter set
to another implies additive corrections independent of the nature of the solgt&ROTs are measured in a series of solvents, the data
may be used to calculate the corresponding liquid—liquid partition coefficients by electing one of the solvents as réf8ROQTe The
corresponding “relative interaction parameters” can be calculated by simple substraction. In a second chapter the precautions are summarized
necessary for gas chromatographic determination of distribution coefficients and examples are given for interaction parameters in different
systems. It is concluded that there are significant differences betyw&EOTs related to different distribution coefficients. On the other
hand, differences betweé&BPOTs are negligible.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction given temperature permits calculation of the standard chemi-
cal potential differenceA,uf“”/ %), theg-SPOT Knowledge of
A distribution coefficient is the ratio of the concentrations theg-SPOTat several temperatures shows that it is a slightly
of a solutej, in two phases at equilibrium. In classical ther- curved function of temperature. Following the proposal of
modynamics the concentration of the solute in the gas phasegirchhoff the function AM(sv/g)(T) can be described by an
. . . 1 1 1
g, is characterized as pressufg, and the concentration  eqyation having three constants which may be interpreted
in a condensed fphas<|a as m_t()jle ﬁrg_cltm_m,'rge ratio 0; the  as the enthalpy of dissolution of the solute in the solvent,
concentrations of a solute at ideal dilution between these two , ;(sv/g) ;
AH; (Th), the difference of the molar entropy of the

phasesP;/x;, is the (classical) Henry coefficierit);, of the (sv/8) (-t
solute. Knowledge of the Henry coefficient between the ideal solute between the two phasess; (T'), both at a refer-

gas phasag, and the ideal dilute solution in a solvert, at a ence temperaturd;’, and as the partial molar heat capacity
difference of the solute in the two phases at constant pressure,

e (sv/8) ; ; ;
* Corresponding author. Tel.: +41 21 6933131 fax: +4121 3128283, ~Cp; - Lalteris considered to be constantin alarge enough
E-mail addresservin.kovats@epfl.ch (E. sz. Kats). temperature domain around a reference temperatuié (
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+ 100°C). In the gas phase the solute molecules have noversion of data related to different distribution coefficients
interaction partners, hence these constants characterize thand the conversion of data originally reported in calorie with
interaction between solvent and solute molecules and theyatmosphere as unit for pressure to data in Joule and the pres-
will be called the “solute—solvent interaction parameters”. sure in bar. We do notintend to criticise works with erroneous
Knowledge of theg-SPOTat more than three temperatures evaluations, hence mostly we cite our own papers. The con-
permits calculation of the Kirchhoff function by regression, clusions will also be illustrated with some of our published
i.e. the determination of the three interaction parameters.  experimental results.

In a gas chromatographic column the solute is distributed  In the following, units will be used which are accepted
betwen the gas phase and the stationary phase. In the casky the International Union of Pure and Applied Chemistry
of gas-liquid chromatography the solute is retained by ab- as multiples of basic Sl unifd]. Pressure is given as (bar)
sorption and adsorption. If adsorption at the liquid/gas and which is equal to 1®Pa, volume as (L) which is defined
the liquid/support interface is negligible the specific retention as 1 dni (=1000 cn?), the length as (cm) or its multiples,
volume,V, ; = Vy i/wy, (cm*g~t = Lkg ) is identical to  the mass as (kg), the molar mass as (kgmhplfinally en-

a distribution coefficient which is the ratio of the molarity of ergy as (J) equal to 1kg%s 2. The relationship between
the solute in the gas phase and its molality in the solvent. It degree centigrade and thermodynamic temperatuiie(ls)

will be called the “molal Ostwald coefficient”. It corresponds =t (°C) + 273.15. In this system the value of the molar
to the net retention volume of a solute, &g71), measured  gas constant iR = 8.314472 Jmoit K—1, corresponding to
with a column containing one gram of non-adsorbing station- (10~2 L bar mol-1 K—1). In order to avoid numerical factors
ary liquid. For its calculation the mass of the solvent in the in the equations it is preferable to define two molar gas con-
column,wy,, must be known. stants: one related to enerd/= 8.314472 Jmoit K~ and

Note: In the early days of gas cromatography a “reduced the second to pressufg=0.08314472 L bar moft K1, We
specific retention volume” was proposed, defined as the have chosen this solution.

value of the specific retention volume multiplied B273, The calorie (cal) and the atmosphere (atm) are often en-
i.e. its value at-0.15°C. This retention volume has no sense countered in the literature for reporting data. For the con-
and should not be used. version of, atm— bar, the following factor is accepted:

If the density of the solvent is known then the molar 1atm = 1.01325 bar. For the conversion, €alJ, we adopt
concentration in the solvent can also be calculated. Hence the proposal of the National Bureau of Standards: 1cal =
the concentration of the solute in the gas phase may be giverd4.184 J[2]. With this equality the molar gas constantRs
as pressure and as molarity, in the solvent as molality or = 1.9872 cal mot1 K—1. Other conversion factors proposed
molarity. The four possible ratios result four distribution for the calorie do not differ more than 0.5% from the NBS
coefficients having different numerical values. The related definition, which is less than the error of the experimental
g-SPOTs may be used for the evaluation of interaction value of distribution coefficients.
parameter sets which will also have different numerical In the present discussion symbols are complex because
values. Finally, for the calculation of the (classical) Henry they should reflect their slightly differing significations. This
coefficient the molar mass of the solvent should be available, is made by subscripts and superscripts which have the follow-
which is practically never known. ing logics: "lated ’”symbol((f;) and for the standard chemical

In the last decade several papers have treated the :

. . . (in sv/ in st)
) ; ; O potential differencePOT: /4«0 Ay ! , where sv,
evaluation of |r_1teract|on para_m_eters originating frOT" gas is for solvent andst, is for the solvent elected as standard. For
chromatographic data by statistical methods. The aim was

to detect main causes of molecular interactions, or to find gas chromatography the generally used composite symbols

best systems for the prediction of gas—liquid distribution are accepted, such & for .the' specific retention volumg
o . . o [3]. In this case the subscript is separated of the following
equilibria of solutes in industrial applications, e.g. between

a perfume mixture and the gas phase. The standard chemica?UbSCrIIOt by a comma, €Yy, .
potential difference have been calculated in neither of
these publications as it should be following the proposal of o o o
classical thermodynamics as described in the introduction. 2- Characterization of distribution equilibria
Therefore, it is important to know the signification of the o o . o
differences between these parameter sets and to answer thé-1- Distribution coefficients at ideal dilution
question wheather one of these sets gives the right results ) )
hence is to be preferred. Our conclusion is that either of these2-1-1. Concentration units o _
sets may be used for such an analysis but that the data set 1Ne concentration of the solute,in the ideal gas phase,
applied for evaluation must be homogeneous, i.e. members(9). having the volumey®) (L), may be given by its par-
of the set must be related to the same sort of distribution tial pressure; (bar), or as its molar concentration®)
coefficient. (mol L~1). They are related as follows:
The present discussion is meant as a help for writing a
paper on this or similar subjects. It is focussed on the con- PV = nl(g)ﬁ)‘iT (Lbar) D
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u®
(o _mt P

¢ v<g) T (molL™Y) 2)

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

gas phase anéf} = 0.08314472 L bar moft K—1.
The concentration of the solute in the solvent,may be
given as:

(SU)
Molality m{” = (molkg™1) (3)

Sv

(Sv)

Molarity ¢ = (molL™Y) forn®™ — 0 (4)

Sv

n l(sv) n l(sv)

Mole fraction xf“’) =

= )
(nsv + n(sv)) Msv
forn(“’) -0 (5)

whereVy, (L) and wy, (kg) are for the volume and for the

e
(fv/g)_ m; ~
(g)

Ci

Molal Ostwald coefficient «}, (Lkg™%)

12)

- P;
Molar Henry coefficient hg“’/g) = —’U) (L bar mol™t)

C
(13)
s p;

Molal Henry coefficient g( v/8) — =~ (kg bar mot )

" (14)
, P;
Henry coefficient 1'¢"/#) = (Tlv) (bar) (15)
Xi

where the Henry coefficient givenlig. (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,

(s”) or m(“’) the coefficient is designated as “molar” or as

mass of the solvent, respectively. For the calculation of the «smojal” coefficient. Concerning the gas—liquid solute con-

volume of the solvent knowledge of its density, (g cm3

= kgL~1), and for the calculation of its number of moles

knowledge of its molar mas#/,, (kg mol~1), is necessary:

Wsy

centrations Henry and Ostwald coefficients are defined in an
inverse manner. The “classical’ Henry coefficient"/*)
(bar), can only be calculated if the exact composition of

the solvent is known (the corresponding Ostwald coefficient,

Voo = Osv ©) ©) /68 'is never used). The relationships between the five
w coefficients are as follows:
Ngy = Mw (moI) (7) (sv/g) (gv)
o = (w) =pw (kgL (16)
In the case of mixed solvents the molar mass of the solvent ¥p,i
is defined asMj, = Y "x;M , P
The different composition scales are related as follows: Kg'f,-/g)hfw/g) = (—;) =0T (Lbarmol™) (7)
¢
(sv)
m; Vv 1 1 (SU)
Cl(sv) Wey oo (Lkg™) 8) K(Yv/g)g(vv/g) (zsv) (;) piT (kg bar morl) (18)
l
mi” _ (molkg™?) © gl P paiT
= = mo g sv/g),(sv/g 1 SV
xl(‘w) Wyy sV h (SU) (8’) M, (bar) (19)
¢ _nw __wn Psv -1 (YD) m T 11
0V T Ve My O 4o 9 = G = 5, (LB @0
2.1.2. Gas-liquid partition coefficients Kgf)i/g)g,(”/g’ (5) =0T (Lbarmol™) (21)
The isothermal system to be discussed is composed of a
gas phasegj, in contact with a non-volatile solventyf). Ata ( v) WT
given temperaturd, (K), an infinitesimal amount of a solute, (‘"/g)h’(“’/&) ( ) ; (Lbarkg™) (22)
i, is introduced into the gas phase. The solute is distributed & (w)
between the two phases: the ideal dilute solution and the ideal (sv/2)
T |
gas phase. The distribution equilibrium ata giventemperature ;. _ ™~ _ + (Lkg™h) (23)
may be characterized by the following coefficients: f‘”/ R
(sv) (sv/8) (sv)
h; ; M
Ostwald coefficient K"/ = (g) (-) (11) i i ® (Lmol™Y) (24)

h/l(sv/g) - F - p_

SV
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g(sv/g) ) . 2.2. Partition coefficient and standard chemical
W = W = My, (kgmol™™) (25) potential difference (SPOT)

1 1

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.

2.1.3. Liquid-liquid partition coefficients

The isothermal system is composed of a gas phage, (
in contact with two recipients one containing a non-volatile
solvent, §v), the second containing the non-volatile solvent
elected as standardst). At the temperatureT (K), an in-
finitesimal amount of a solute,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- (1) The system is composed of two containegs,and
trations in the two liquid phases may be given as indicatedin ~ sv. One of the walls of the containers is common.

2.2.1. The equilibration process in the gas—solvent
system

the case of gas-liquid equilibria as molal or molar concen- ~ This common wall is permeable or impermeable to
tration or as mole fraction (sdggs. (3)—(5). Based on this solute molecules according to the will of the experi-
imaginary experiment the liquid-liquid partition coefficients menter.
may be calculated from the gas—liquid partition coefficients (2) In the initial state the common wall is impermeable,
defined inEgs. (11)—(15ps follows: hence the two containers are independent of each other.
) (sv/2) Containerg, contains the vapor of the.soluﬁehaving
Ko/ _ G Kp (_ 1 ) ) (26) the pressures; P!, where the superscript, designates
bi = () ™ plst/g) \ Ty (sv/s) “standard”. The numbe,, is chosen small enough that
! Dii ! the solute vapor be an ideal gas. Contaisercontains
(sv/s1) mf“’) ngi/g) 1 the solution of the solute in a solvent at a mole frac-
“pi =~y = o \= | ) (27) tion, &; xX6YT. The numberg;, is the same as that cho-
mn; KD.i 8i sen for the gas phase and it is small enough to have
o0 v/ an ideal dilute solution. The solute content of a con-
hl(sv/-") =4 _="T__ (9) (28) tainer may also be given by any other concentration
) plstre) unit which is proportional to those already mentioned.
() (s9/2) Hence, in the gas phase the solute content may also
/s m; j i ianc(®t i -
g(w/st) _mi & =) (29) be given as molar concentration¢'$’T and in the sol
' mi g1/ vent p(hz;se as molal or as molar concentratipm ()t
org; c¥T,
/st _ xl(”) B h’l(“’/g) ) (30) (3) The process: In order to introduce the equilibration pro-
i ) st/ cess, the experimenter allows now that the common
' ! wall be permeable to the solute. There will be flux of
As the gas phase is missing, the number of different distri- the solute molecules which is considered as positive
bution coefficients is reduced to two in addition to the “clas- for the direction: (gas=) reference phase> second
sical” Henry coefficient, i.e. we do not admit that the con- phase.

centration in the two solventsy andst, be given in different (4 |n the final state the two phases are in equilibrium. The
units. We propose to delete the two Ostwald coefficients. The - concentration in the gas (reference) phase is character-

relationships between the three Henry coefficients are as fol- ized by,P; (or given aSCl(g)) and in the solvent phase

lows: the concentration will bel(”) (or given agnl(‘”) or CESU)).
RSV The chemical potential of the solute in the two phases
g(sv/st) = o ) (31) is the same, i.e. the chemical potential difference is
! zero.
h(SU/SI) Pst My
h,lgsv/sz) = osuMy ) (32) 2.2.2. The standard chemical potential in the
! gas—solvent system, the g-SPOT (gas phase as reference)
gl(sv/sf) M,, Following basic thermodynamics, the standard chemical
(-) (33) potential difference should be calculated from the classical

h/(w/“) - M_At .. R .
i Henry coefficient. At equilibrium the difference of the chem-
Inthe case of two completely immiscible solvents the com- ical potential of the solute between the two phases is zero.

mon gas phase is not necessary because in this special casehe resultingg-SPOT Au,(‘”/g), corresponds to the driving

the two liquid phases can be in direct contact. potential of the dissolution process. TSP OTof the solute
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at a given temperature is:

P; pt
Ap® — RrIn( =5 ) = RTIn( =
i x(sv) 1
l
h/(.sv/g)
= RTIn L
Pt

= RTIn(1'*"'*) bar) (I mot)

(34)

One can now calculage SPOTs 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-SPOTs related to the other four coefficients are as
follows.

Theg-SPOTrelated to the molal Henry coefficientis given
by:

Pi Pt
SAuS"® = RTIn (ﬁ) — RTIn <W>
m; m¥

(SU/S’) (sv)t
— (&)
Pt

= RTIn(g""/*) /barkgmol™) (Imol?) (35)

Theg-SPOTrelated to the molar Henry coefficientis given
by:

. T
h (sv/g) __ P; P
i

h(_sv/g)c(sv)T
=RTIh|‘+t—
Pt

= RTIn(:""¥/barLmolY) (Imorl) (36)

The g-SPOTrelated to the molal Ostwald coefficient is
given by:

(sv) (sv)t
Ckn, v/g) m "\ _ mn
Ap; = RTIn ( ® ) RT In < o )
1

(sv/8) ()t
K . C
J— (D_)

m(SU)Jf

= RTIn(S79/Lkg™) @molY)  (37)

Finally, theg-SPOTrelated to the (molar) Ostwald coef-
ficient is given by:

189
(sv) (sv)t
_K A, (v/8) _ S ) _ ¢
st < a1 ) - (42
l

(sv/8) (o)t

Kpioc®
= RTINK$Y®  (Imol?) (38)

The superscript preceeding the symBal, means: related
to the distribution coefficienty = g&/*), /%), /cg'f,./g) or

g’fi/ %) The superscript;, designates standard states. Obvi-
ously, the numbeg;, 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 phaser:jé)T =g molL71, i.e. the
volume of the gas phase is independent of temperature. For
the Henry coefficients the standard gas phaséhase; 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
Egs. (16)—(22)

(sv/st)
Kb.i (s0/2) RT RT 1
=Kp ! = = (Lkg™) (39)
Dii (sv/g) (sv/g)
Dsv s (/’l sv/g ) sv/g
E i Psv 8i
gas phase:g
& pr
Pt bar
1 —
bar
& @7 . & c@t
mol L1 mol L1
liquid phase:sv
& VT & VT loss of
mol -1 mol -1 solvent
amT & m7
n;ol k! ’ mol kg-!

Fig. 1. The hypothetical standard states of solytie, the gas phase and in

the liquid phase at two temperatures, where the temperafpirés higher
thanT;. The numberg; is small enough that the gas phase be ideal and
that the solution of the solute in the solvent be ideal dilute. The amount of
the solute must be the same at both temperatures. The surface of the frame
illustrates the change of the volume at the two temperatures.
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By multiplying the logarithm ofq. (39)by -RTEq. (40)
results:

—RTIn Kg’”l./g) + RTIn pg = _RTln"gl,}i/g)
= RTINASY® — RTINKT + RT In py,

= RTINg"™® — RTINRT (ImolY) (40)
Hence, the corresponding standard chemical potential differ-
ences are related as:

KAl 4 RT In pg,
= *AulE) =AU _ RTINKT + RTIn py,

= ¢AulS) — RTINKT  (Imol L) (41)

where the symboly;AME”/ %), means: the standard chemical
potential difference related to the distribution coefficignt,
of the solutej, in the solvent, {v), with the ideal gas phase,
(9), as reference.

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

E. sz. Koats et al. / J. Chromatogr. A 1046 (2004) 185-202

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 soluté, between the ideal gas
phase and the ideal dilute solution is giventy. (34) Its
relation to the partial molar enthalpy and entropy difference
of the solute AH; andAS, is:

RTlnh/l(SU/g) — A'ul(sv/g)

= AH®®) — TASEY®) (gmoll)  (45)
whereh/l(‘“’/ 9. is the “classical” Henry coefficienEq. (45)
would suggest a linear temperature dependence ofjthe
SPOT which is a good approximation in a temperature do-
main of about 40C. However, the functionsAH and AS

are temperature dependent. For this depend&use (46)
and (47)hold.

(sv/2)
OAH ,
e = ACKYY @mor kY (46)
: (sv/2)
T

oT

For the comparison of data in different solvents it is pre-
ferred to discuss the standard chemical potential diﬁerenceWhefeACg;/g), is the partial molar heat capacity difference
with reference to a solvent elected as standard. A paraffin Of the solute at constant pressure. Following the proposal of
is often chosen as a standard because such a solvent has riirchhoff we suppose that latter property is constant around a
polar groups therefore the additional standard chemical po-reference temperaturE!, within an appreciable temperature
tential in a second (polar) solvent may be attributed to the domain. Hence, the temperature dependence of the enthalpy
presence of polar interacting groups. The resultiS@OT, and that of the entropy is given by:
Apl™ is the driving force of the transfer of the solute from
the standard solventst, into the solvent,sp).

For the corresponding partition coefficients see
Egs. (31)—(33)Eg. (42)gives the relationship between the
two Henry coefficients of importance (sEq. (31):

AHi(Sv/g)(T) — AHI(SU/g)(TT)

+ACYY(T — 1T (Imol?) (48)

ASl(w/g)(T) — ASI(YU/g)(TT)

hl(sv/sl) _ gl(sv/st) (%) (_) (42)
v +ACSDIn(yTh (@moltkt) (49)
ly:
Consequently Consequently, the temperature dependence of the standard
- " o4 chemical potential difference is given by the Kirchhoff equa-
RTINAC™ = RTIn g™ + RT In (—A> (Imor) tion as follows:
Sv
(43) AMl(sv/g) _ AHi(SU/g)(TT) _ TASI-(SU/g)(TT)

T >] (Imol1)

sv/e) | o _ ot _
+ACH! [T T Tln(TT
(50)

Hence the correspondiPOTs are related as:

Pst

Osv The three constants is this equation are the interaction param-

eters of the solute in the given solvent.
As the gas phase is missing, thBPOTs related to the We propose now to describe the temperature dependence
Ostwald coefficients are equal to those related to the Henry of the fourg-SPOTs related to the Henry and Ostwald coef-
coefficients. ficients by analogy to the Kirchhoff equatipf].

hAMZ(S“/”)=gAM§S”/S’)+RT|n( ) @molYy  (44)
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gAMl(SU/g) — gAHi(SU/g) _ TgASi(SU/g)

g a6/ |t T
ceact - -1 L))

(@ImolY) (51)

)

(ImolY) (52)

)

N Ml(sv/g) N Hi(sv/g) _Tha Si(sv/g)

+hAct® [T —7t =TI <

ICAIJL?SU/S') — KAHZ_(SU/S') _ TKASZ-(SU/g)

cAC/®) |7 _ ot _ r
+XAC; [T T Tln(TT

(Imol) (53)

KAMI(SU/g) — KAHi(Sv/g) -T KASi(SU/g)

K A ~(sv/8) ot 1
+ 7 ACG |:T T TIn(TT)}

(@molY) (54)

where the constant§ AH and>AS represent the value of
these functions at the reference temperafiie,

Egs. (51)-(54)have been written in analogy with the
Kirchhoff Eq. (50) i.e. the symbolsAH and AS have been
repeated as such, the symbalC, has been repeated by
dropping the subscripk. In fact, in the case of thg-SPOTs
related to the Henry coefficients the use of enthalpl
together with ACp might be justified, because for these
g-SPOTs the concentration of the solute in the gas phase
is given as pressure as in the case of gh®POTrelated
to the classical Henry coefficient. With this logics, for the
g-SPOTs related to the Ostwald coefficients one should
substitute for these two symbol&U (the molar energy
difference) andACy, because in this case the volume of the
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gA/u(('ﬂ\‘/g)
J mol-!

+8000

T7=403.15K

+6000

+4000

AS =—81.864 Jmol-! K-!
slope of the tangent at 77

+2000

0

—2000

— 4000 4C=+515)mol!K-!

(related to curvature)

|

|

— 6000 - :

|

— 8000 !

|

— 10000 i

|

AH =-35 635 ] mol-! 1

— 120001~ intercept of the tangent I

at T=0K ! |

— 140001 “:' I
— 16000 I I I L I I 7

100 150 200 250 300 350 400 450 500 550K

Fig. 2. A typical example of the temperature dependence ofjtB€0OT
related to the molal Henry coefficiem:octane in the branched paraffindC
around the standard temperaturddf 130 + 273.15 K. Partition data were
determined in the temperature range of 90-21With an error smaller than
the diameter of a dot in the diagram. Note thdi and ASare negative and
AC s positive.

The three constants &{s. (51)—(54¢an be calculated by
regression i-SPOTs 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 deterrgh&POF
s at five equidistant temperature steps of 152(.e. in an
experimental temperature range of 60280

2.3.2. ldeal dilute solution in a standard solvent as
reference
If the g-SPOTof a solute in both the standard solvent,

gas phase is constant. We do not know exactly which symbols (S0, and the solvent;s¢), is known, thd-SPOTof a solute is
are justified, therefore we have chosen to characterize thec@lculated by simple substraction. For tHePOTrelated to

g-SPOTs and the three coefficients by the preceeding su-
perscript defining to which partition coefficient the function
is related. This is justified because the numerical value of
the four differenty-SPOTs are different. Consequently, the
numerical value of the interaction parametex$), ASand
AC, in the four equations are also different. In conclusion,

the preceeding superscript defines the standard states of the

solute in both the gas and in the solvent phase.

Either of these equations describe the slightly curved
g-SPOTin a temperature range efT’ (K) + 100K. The
g-SPOTas a function of temperature is illustratedrig. 2
on the example of A;.(?/¢) of n-octane in a paraffin sol-
vent. For data originating from gas chromatographic mea-
surements the choice af = (130 + 273.15) K is usual and
adequate.

the molal Henry coefficieritg. (55)holds:
gAM,(SU/St) _ gA'ul(sv/g) _ gAM,(‘St/g)(E _ KAMESU/SI)
— KAMESI/g) _ KAMI(SU/g))

= gAHl.(SU/St) _ TgASi(sv/st) n gACl(SU/St)
f r 1
X |T—T'—TlIn T (IJmol*) (55)

Thel-SPOTrelated to the molar Henry coefficient is given
by Eq. (56)
h A M(sv/st) N M(sv/g) _ha M(S’/g)(s _Kp M(sv/st)
1 ] 1 ]

— KAMSS[/K) _ KAMI(YU/g))
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_ hAHi(sv/st) . ThASi(sv/st) + hACl(sv/st)
t T 1

X |T—T'—TlIn 71 (IJmol*) (56)

2.4. Interconversion of standard chemical potential
differences

There are two principal ways to interconvert differgnt
SPOTFs. The first possibility is to use original individual data,
convertthem to the desirgdSPOTs by usingegs. (39)—(41)
and calculate the correspondiggSPOTtemperature 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 theSPOTtemperature
functions related to different distribution coefficients.

2.4.1. Conversion of g-SPOT-s given in (cal moland
(atm)— (IJmot1) and (bar)

Are known: the coefficients of @-SPOTtemperature
function, §A*1®) or, "A* ) given in units of
(calmol?), related to either of the Henry coefficients,
g;"(‘w/g) orh;‘(“’/g), 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 (Jmot 1), but where the standard
state of the solute, in the gas phase is in units of (atm). The
two Henry coefficients are related as follows:

(v/g) _ P; (bar) _ 1.01325P; (atm)
8i - m(sv) - m(sv)
= 1.01325¢"""/®) (kg bar mor?) (57a)
pv/e) _ P; (bar) _1.01325p; (atm)
i Cl(sv) Cl(sv)
= 1.01325:" /8 (Lbarmor?) (57b)
Hence

RTIn g8 = s Apl/8) = RTIn g/ 4 RTIN1.01325

= 41845 A*1"®) 4 0109477 (Imol Y
(58a)

RTINKCYS =t Aul®) = 4.184" A* 9
+0.109477 (Imol ™) (58b)

FromEgs. (58a) and (58ipllows that the interaction param-
eters related to the molal Henry coefficient givenin calorie are
related to the interaction parameters as definegs. (51)
and (52)are as follows:

YAH® = 41847 A*HE® (Imol Y (59a)

YASEU® = 4,184 A* 568 — 010947 (ImortKY)
(59b)
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YACHY®) = 4,184 A*CEVS) (Imolr 1KY (59¢)

where the superscript, is eitherg or h. For the conversion of
the coefficients 0f-SPOTs related to Ostwald coefficients
given in (cal mot?) the interaction parameters must simply
be multiplied by the factor of 4.184.

2.4.2. Conversion of molak- molar g-SPOT-s

Conversion of 3-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-SPOTs related to both the molal Henry and
Ostwald coefficient&gs. (60a) and (604jold:

"apl = £ ApPYS — RTIn (o /kg L) (Imol?)
(60a)

KApS® = € A58 _ RTIn(pg,/kgL™h)  (Imol?)
(60b)
where the correcting term is:

Sicorrsy = — RTIn (ps/kgL™1)  (Imol?) (61)

For the conversion the following procedure is suggested.
First, the density of the solvent is determined at several tem-
peratures, in the case of gas chromatography from about +30
to +250°C. Eq. (62)is then fitted to the experimental points
by regression:

In (pso/kg L) = In o, — atsu(T — T) — Boo(T — TTY
(62)

where,olv, is the density of the solvent at a standard tem-

perature]T!, and,oy, and By, are constants. Knowledge of
the density as function of temperature permits to calculate the
correctingg-SPOTs withEgs. (61) and (62.g9. at 3C inter-

vals in the whole experimental temperature domaup.(63)

is fitted on these points by regression:

SH’COI'I’,SU = —RTIn (Psv/kg L_l) = SHCOI’I’,SU - T(SSCOI’I',SU

T )} (Imol ™)

+ 8Ccorrsv [T B <F
(63)

Eq. (63)is a curious description of the temperature depen-
dence of the density of the solvent on temperature, but the fit
is excellent. The correction depends only on the nature of the
solvent, in a given solvent it is the same for all solutes.

horKAHi(Sv/g) = gorKAHi(S”/g) + (SHCOI'I”,SU (‘] mol—l)
(64a)

h”rKASi(SU/g) = gorKASi(sv/g) + 8Scorrso (J mor? K_l)
(64b)
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horKACl(Sv/g) = gorKAwa/g) +6Ccorrsv (J mof* K_l)
(64c)

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

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

molar Ostwald coefficient to that related to the corresponding containing an ideal gas and a known amount of a non-volatile

molal coefficient is given by (se€qg. (41):
CApSE = g Ap S _ RTINRT (I mol Y (65a)
Kaplv’® = A8 _ RTINRT  (Imol ) (65b)
where the correcting function is:
Spicor = —RTINRT = —RTIn% — RTInT = RT!
—~T[RIN® + RINTT + R]
+R |:T —7F = TlIn <%)] (molY)  (66)

Compared with the correcting equation:

T
dprcorr = 8Heorr — T8 Scorr + 3Ccorr [T ~T'—TlIn (ﬁ)}

(Imol™?) (67)

The corrections fofl" = 403.15K can be identified as fol-
lows:

KOI'KAHi(SU/g) _h OrgAHi(Sv/g) + RTH = horgAHi(Sv/g)

+33518 (IJmol?) (68a)

Kork Agv/e) — horg Agv/8) L Ringi + RInT + R
= horsp5tv/8) | 375139 (ImottKY)
(68b)
KorKACl(SU/g) _ horgACl(SU/g) +R= horgACESU/g)

+831 (Imortk? (68c)

2.4.4. ldeal dilute solution in a standard solvent as
reference

With the aid of the relationships given undction 2.4.1
the corresponding relationships are easily found. It will be

solvent,wy, (9), called the stationary phasg The column

has no flow resistence, hence it is at uniform pressege,

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 temperafiy€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,and is designated by ;
(cm3). A solute insoluble in the stationary phase traverses
the column with the same velocity as the carrier. Its retention
volume is called the holdup volume of the colurif, (cm?®),
which in the case of the ideal column is equal to the volume
of the gas phase in the column.

Note: The expression “carrier” suggests that this gas has
the only role to transport, to carry the solute molecules, but
otherwise the molecules of the carrier have no interactions
with the molecules of the solute.

In a gas chromatographic system where retention is made
by absorption only (i.e. no adsorption at interfaces) the reten-
tion volume Vg ; (cm?), is related to the Ostwald coefficient
as follows:

VRi=Vy+ VypK gf’i/ 9 (cmP) (69)

whereV;, (cm?), is the volume of the stationary phase, i.e. of
the non-volatile solvent in the column. The “holdup volume”
of the columnV,, (cm®), is measured by injection of a gas
insoluble in the stationary phase. The net retention volume is
then defined afb]:

seen, that the values of the corrections to add for the CoN-yy i = Vg — V,, = VsngT)i/g) (cm) (70)

version of the constants related to the molal Herrymolar
Henry & molal Ostwald— molar Ostwald) are very small.

3. Measurement of distribution coefficients by
gas-liquid chromatography

The specific retention volume is defined as:

Vi _
Vei = (enPg ) (71)
sp

wherews, (9), is the amount of the stationary liquid (solvent)
in the column (the subscripg, in the symbolV, ;, means

In gas chromatography retention volumes and that of the “per gram” and has nothing to do with the gas phase). For

stationary phase are given in units of @nin contrast to

the calculation of the specific retention volume only the exact

the beforegoing discussion on distribution coefficients where mass of the stationary liquid (the solvent) is necessary, but
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its density may be unknown. Combinationds. (70) and The viscosity of an ideal gas depends on temperature but
(71) gives: isindependent of pressure. Therefore, itis supposed that with
/) the aid of the experimentally determined temperature depen-

D,i (sv/g) 3 1y -1 dent flow resistance of the injector systetg, the inlet pres-

Ve = —L  — / = (Lk 72 . C
&1 Psp “D.i (emrg ) =(Lkg ™) (72) sure drop can also be calculated at higher pressures, i.e. if the

column is mounted:
3.2. The real gas chromatographic column

A Peorr = Tinj ¢'|(r?1

(bar) (74)
In a real system: (@) the column has a flow resistance and n )

(b) not the volume but the volumetric flow rate of the carrier F¢’ = Py — APeorr  (bar) (75)

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 phagg,must be . g .
) S . o calculation of the pressure of the carrier at the column inlet.
applied on a support as a thin film, hence its specific surface__ . S T
This correction is only an approximation for small pressure

area may be considerable. Consequently, retention is madedrops

not only by absorption but also by adsorption at the gfas/ '

and at the suppospinterfaces. (1) It is now suggested to repeat these experiments with a
The gas chromatographic system is composed of a gas  void column mounted in the system. Probably, there will

reservoir, the injector, (inj), the column, (c), the detectorand  pe no difference between the results with or without the

Hence, knowledge of the flow resistance, permits determina-
tion of the small pressure drop in the injector necessary for the

the flowmeter, (fl). The following scheme shows the desig-  void column. If the void column (a glass frit at the end)

nation of the experimental parameters at different points of  or the detector connections have a flow resistance, these

the system: experiments will prove it and one can introduce a correc-

tion for the pressure drop at the column end in a similar
Injector Column Flowmeter manner as that at the column inlet. In most cases this
: , correction is negligible.

Pressure Pi(r% L R N (2) It is important to note that in commercial gas chro-

Temperature Tip, To T Te Ti = Troom matographs_ inlet capillaries have an exagerate_d flow re-

- 0 Q) (m) () sistance. It is recommended to change the capillary.

owrate D, D D¢ D¢ Dy

inj .. .
From the injector the carrier enters the packed column.

Here Superscript (|) is for inlet, (m) is for mean and, (0) The column fl”lng is Supposed to be U.niform, hence it W|”
is for outlet. At the injector inlet the pressure of the carrier, have the same flow resistance per unit length at any point.

PO is measured by determining the pressure difference be- 1 N€ column is placed in an oven hopefully having the same

inj’ . .
tween the pressure of the carrier at the system inlet and thelMPerature atany point. It is necessary to measure the tem-

barometric pressure (in general with a mercury manometer): Perature of the oven for example with a calibrated platinum
APi(r% _ Pl(r% — Paun The carrier is introduced into the injec- resistance thermometer. It is recommended to measure also

tor through a capillary which has a certain flow resistance. the temperature difference between the site of the platinum

The sudden evaporation of the liquid sample introduced into th_ermomete_r and seven points in t_he oven situated together
o . ., with the main thermometer at the eight corners of a cube en-
the injector will generate a short volume shock. The capil- closing the site of the column. This can be made with the
lary prevents a return of solvent vapors back to the cold parts . ) ' .
of the system inlet. The temperature of the injector system aid of therm_ocouples: where the refere_nce point of the thgr—
Tinj, is not uniform. The part where the sample is evaporated mocouples Is the point where the platinum .thermometer 'S
should be at column temperatuf, the beginning of the situated. The average temperature of the eight sensors will
capillary is practically at room temperature. Therefore, the be gf;ripttﬁg a;;lfégrzglfr;nr??rzztfar’rier enters the detector
flow resistance of the injector system must be determined P

experimentally in the whole envisaged temperature range ashavmg the same temperature as the column then it enters the

follows. By omitting the column the injector outlet is con- Ilr?gv& 3&‘?;?; rgfot?;igrr:g?it:ﬁ;gﬁoméﬁ::;?ﬁ?Zn(;iogta
nected by a large bore capillary (negligible flow resistance) 9 9

. or a soap film flowmeter with optical sensors. Its tempera-
to the flowmeter. Now the oven temperature is regulated at ture may be controlled with a calibrated thermometer. Usin
different values and the flow resistance of the injeatgy, is y ) 9

measured by admitting that: a soap film flowmeter the d.egre.e of saturation of the carr?er
by water vapor is badly defined if the outlet of the column is
. _ . P directly connected to the flowmeter, because the dry carrier is
APi(r% = pi(r'% — Pam= rinjibi(gj = rinj P4 % (bar) only in short contact with the aqueous soap solution. Hence,
inj it is preferred to saturate the carrier with water by passing it
(73) first through a column filled with wet cotton, then correct the
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flowrate for the small water vapor content, to get the flowrate  In the real system the retention volume of nedp,ne =

of the dry carriergn, atTq = Troom, and at the pressure ofthe ;o @™ = v,,/, is not equal to the volume of the gas phase
flowmeter which is equal to the atmospheric pressBjies inthe columny,,, butincludes undefined contributions from
Patm. The main advantage of the bubble meter to be indepen-the volume of the injector and of the detector. The “retention
dentofthe nature of the gas. In contrast, electronic flowmetersfactor”, k; = ty.i/tr Nes is the net retention volume given in
must be calibrated for a given gas or gas mixture and have anynits of v,

accuracy of only 2—3%. The atmospheric pressure must be

measured with a barometer by applying the necessary correc3.3.2. The specific retention volume

tions (e.g. in the case of a mercury barometer the temperature  For the calculation of the specific retention volume knowl-
of the mercury, correction for the curvature of the mercury edge of the mass of the stationary liquid in the column is
surface in the tube). The pressure must be controlled at leashecessary. In addition, one has to prove that the effect of
three times during a working day, especially if the weather interfaces is negligible, i.e. that the effect of adsorption on
changes seriously (stormy weather). retention is small enough to be neglected.

Are now known: the corrected pressure of the carrier at  The loading of the support by the stationary liquid is best
the column inlet,P, and at the column outle®’®, the determined during preparation. The necessary amount of sta-
temperature of the columm, and that of the flowmeter, tionary quuid is Weighed and dissolved in a solvent (pentane
Th = Troom The mean column pressure{™, can now be  Or diethyl ether). The weighed amount of a support of known

calculated with the equation given by Martin and Jafiegs specific surface area is placed in a round bottom flask and
the solution is added portionwise. After addition the solution
3
P — pl© <2(5<> -1

should completely cover the support. On a rotating evapora-
© \3(?-1)

tor the solvent is slowly eliminated in a gas stream and the

) column filling is isolated. The flask is washed with ether, the
wherep = Pé')/PéO), is the relative pressure drop in the col- solventis evaporated and the residue weighed to give the non-
umn. With the aid of the mean column pressure the mean supported part of the stationary phase. The percentage SP on

) (bar) (76)

flowrate can be calculated: the support is calculated by correcting for this residue.
The void column is now weighed, packed with the pre-
q)ém) — & _PaTe. (cm® min~1) (77) pared column filling and weighed again. Knowledge of the
P((;m)Tﬂ weight of the packing and that of the weight percentage of

the SP on the column packing permit to calculate the mass of
the stationary phase in the columan,,.

@ Adsorption is proportional to the specific surface area of
the liquid which is obviously smaller on supports having a
small specific surface area. The surface energy of the sup-
port must be high enough in order to complete wetting by the

The system is now ready for experimentation. The two
necessary experimental parameters are known: the temper
ture of the columnT,, and the mean flowrate of the carrier
in the column,qb(cm), which is an ideal gas.

3.3. The retention volume stationary liquid. As a first approximation, neglecting spe-
_ cial interactions, the surface tension of the support should
3.3.1. The net retention volume be somewhat higher than that of the liquid. In this case the

The determination of the retention timg ;, does not  support is wettable and the resulting interfacial tension is a
present a problem. We propose to inject small amounts of aminimum. In conclusion, one has to choose a support of low
solute,i, and to accept the time between injection and the specific surface area and deactivate the surface without low-
appearance of the maximum of the peak as retention time,ering the surface tension of the solid as much as to become
tg.i. Use of helium as carrier is the best possible choice, non-wettable. The specific surface area of the liquid dimin-
since considering helium as an ideal gas does not introduceishes with higher loadings. Higher loading implies longer
an appreciable error. For the determination of the starting retention times. In order to arrive at a compromise, we pro-
point of the chromatogram a solute is necessary which mustpose to apply supports having specific surface areas of about
be also insoluble in the stationary phase. The best choice forg.5 n? g—1, and to use of about 7% (w/w) of stationary phase.
amarker is neon, also a nearly ideal gas practically insoluble with this quantity the specific surface area of the stationary
in organic solvents. The time elapsed between the appearancghasesp, is about 0.5/0.0% 7 n? g~ L. This permits to cal-
of the neon peak and of the solute peak is the net retentionculate the surface area of the two interfacg#support and
time,ty ;, of the solute: sp/gas. Unfortunately one cannot influence adsorption at the
sp/gas interface where negative adsorption of solutes may be

INi = 1Ri —IRNe (MiIN) (78) important with liquids of very low surface tension.
The net retention volume at the column temperatligejs The gxpenmentql method for choosing the Iowest possmle
then given by: loading is the following: prepare three columns with different

sploadings, e.g. 4, 6 and 8%. Determine specific retentions
VNi=1INi cbgm) (cm’) (79) of a group of solutes at low temperatures. Plot the resulting
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retention volumes as a function of the specific surface areais that its temperature dependence is small. Therefore for the

of thespin the column. Choose the loading where the effect
of the adsorption is negligible. After eventual control experi-

determination of the distribution characteristics of a solute
the following procedure is recommended:

ments, the specific retention volume can be calculated using Example:Determination of retentionindices ageSPOTF

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 column

with different loadings. The results are then plotted as a func-

s of a series of solutes in a given solvent as function of tem-
perature.

Preparation Two columns are prepared with a given sta-
dionary phase and placed in the oven of the gas chromato-
graph. Temperature and carrier flow are regulated. The period

tion of the specific surface area of the stationary phase andduring which the nominal temperature is constant is called

extrapolated to a hypothetical stationary phase of zero spe
cific surface area. For details see rg7s8].

3.4. Relative retention and standard chemical potential

The relative retention of soluté, at temperatureT, is
defined as:

o _ VAL _

Sv g \1

Tiret = o) T ) 0 (80)
N, ref N, ref

where the retention of the soluieand that of the reference

-the working period. It is planned to determine data at a series
of temperature steps of 15 or 20.

ExperimentsRegulate 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 theparaffins 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-

compound, ref, have been determined under the same contion volume of then-alkanes at about the same temperature.

ditions. In this case the net retention voluvg;,, or the net
retention timety, may also be substituted by the specific re-
tention volumey,, or by any of the distribution coefficients.
With the aid of the beforegoing equations it is easy to show
that:

—RTINAD, = — RTIN(VEY /v (81)
=~ RTInV{Y + RTIn VS,

— AMI(SU/g) _ AMI(‘;/g) (J moI—l)

where theg-SPOTmay be related to any of the distribution
coefficientsKp, ..., . In conclusion, if theg-SPOTof the
reference compound is known, the correspondin§POT
of the solutej, can be calculated witkqg. (81) The use of

a unique reference compound is not possible, because for

the temperature dependence of the retention of solutes th
following rule is valid: the net retention volume is halved
when raising the temperature by 20<80

The retention index is defined as:

In V](\‘,ilj) —1In VI(\,“?

Ii(sv) = 100|: (sv) (sv)
In VN,(z+1) —In Vy_
(SU))

In(v&Y v
:100{ Ui/ 2
/VN.2D)

N,z
(sv)
In(VI\;,lEz+1)
where the solute designated lzy,is an-alkane, CHz, 2.
ComparingEg. (81)with Eqg. (82)shows that the retention
index is proportional to the logarithm of the relative retention
of the solute with the paraffin, €2, 2, relative to the log-
arithm of the relative retention of the paraffins with carbon
numbersz andz + 1. The advantage of the retention index

[+ 200

(82)

:| +10Q@ (-)

After the working period (several days) calculategh8POT

of the paraffins at the temperature of the working period. The

temperature is changed and the procedure repeated until all

measurements are made in the planned temperature range.

The temperature of the working periods should be changed

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

to the molal Henry coefficient as function of temperature by

regression, using all the results obtairedeport the results.

The results of solutes other than thahedilkanes are treated

in two ways:

(1) Calculate the retention index of all solutes as a linear

function of temperature> report the results (in a few

cases the dependence is not linear and a quadratic func-

tion must be used).

e(2) For a given solute correct every individual retention in-
dex to the adequate nominal temperature with the aid of
the temperature dependence of the index (e.g. 149.5
150.0°C). This correction is in general very small, much
smaller than the experimental error (less than 0.5 index
unit). Transform every individual corrected experimen-
tal retention index of the solute point by pointigeSPOT
with the aid of theg-SPOTof the alkane by interpolation
(at this stage we dispose of tgeSPOTof the alkane).
Calculate the temperature dependence for every solute
by using all results obtained in the working periesl
report the results.

Note:ltis an error to transform points calculated from the
linear or quadratic regression of the solute for the calculation
of the g-SPOTOof the solute. In the same train of thought,
extrapolated retention indices cannot be transformed to
g-SPOTs.
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4. Examples RZK VR1
4.1. Conversion of interaction parameters

All the data needed for the interconversion of interaction

parameters related to different distribution coefficients (see — ~
Egs. (64a)—(64care summarized iffable 1 The densities /J
Ry, Ry
Table 1 - -
Corrections to add to the interaction parameters related to molal distribu- Polar interacting group(s) R, Ry X Ref.
tion coefficients to give interaction parameters related to molar distribution Crs — CH,CH; CH,CH; H [9.11]
coefficients withTt = 403.15 K. The solvent/Cg, are 1:1 (V:V) mixtures ) o o
PCl  Primary chloro CH,CI CH,CH; H  [I1]
Solvent SHeorr 8orr 8Ccorr .
MTE  Monotrifl thyl CH,CF; CH,CH; H 10
(Imor?) (@moftK-1) (ImoftK-1) onomTHoromerly = o 1ol
c 03 > TTF Tetrakistrifluoromethyl CH,CF; CH,CH3 H [10]
78 —1034 —-4.721 5.7 -
st Crg 0 0 0 TMO Tetramethoxy OCH; OCH; H [12]
cl 03 ” PCN Primary cyano CH,CN CH,CHj3 H [12]
P -1031 45 -5.7 . .
st Crg +3 +0.199 +0.0 PSH Primary thiol CH,SH CH,CH3; H [12]
- 1052 4622 5 POH  Primary alcohol CH,OH CH,CH; H  [9]
78 - —4. —. .
st Crg +2 +0.099 0.0 SOH Secondary alcohol CH; CH,CHj3 OH [13]
MTF —1050 —4.541 -5.8 _ _ _
st Crg _16 +0.180 _01 I[zglsf?’] Structure of the nearly isomorphous and nearly isochor solvents
TTF -1075 —3.756 —6.4 '
st Crg —41 +0.965 -0.7 i .
o 0 230 5 of the solvents with the structure shownHig. 3 have been
TTSFt 078 _;054 13'482 _o'z11 determined between 70 and 23D (the melting point of the
78 - . —U. . . . .
solvents is near 7QC). It is seen that the corrections for dif-
T“Q?C _2262 :g-g;‘g _g-g ferent solvents are very similar implying that the densities of
8 ' ' the different solvents are similar and that their temperature
T’V'Oécm —1048 —3-532 —g-g dependence is nearly equal. Consequently, the correspond-
st C7e -4 +0.1 e ing corrections for the molal/molar conversion of the relative
PCN —-1037 —4.609 -59 interaction parameters with paraffirgas reference (given
st Crs -3 +0.112 —02 in small script) are nearly zero. The converting corrections
PCN/Crg -1035 —4.665 -5.8 are independent of the nature of the solute.
st Cre -1 +0.056 —01 The corrections for the conversion of the interaction pa-
PSH -1036 —4.562 -5.8 rameters related to Henry coefficients or Ostwald coefficients
st Crs -2 +0.159 -01 are given inTable 1 These corrections are independent both
PSHI/Gs —-1035 —4.642 -5.8 of the solvent and of the solute but depend on the choice of
st Crg -1 +0.079 -01 the reference temperatufeé.
POH —1056 —4.664 -5.7
st Crs —22 +0.057 +0.0 4.2. Some experimental values
POH/Grg —1045 —4.693 -5.7
st Cre -11 +0.028 +0.0 In a series of publicationg-SPOTs related to the molal
SOH -1055 —4.717 -6.2 Henry coefficients of some 150 solutes have been reported on
st Crg —-21 +0.004 05 nine nearly isomorphous and nearly isochor solvf@4 3]
SOH/Grg —1044 —4.719 -6.0 with structures shown iRig. 3. The solvents must be isochor
st Crg -10 0.000 -0.3 and isomorphous for it has been shown that the magnitude of
Corrections to add to interaction parameters of solutes related to Henry  the distribution coefficients seriously depends on the molar
coefficients to give interaction parameters related to Ostwald volume of the solvent and to a lesser extent on its f{m
coefficients (se&gs. (68a)~(68¢) T' = 403.15K In the cited publications data are related to the molal Henry
. ;3351'8 0+37'5139 ‘;8'31 coefficient given in (cal mait) which were converted to data
78

_ _ related to the same coefficient but expressed in (Ihol
The corrections based on the temperature dependence of the density of th

stationary phases are calculated wiy. (63)using data published in refs. Gfollowmg Egs. (59a)_(59C?AS shown |nF|g. 3the pOI,ar
[9-13] (seeFig. 3. In italics are given the analogous corrections for the SOlvents resemble the basic alkang,Ghe difference being

conversion of the molal to the molar relative interaction parameters with thatthey contain an interacting group, or in the case of weakly
paraffin Gg as reference. interacting groups, four of them.
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Table 2
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Interaction parameters ai-octane and 1-hexanol in alkanegCand in the solvent POH (sd€g. 3) related to different distribution coefficients based on
experimental data between 80 and 1680

reflsv YAH YAS YAC
n-Octane

Related to (calmott) (calmortK—1) (calmortK—1)

g /8 Gas/Gg —8,517 —19.540 +12.3
Gas/POH -8,320 -19.297 +11.0
Crg/POH +197 +0.243 -1.3

(Imol 1) (Imolrtk-1 (Imolrtk-1

gbv/8) Gas/Gg —35,635 —81.864 +51.5
Gas/POH —34,811 —80.848 +46.0
Crg/POH +824 +1.016 -55

Rv/8) Gas/Gg —36,669 —86.585 +45.8
Gas/POH —35,867 —85.512 +40.3
Crg/POH +802 +1.073 -55

&5/ Gas/Gs —32,283 —44.350 +59.8
Gas/POH —31,459 —43.334 +54.3
Crg/POH +824 +1.016 -55

Ko Gas/Gg —33,317 —49.071 +54.1
Gas/POH -32,515 —47.998 +48.6
Crg/POH +802 +1.073 -55

1-Hexanol

Related to (calmot®) (calmortK—1) (calmortK—1)

g*bv/e) Gas/Gg —8,295 —18.990 +14.3
Gas/POH -10,179 —23.039 +47.3
Crg/POH —1,884 —4.049 +33.0

(Imol?) (Imolrtk-1 (Imoltk-1

gbv/8) Gas/Gg —34,706 —79.563 +59.8
Gas/POH —42,589 —96.504 +197.9
Crg/POH -7,883 -16.941 +138.1

Rsv/8) Gas/Gg —35,740 —84.284 +54.1
Gas/POH —43,645 -101.168 +192.2
Crg/POH —7,905 —16.884 +138.1

wlsore) Gas/Gg —31,354 —42.049 +68.1
Gas/POH —39,237 —58.990 +206.2
Crg/POH -7,883 -16.941 +138.1

K Gas/Gs —32,388 —46.770 +62.4
Gas/POH —40,293 —63.654 +200.5
Crg/POH ~7,905 —16.884 +138.1

In italics are the relative interaction parameters in POH with the ideal dilute solution in alkgres @ferencel’ = 403.15K.

As first example are listed imable 2the interaction pa-  to the molal Henry coefficient in all polar solvents by elect-

rameters of-octane and 1-hexanol in alkanegand in POH ing alkane Gg as reference solvent. The coefficients for the
related to the molal Henry coefficient given in (cal mbj calculation ofl-SPOTs were obtained by substracting from
with the ideal gas at 1atm pressure as refereg;;(é'j/g), a given coefficient the corresponding coefficient for alkane

as reported in ref[9]. In the following are listed the same  C7g[9-13]
data converted to (J mot) with the ideal gas at 1 bar pres-
sure as referencg}“’/ g), by usingEgs. (59a)—(59c)inally,
are given the converted data related to the Henry and the5. Final remarks
Ostwald coefficients, respectively, calculated with the cor-
rections given infable 1

Table 3reports interaction parameters related to the mo-
lal Henry coefficient ofn-alkanes and three typical so- Let us now put forward the question which set of inter-
lutes in alkane @ determined in a temperature domain of action parameters is the right one. From a purist standpoint
80-230°C. In Table 4are reported data for the calculation we can answer this question: the one related to the classical
of relative interaction parameters of the same solutes relatedHenry coefficient. This coefficient is practically never used,

5.1. The interaction parameter set to be preferred



E. sz. Koats et al. / J. Chromatogr. A 1046 (2004) 185-202 199

because in gas chromatography the molar mass of the solven{; ihe classical Henry coefficient, two of thefu, Hi(”/g) and

Is often unknown. CO”C‘?”.“”g the Interaction parameter SethAC(S“/g), being identical. The relationship between the two
related to the four remaining coefficients the answer is that i o ; o )
Henry coefficients in question is (s&g. (25):

they are equivalent. The practician prefers the molal Ostwald
coefficient, because it is equal to the specific retention vol- (sv/2) gﬁsv/g)
ume. For the calculation of molar coefficients knowledge of e = lT (bar) (83)
the density of the solvent is necessary. v

The differences between the numerical value of interac- Consequently, the correspondiggsPOTs are related as:
tion parameters related to different distribution coefficients sv/g v —1 1
are important, especially between those related to the HenryAME 9 = gA“'( 9~ RT In (Msy/kgmol™=) (Jmol™)
coefficients and those related to the Ostwald coefficients. (84)
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 AHi(S”/g)(T*) — gAHi(Sv/é’) (ImolY) (85a)
order of the experimental error.

As a conlusion, substances to be compared must be char-

(sv/8) (pty _ g A o(sv/8) —1
acterized by interaction parameters referred to the same standSi T(TT) =EASTTY 4+ RIn(Myy/kg mol™)

Hence, the corresponding interaction parameters are related
as follows:

dard states. Hence, publishing data this relation must be ex- (Imoltk=1) (85b)

actly specified and analysing data one must control that the

data are homogeneous. AC(,f”./g) = sAClY/® (Imolt K1) (85¢)
We prefer interaction parameters related to the molal ! !

Henry coefficient (listed as examplesTiables 3 and ¥ The The molar mass of the solvents listedTiables 3 and 4

reason is that these parameters are the closest to those relatetfe near 1kgmot, hence the difference between the two
sorts of entropic parameters is small. For examlie M,
= +0.763 I mott K1 for C7g and + 2.258 Imoit K~ for

Table 3 TTE
Interaction parameters of some solutes in alkapgr€lated to the molal
Henry coefficient in the temperature range of 70-28@vith Tf = 403.15K

Solvent  Solute SAHOVS) s ASbU/g) EACHY/8)
(Imott) @mortkK-1) (@molrlK-1

5.2. Unknown quantity of the solvent

If the quantity of the solvent in the column is unknown,

Cz3[9,11] Pentane  —23,041 —67.232 +25.9 the specific retention volume, ; = Vi ; (cm®)/w, (9) =
Hexane — -27217  -71.876 +32.6 RT/g; (cm® gt = Lkg~1) cannot be calculated. We put now
Heptane ~ —-31451  —76.848 +44.8 forward the question which interaction parameters can be
Octane —35,635 —81.864 +51.5 . . i .

Nonane 30,878 _87.103 1602 determined if only the net.rete.ntlon volume is known at sev-
Decane —44,095 —92.303 +66.1 eral temperatures. Combination B§s. (35), (51) and (71)
Undecane —48,371 —97.688 +79.9 results:
Dodecane  —52,589 —102.956 +85.8 Vi :
Cyclohexane —28,434  —69.727 +39.3 _RTIn ( N”) — RTIng"8) — RTInwy, = A9
1-Cl-hexane —36,028 —80.584 +50.6 RT ! P !
1-Hexanol —34,706 —79.563 +59.8 (sv/2) (sv/2)

+14 +0.026 +0.42 —RT Inw,, =$AH, —T(EAS; + Rlnwgy)

Smoothed values of the interaction parameters-alkanes, CHz, 12, in (sv/2) ; T 1

the solvent Gg to obey the functiom + b zfor §AC, anda + b z+ ¢ z ' for +gACi |:T —T"'—TIn <_T)] (IJmol*)  (86)
8 AH and$ AS (it permits extrapolation of the interaction parameters to T

higher carbon number alkanes)

Pentane —23,069160 —67.13G661 +26.%2 Knowledge of the value of this function at more than three
Hexane —27,234195 —71.79%907 +34.%2 temperatures permits determination of the partial molar en-
Heptane —31,4291, —76.7040s2 +43.152 thalpy at the reference temperature and the heat capacity of
Octane —35,644222 —81.766G 164 +51.3% - .

Nonane 308633 —86.93G55 +59 50 the solute related to the molal He_nry coefficient, yv_hmh are
Decane —44,093235 —92.16G280 +67.%2 equal to those related to the classical Henry coefficient.
Undecane —48,329240 —97.45%328 +75.%> If on the applied stationary phase & POTof a solute at
Dodecane  —52,569242 —102.7833s3 +84.1g2 one temperature is known, the weight of the stationary phase
Tridecane 56,8146 —108.14%3s +92.3, can be calculated. Frofg. (86)follows that:

Tetradecane —61,057 —113.522 +100.5

Reference states: ideal gas phase with 1 bar pressure and the 1 molal solution gAM(s”/g)
in the alkane. For the structure of the solventsiige 3. In Wyp = RlT +In
* Reproducibility at the 95% sigificance level.

VN,i 1
—_— J I 87
m) GmorY)  (87)
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Table 4

Relative interaction parameters of some solutes in solvents isochor with the alkanela@ed to the molal Henry coefficient in the temperature range of

70-230°C. with the alkane & as reference aril = 403.15K
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Solvent Solute g AHW/C78) (Jmol1) g AS6V/Cr8) (3 molt K1) gACHY/Cr8) (Imolt K1)
PCI[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 -71
Hexane —259 —0.448 —6.7
Heptane —234 —0.423 —-6.3
Octane —205 —-0.397 -54
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
PCNJ[12] Pentane +477 +0.050 —-134
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 8 AH6V/Cr8) (Jmol 1) 8 AS6/Cr8) (I mol1 K1) 8ACE/Cr8) (IJmot K1)

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 -29
Undecane +577 +0.142 —-4.2
Dodecane +619 +0.180 -5.4
Cyclohexane +209 -0.372 -21
1-Chlorohexane +276 +0.063 —-15.5
1-Hexanol —381 —-1.084 +0.8

POHI[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 -71
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

SOHJ[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 -25
1-Hexanol —-5176 —10.560 +51.9

5.3. Unknown quantity of the solvent and unknown (89) results:

flowrate

Itis supposed, that the volume between the point of injec- —RTIn (%_zT)
tion and the point of detectior\(}; (cmd), is independent of
temperature (this is not always true, see f&4]). An unre-
tained probe traverses this volume during the tirfheTime
and volume are related as:

Wp

— RTIng!""® — RTIn ( =
n

w
— ¢AuSYS) _ RTIN [ 22

/o / 3
vV, =ctt, (cn) (88) Vi
wherect, is a (unknown) constant. The “retention factor”: N Hlﬁsv/g) —_7l8A Si(sv/g) +Rln @)
V/
"
IR — t;; Vri— V;L VN.i . T
b=t S = O) (89) L EACH [T — 7'~ TIn (H)] (Imor

(90)
is the net retention of the solutie given in units of the (un-
known) vqume,Vl’L. Hence, the Specific retention volume, If on the app“ed stationary phage tgéPOTof any solute
Ve.i =k V/, (cm®)wy, (9) =0RT/g; (cm*g~! = Lkg™) can- at one temperature is known, the value of the faatgg/ V/,,
not be calculated. Combination &fys. (35), (51), (71) and can be calculated.
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5.4. Final note

There is a principal argument against the use of the “mo-

lar” coefficients,""/%) and K(l‘;f’,./g), for the calculation of
g-SPOTs. By changing the temperatufg— T there is loss

of solvent (sed-ig. 2), i.e., the system is open, contrary to
the closed GC-system. In the case of the clasditairy
coefficient the related interaction parameters Atg; (7",
AS;(TT) andACp;, where the subscrip® (constant), is true
for both, the gas and the solvent phase. 48P OTrelated to
the molalHenrycoefficient resultss AH; = AH;(TT), 8AS;
and®AC; = ACp;, a further argument for its use for the
determination of interaction parameters. Finally, the inter-
action parameters related to the maldtwald coefficient
are,“AH; = “AU(TT"), “AS; and“AC; = “ACy,;, where
the subscripty (constant), is true for the gas phase but only
approximately true for the solvent phase.
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