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Use of lipophilic ion adsorption isotherms to determine the surface area
and the monolayer capacity of a chromatographic packing,

as well as the thermodynamic equilibrium
constant for its adsorption
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Abstract

A method that champions the approaches of two independent research groups, to quantitate the chromatographic stationary phase surface
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vailable for lipophilic ion adsorption, is presented. For the first time the non-approximated expression of the electrostatically
angmuir adsorption isotherm was used. The non approximated Gouy–Chapman (G–C) theory equation was used to give the rigo
otential. The method helps model makers, interested in ionic interactions, determine whether the potential modified Langmuir is
e linearized, and, accordingly, whether simplified retention equations can be properly used. The theory cultivated here allows th
ot only of the chromatographically accessible surface area, but also of the thermodynamic equilibrium constant for the adsorp
mphiphile, the standard free energy of its adsorption, and the monolayer capacity of the packing. In addition, it establishes the lim
theoretical and an empirical use of the Freundlich isotherm to determine the surface area. Estimates of the parameters chara

hromatographic system are reliable from the physical point of view, and this greatly validates the present comprehensive approa
2005 Elsevier B.V. All rights reserved.
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. Introduction

The estimation of physicochemical properties by chro-
atographic techniques is a very important topic. A special

olume ofJournal of Chromatography A, vol. 1037, was dedi-
ated to this question. The determination of the surface area of
hromatographic packings is usually performed via the BET
ethod using N2 as a probe adsorbate. Obviously the surface
ccessibility for irregular materials depends on the size of the
robe molecule: if it is large it is not able to follow the irreg-
larity of the surface[1]. Lipophilic ions (H) are typical ion

nteraction reagent (IIR) used in ion interaction chromatogra-
hy (IIC) [2–6], also referred to as ion-pair chromatography
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[7–11]. Their adsorption from aqueous solutions onto
versed phase materials has been presented by Hagglu
Stahlberg[12] as an attractive method for the determina
of the chromatographically accessible area of the chrom
graphic packing (octadecyl-bonded silica). Those aut
used a linearized potential modified Langmuir adsorp
isotherm; the surface potential (Ψ◦) due to the lipophilic
ion adsorption was defined with a solution of the linear
Poisson–Boltzmann equation in cylindrical coordina
Their approach is theoretically valid only (i) for a surfa
potential below 25 mM[13] otherwise the linear relationsh
between the surface potential and the surface concent
of the adsorbed H ions does not hold anymore, and (ii) i
linearization of the isotherm is feasible. Unfortunately, b
conditions are seldom encountered in the chromatogra
practice that involves the use of large, amphiphilic ion
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enlarge retention of ionized samples: the increase in the con-
centration of H even up to values just below the critical mi-
celle concentration is a typical optimization procedure in IIC
[2–11]. In the chromatographically meaningful concentration
range of the amphiphile, the linearized form of the isotherm
is easily predicted not to hold. A modified version of the
theory was recently forward by Niederhauser et al.[14] and
applied to a column containing a polystyrene-divinylbenzene
resin. As in the approach by Hagglund and Stahlberg, the lin-
earized potential modified Langmuir isotherm was selected
to describe adsorption data, butΨ◦ was given as a function
of the adsorbed amphiphile by the Gouy–Chapman (G–C)
theory equation under the hypothesis of a semi-infinite ge-
ometry. The latter assumption is only valid at high ionic
strength. We will demonstrate that their description, and par-
ticularly the linearization of the isotherm, is not acceptable
for the data set under study. This is probably the reason for
some lack of fit of experimental results. The present pa-
per seeks to expand upon the earlier work and to examine
the limits of applicability of a number of approximations.
The integral form of the electrostatically modified Lang-
muir adsorption isotherm was used for the first time, since
we demonstrate that its linearization is not usually accept-
able under typical experimental conditions in IIC, as already
observed[7,10].
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by the use of a compensatory electrolyte to avoid spurious
effects on the surface potential and salting-in or salting-out
[2–8,10,11]. For similar reasons, the ionic strength was kept
constant also in the experimental set-up for the determina-
tion of the chromatographically accessible surface area via
the amphiphile adsorption in refs.[12,14]. It follows that we
can write:

KLH = [LH]

[L][H]
exp

(
zHFΨ◦

RT

)
(3)

where [L] is the surface concentration of the free ligand sites
and [LH] is the surface concentration of H, and [H] is its
eluent concentration.

If [L] T is the total ligand sites concentration, that is the
monolayer capacity (�mol/m2) of the column, it can be writ-
ten[2]:

[L] T = [L] + [LH] (4)

From Eqs.(3) and(4), the following potential modified
Langmuir adsorption isotherm can be readily obtained:

[LH] = KLH[L] T[H] exp(−zHFΨ◦/RT )

(1 + KLH[H] exp(−zHFΨ◦/RT ))
(5)
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. Theory

For a lipophilic ion H, the Langmuir isotherm do
ot hold because the electrostatic surface potential,

o the stronger retention of H compared to its counte
uns counter to its further adsorption, and hence su
overage is less than that predicted in the absenc
he surface potential. If one takes into account tha
quilibrium the rate of adsorption and desorption sh
e identical, an electrostatically modified Langmuir
orption isotherm can be obtained[15]. For H the potentia
odified Langmuir adsorption isotherm can also be e
btained from the thermodynamic equilibrium cons
KLH) for its adsorption onto the stationary phase free lig
ite (L):

+ H
KLH−→ LH (1)

If the counter ion of H is not strongly adsorbophilic, it w
emonstrated to be[2]:

LH = aLH

aLaH
exp

(
zHFΨ◦

RT

)
(2)

herea is the activity coefficient for each species,zH is the
harge of the IIR,F is the Faraday constant,R is the gas
onstant, andT is the absolute temperature. In Eq.(2) the
atio of the activity coefficients can be considered a cons
his approximation is usually acceptable in the chrom
raphic practice of IIC, since ionic strength is kept cons
This equation is usually linearized under the assump
hat, as [H] approaches zero, the denominator appro
ne. Actually this approximation does not hold for lipoph

IRs, since the stationary phase coverage can be high e
ery low eluent concentrations (see below)[7,10].

Moreover, in IIC the amphiphile concentration does
bviously approach zero, since it is advantageously a

o the eluent to increase analytes retention. It follows
he adsorption isotherm should be recorded in a very
oncentration range to cover both surface area deter
ion (very low concentrations) and retention prediction in
medium-high concentrations).

For these reasons, that will be quantitatively confirm
y our results, we decided, for the first time, not to

he linearized form of this isotherm but the non app
mated expression. Eq.(5) is not very useful for a prac
ical test of the theory since [LH] depends on both
nd Ψ◦, but Ψ◦ itself depends on [LH] (see below).

inearization [12,14] paved the way to a quite simp
ut not very accurate, final relationship. From Eqs.(3)
nd (4), the following expression may be alternativ
btained:

H] = [LH]

KLH([L] T − [LH])
exp

(
zHFΨ◦

RT

)
(6)

Eq. (6) merits consideration. Even if it is algebraica
quivalent to Eq.(5), it is more convenient to use beca

t allows one to obtain a simple expression without the
arization of the isotherm, as shown in the following.
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The G–C solution for a semi-infinite geometry gives the
surface potential as a function of [LH][2,10]:

Ψ◦ = 2RT

F
ln

{
[LH] |zH|F(

8ε0εrRT
∑

ic0i

)1/2

+
[

([LH] |zH|F )2(
8ε0εrRT

∑
ic0i

)1/2
+ 1

]1/2

 (7)

whereε is the dielectric constant of the medium,ε0 is the vac-
uum permittivity, and

∑
ic0iis the mobile phase concentration

of singly charged electrolytes. It is convenient to indicate:

f = |zH|F(
8ε0εrRT

∑
ic0i

)1/2
(8)

wheref is a constant which can be evaluated from experi-
mental conditions. Eq.(7) corresponds to Eq.(7) of ref. [14],
since sinh−1 x= ln[x+ (x2 + 1)0.5]. According to Weber[16]
the semi-infinite system does not properly apply if the pore
size is of the same order of magnitude as the Debye length
[16]. We find this geometry an acceptable approximation,
since the pore diameter of most RPLC stationary phases usu-
ally ranges from 60 to 300̊A and in a typical IIC chromato-
graphic set-up the mobile phase is buffered to control analyte
ionization. Hence, the ionic strength of the eluent is usually
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is below 25 mV and the ionic strength is so low that the
semi-infinite geometry cannot be used. In this case, the
surface potential can be related to the surface concentra-
tion of the lipophilic ion via a solution of the linearized
Poisson–Boltzman equation in cylindrical coordinates[12]:

Ψ◦ = [LH] zHF

κε0εr

I0(κr)

I1(κr)
(11)

where I0(κr) and I1(κr) are the modified Bessel function
of the first kind of order zero and one, respectively andr is
the pore radius of the stationary phase, andκ is the inverse
Debye length. When Eq.(11) is introduced in Eq.(6) the
following expression is obtained.

[H] = LH

KLH(LT − LH)
exp

(
K2

LH

A

)
(12)

whereK2 is

K2 = z2
HF2

κε0εrRT

I0(κr)

I1(κr)
(13)

Eq.(12)improves the approach followed by Stahlberg and
co-workers, since it avoids the linearization of the isotherm.
The field of application of Eqs.(10) and (12) is comple-
mentary, even if, in the chromatographic practice, experi-
mental conditions are such that Eq.(10) is likely to be more
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uch that the Debye length is one order of magnitude l
han the porous space dimension[2–11]. If we insert Eqs.(7)
nd(8) into Eq.(6) we have:

H] = [LH]

KLH([L] T − [LH])
([LH] f + (([LH] f )2 + 1)

0.5
)
2|zH|

(9)

As anticipated above, Eq.(6) is attractive because, if w
xpressΨ◦ as a function of [LH] via Eq.(7), we have that [H
epends only on [LH] and the linearization of the isoth
ay be avoided; nevertheless, the obtained Eq.(9) is very

imple. This way, we may abstain from the trade-off betw
implicity and accuracy: this is the crucial improvemen
he present development of the theory.

In this expression we have only two variables:KLH and
L] T. Actually, if the chromatographic area of the packin
nknown we may express [LH] as LH/A, where LH repre
ents the total micromoles of IIR adsorbed onto the statio
hase,A is the chromatographically accessible surface a
nd [L]T as LT/A where LT indicates the total free ligan
ites (monolayer capacity,�mol). We obtain the followin
xpression that will be used to test the present theory:

H] = LH

KLH(LT − LH)


LHf

A
+
((

LHf

A

)2

+ 1

)0.5



2|zH |

(10)

For the sake of completeness we may easily obtain
q. (6) an expression to be used when the surface pote
elpful.
The next logical step is to investigate whether, un

articular experimental conditions that actually allow
inearization of Eq.(5), the chromatographically accessi
rea of the packing can be found via a procedure easie

hose already developed[12,14]. It can be demonstrate
hat the Freundlich adsorption isotherm can be obta
rom the linearized potential modified Langmuir adsorp
sotherm. This holds true for lipophilic ions because
dsorption energy depends in a logarithmic way on
urface concentration of the adsorbate; the electro
epulsion between adsorbed ions and the incoming ion o
ame species runs counter to their further adsorption. It
s not empirical if the linearization of Eq.(5) is acceptabl
nd if the surface potential is high since in this case we
pproximate sinh−1 (x) = ln[x+ (x2 + 1)0.5] ≈ ln(2×) [15,17].

n this case, at constant ionic strength we have the follo
sotherm:

LH] = a[H]b (14)

r

H = Aa[H]b (15)

hen [LH] is in molecules/cm2 and [H] is M we have
= 5.51× 1013 exp(W/RT )c1/3

i , b= 1/3 at 20◦C. The
onstanta depends on the dielectric constant of the med
n the temperature, on the energy of adsorption of a –C
roup of the lipophilic chain, at the water/oil interface (W)

15,18], and on the electrolyte concentration (ci). Sincea
ndb are known, the only adjustable parameter in Eq.(15)
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is A and it can be found from the fitting of experimental
data. Eq.(12) is much simpler than Eq.(10). Actually, the
second assumption made to obtain the Freundlich isotherm
(surface potential higher than 100 mV, not easily reached
if the concentration of the amphiphilic ion is very low) is
hardly compatible with the linearization of the isotherm that
would require an amphiphile concentration approaching
zero. Hence, the use of the Freundlich equation is often
semi-empirical. If experimental conditions are such that the
approximations made do not properly apply, the constants
a andb are different from the theoretical ones; nevertheless,
the general form of the isotherm still holds true and it is of
strong practical value. Ifb is left as a fitting parameter and
its estimate is close to 1/3, one can reasonably conclude that
the assumptions are acceptable[15].

3. Results and discussion

We will use raw data in refs.[12,14] to expand and criti-
cally examine the earlier theoretical work.

Fittings were performed using the software MacCurveFit
1.5.4 (1991–2000), Kevin Raner Software. The molecular
area was calculated using the AM1 theory.

Let us start with the experimental adsorption isotherms
of p-toluenesulfonate (PTS) in ref.[14]. They were ob-
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Fig. 1. Experimental (points) and theoretical (solid line) adsorption isotherm
of p-toluensulphonate for a column packed with MPIC resin. Raw data
are taken from ref.[14]. Eq. (10) was used to fit the raw data. [H], con-
centration ofp-toluensulphonate in the eluent (mM); LH, amount ofp-
toluensulphonate adsorbed onto the stationary phase (�mol). Eluent: sodium
chloride,I = 100 mM,T= 295 K.

at a minimum. Interestingly the value for the native anionic
sites on the resin found by the cited authors’ approach was
7.6�mol; even if we may consider this value as a tentative
estimate for the reasons explained below, it is negligible with
respect to the present estimate of LT and thereby indirectly
confirms our assumption. Since [LT] = LT/A= 1.1�mol/m2,
the area occupied by a single PTS ion is 151Å2. This value
is slightly higher than the molecular surface of PTS, found
by the software calculation of the molecular area (87Å2).
This result was easily predictable, since a very close packing
of the PTS ions is not possible: sodium counterions are not
adsorbophilic, hence the PTS ions experience electrostatic
repulsion. It should be pointed out that the chromatographic
packing area estimated by the present model (134 m2/g) is
ca. one third of the area found by N2 sorptometry. This is a
realistic result if the pore diameter distribution of the material
is taken into account. The aromatic ring makes PTS quite a
rigid molecule. We may expect that PTS ions would not to be
able to enter the porous space if the pore size compares to the
PTS molecular length. Probably, the agreement between N2
sorptometry and the results obtained by the present method
would be higher for larger pore sizes or for hypothetical ma-
terial without micro-pores and cracks, inaccessible for larger
adsorbates.

The fitted value for KLH corresponds to
�G◦ =−14.08 kJ/mol which is a very reasonable value
f
W
E with
r
t cited
a s
a e of
L this
c The
ained from breakthrough experiments at constant
onic strength on a polystyrene-divinylbenzene resin (MP
ionex). The area measured by the BET method, acco

o the manufacturer, was∼400 m2/g. The authors’ approac
ave 93 m2/g. The average pore diameter of the resin
70Å. The Debye lengths were 9.6, 13.5, 19.1 to 24.Å,

or eluents of 100, 50, 25, 15 mM ionic strength. It follo
hat the semi-infinite geometry properly applies only fo
luent of 100 mM ionic strength, hence, to test the pre

heory, we will use only adsorption data atI = 100 mM. From
he eluent composition,f (Eq. (8)) was 2.61�mol/m2. The
t of Eq. (10) to this isotherm was successfully perform
nd it is shown inFig. 1. The correlation coefficient wa
.9998. The model accounts quite well for the curva
f the data. The mean percent error for the [H] estim

s 3.61% (quite low, compared to the experimental er
t has to be emphasised that the highest individual
s obtained for the first non-zero point. This is proba
ue to the higher experimental error that is made whe
TSA concentration is very low (see the discussion as re

he approximations made to obtain the adsorption isoth
n ref. [14]).

The best estimates of the adjustable parameters are 12

or A (134 m2/g), 0.293 mM−1 for KLH, and 192�mol for LT.
hese results were obtained under the assumption th

onic sites native to the resin may be negligible with res
o LT. Actually, they are a fraction of the polar impurities
he resin[19–21] (which were demonstrated to be the vi
roups, above all[20]). We deliberately did not take the

nto account to keep the number of adjustable param
or the standard free energy of an IIR adsorption[15,18].
e also find that the termKLH [H] exp(−zH FΨ◦/RT) in
q. (5) was as large as 0.15, and that is not negligible

espect to one, hence the linearization of Eq.(5), that is
he presupposition to obtain the equation fitted by the
uthors to their experimental data[14], is not feasible, a
nticipated. This can be confirmed from the percentag
T covered by the highest number of adsorbed PTS;
orresponds to 13% that is obviously not negligible.
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validity of their approach can also be questioned if one also
takes into also account the fact that the G–C theory equation
for a semi-infinite geometry was not properly used for most
of their experimental data (surely for isotherms obtained at
I = 15 and 25 mM[16]). Hence, it is possible to understand
why their theoretical model does not fully account for the
curvature[14]. The bare fitting of experimental data does
not imply the adequacy of the model. In this context it is
worthwhile to anticipate that if a linearized isotherm is
used when it does not hold, the model estimates a lower
area to amend this. We wish to emphasize that the use of
the linearized isotherm does not allow one to find the best
estimates of the thermodynamic equilibrium constant for
the adsorption of H (KLH) and the total ligand site con-
centration [LT] separately. Correctly, the authors conclude
that there is no way to quantitatively confirm how good the
linearization approximation is from fitting experiments. We
have quantitatively demonstrated that it was absolutely not
acceptable, as could have been predicted on the basis of the
authors’ remark on the strong adsorbophilicity of PTS on
their resin.

Let us comment on the adsorption isotherms of PTS onto
a LiChrospher 100 RP phase (Merk) inFig. 1of ref. [12]. The
phase has a pore diameter of 100Å, hence the semi-infinite
geometry surely applies forI = 100 mM (Debye length 9.6̊A)
and probably also forI = 50 mM (Debye length 13.6̊A), but
n gth
1 ding
t h
g -
p
t ich
t fully
p -
c mate

F herm
o Raw
d ],
c f
t -
p

is as low as 0.96%. Again, for similar reasons, the highest in-
dividual error is obtained for the first non-zero point. The
best estimates of the adjustable parameters are 168 m2 for
A (280 m2/g), 0.133 mM−1 for KLH, and 122�mol for LT.
It should be pointed out that the best estimate of the chro-
matographic packing area (280 m2/g) is lower than the area
found by N2 sorptometry. It is noteworthy that the agreement
between surface areas determined by N2 sorptometry and the
present method is higher compared to surface area determi-
nation for PTS adsorption data on the styrene-divinylbenzene
resin[14]; as anticipated, this is probably due to the pore size
that is larger for the Lichrospher 100 PR material.

The fitted value for KLH corresponds to
�G◦ =−12.13 kJ/mol which is slightly lower than the
value obtained for PTS with the styrene-divinylbenzene
resin (see above,−14.08 kJ/mol). This is in agreement with
the already noted stronger adsorbophilic attitude of PTS
onto the resin compared to the silica-base packing[14].
With regard to the feasibility of the linearization of Eq.(5),
we found that the termKLH [H] exp(−zHFΨ◦/RT) was as
large as 0.10, that is not completely negligible with respect
to one (10%), and hence the linearization of Eq.(5), i.e. the
presupposition required to obtain the equation the authors
fitted to their experimental data, is not feasible since the
denominator is 1.10. In light of the above mentioned PTS
surface area calculation (87Å2), and taking into account the
e king,
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9.2Å). The area measured by the BET method, accor

o the manufacturer, was 350 m2/g. The authors’ approac
ave a surface area of ca. 230 m2/g. From the eluent com
osition, f (Eq. (8)) was 2.60�mol/m2. The fit of Eq.(10)

o the isotherm obtained at 100 mM ionic strength for wh
he semi-infinite geometry properly applies, was success
erformed and it is shown inFig. 2. The correlation coeffi
ient was 0.9999. The mean percent error for the [H] esti

ig. 2. Experimental (points) and theoretical (solid line) adsorption isot
f p-toluensulphonate for a column packed with LiChrospher RP-18.
ata are taken from ref.[12]. Eq. (10) was used to fit the raw data. [H
oncentration ofp-toluensulphonate in the eluent (mM); LH, amount op-
oluensulphonate adsorbed onto the stationary phase (�mol). Eluent: phos
hate buffer pH 3,I = 100 mM,T= 298 K.
lectrostatic repulsion that prevents a very close pac
he value of amphiphile surface area (50Å2), considered b
he authors to obtain a denominator of 1.07, seems
oo low; hence the monolayer capacity they obtained
robably higher than the real one, and the denominato
nderestimated. This can be confirmed by the perce
f LT covered by the highest number of adsorbed PTS
orresponds to 9.1% that is obviously not negligible.
ossible to understand why the chromatographic pac
rea estimated by the authors’ approach (the highest
as 230 m2/g) was lower than the present one. In Eq.(14)of

ef. [12], the right-hand member should have been div
y the real denominator of the adsorption isotherm th
ot 1.00 but 1.10. It follows that the right-hand mem
f Eq. (19) of Ref. [12] lacks a small positive amoun
ince the model does not account for this, a lower ar
btained. The same reasoning applies to Eq.(5) of ref. [14]
s anticipated, and concurs to elucidate why the au

ound such a low resin surface area. Since for all the t
ata sets of ref.[12], the surface potential is below 25 m

he use of Eq.(11) to relate the surface potential to [L
s acceptable, it follows that Eq.(12) should give a goo
stimate of the surface area. From the fitting, it is found

hese estimates are 169, 165 and 166 m2, respectively for th
obile phases with ionic strength of 100, 50 and 25 mM.
ood adherence among these estimates and the agre
ith the estimate obtained from the fitting of the data
t I = 100 mM by Eq.(10) (168 m2) attest the importanc
f the use of the non-linearized isotherm in the the
ultivated here.
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4. Critical comparison of the methods to determine
the packing surface area via the adsorption isotherm
of lipophilic ions

To fulfil IUPAC recommendations as regards surface char-
acterisation methods[22], the most eligible method depends
on the specific application: the former should be closely
related to the latter. The present approach, that involves
lipophilic ions adsorption, is suitable, since IIC is founded
precisely on this phenomenon. The best probe to determine
the packing area accessible to the IIR would be the IIR itself,
also because the recording of its adsorption isotherm is
necessary to use retention equations and to perform educated
guess. This way the chromatographer will have a double
advantage.

The main improvement of the present development of the
theory is the use of the integral form of the electrostatically
modified Langmuir adsorption isotherm. This must be used
when the amphiphilic concentration range is chromato-
graphically meaningful[10], but we have quantitatively
demonstrated that, even if the amphiphile concentration
approaches zero, the linearization is hardly practicable. This
questions the validity of the first assumption of both the
approaches in refs.[12,14]. The lower the feasibility of the
linearization, the lower is the estimated surface area. It is
rewarding to observe that our estimates of the chromato-
g those
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algebraically difficult. These expressions are complemen-
tary, as regards the approximations made to obtain them
hence the field of their application is actually very wide.

In conclusion the present method capitalizes on the attrac-
tive approach of using the adsorption isotherm to determine
the chromatographically accessible surface area of stationary
phases. This physical area is more relevant to model makers
in the field of ionic adsorption from solution (IC, IIC), but
also to the phase ratio determination[12]. We believe that this
procedure is to be preferred to the BET method, according to
the IUPAC recommendations regarding surface characterisa-
tion methods. The correctness of the physical description of
the theory is witnessed by its ability to quantitatively describe
the system via adjustable parameters with a clear chromato-
graphic meaning and reliable estimates.
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