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Abstract

A method that champions the approaches of two independent research groups, to quantitate the chromatographic stationary phase surfac
available for lipophilic ion adsorption, is presented. For the first time the non-approximated expression of the electrostatically modified
Langmuir adsorption isotherm was used. The non approximated Gouy—Chapman (G—C) theory equation was used to give the rigorous surface
potential. The method helps model makers, interested in ionic interactions, determine whether the potential modified Langmuir isotherm can
be linearized, and, accordingly, whether simplified retention equations can be properly used. The theory cultivated here allows the estimates
not only of the chromatographically accessible surface area, but also of the thermodynamic equilibrium constant for the adsorption of the
amphiphile, the standard free energy of its adsorption, and the monolayer capacity of the packing. In addition, it establishes the limit between
a theoretical and an empirical use of the Freundlich isotherm to determine the surface area. Estimates of the parameters characterising the
chromatographic system are reliable from the physical point of view, and this greatly validates the present comprehensive approach.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction [7-11] Their adsorption from aqueous solutions onto re-
versed phase materials has been presented by Hagglund and
The estimation of physicochemical properties by chro- Stahlberd12] as an attractive method for the determination
matographic techniques is a very important topic. A special of the chromatographically accessible area of the chromato-
volume ofJournal of Chromatography Aol. 1037, wasdedi-  graphic packing (octadecyl-bonded silica). Those authors
cated to this question. The determination of the surface area ofused a linearized potential modified Langmuir adsorption
chromatographic packings is usually performed via the BET isotherm; the surface potential{) due to the lipophilic
method using Mas a probe adsorbate. Obviously the surface ion adsorption was defined with a solution of the linearized
accessibility for irregular materials depends on the size of the Poisson—-Boltzmann equation in cylindrical coordinates.
probe molecule: if it is large it is not able to follow the irreg- Their approach is theoretically valid only (i) for a surface
ularity of the surfacgl]. Lipophilic ions (H) are typical ion potential below 25 mM13] otherwise the linear relationship
interaction reagent (IIR) used in ion interaction chromatogra- between the surface potential and the surface concentration
phy (IIC) [2—6], also referred to as ion-pair chromatography of the adsorbed H ions does not hold anymore, and (ii) if the
linearization of the isotherm is feasible. Unfortunately, both
* Tel.: +39 0734 622632; fax: +39 0734 622912. conditions are seldom encountered in the chromatographic
E-mail addressteresacecchi@tiscalinet.it. practice that involves the use of large, amphiphilic ions to
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enlarge retention of ionized samples: the increase in the con-by the use of a compensatory electrolyte to avoid spurious
centration of H even up to values just below the critical mi- effects on the surface potential and salting-in or salting-out
celle concentration is a typical optimization procedure in [IC [2-8,10,11] For similar reasons, the ionic strength was kept
[2-11]. Inthe chromatographically meaningful concentration constant also in the experimental set-up for the determina-
range of the amphiphile, the linearized form of the isotherm tion of the chromatographically accessible surface area via
is easily predicted not to hold. A modified version of the the amphiphile adsorption in refd.2,14] It follows that we
theory was recently forward by Niederhauser ef4] and can write:

applied to a column containing a polystyrene-divinylbenzene

resin. As in the approach by Hagglund and Stahlberg, the lin- _[LtH] (ZH FWO) 3)
earized potential modified Langmuir isotherm was selected L= [LIH] RT

to describe adsorption data, bt was given as a function

of the adsorbed amphiphile by the Gouy—Chapman (G—C) where [L] is the surface concentration of the free ligand sites
theory equation under the hypothesis of a semi-infinite ge- and [LH] is the surface concentration of H, and [H] is its
ometry. The latter assumption is only valid at high ionic eluent concentration.

strength. We will demonstrate that their description, and par-  If [L] T is the total ligand sites concentration, that is the
ticularly the linearization of the isotherm, is not acceptable monolayer capacitymol/m?) of the column, it can be writ-

for the data set under study. This is probably the reason forten[2]:

some lack of fit of experimental results. The present pa-

per seeks to expand upon the earlier work and to examine[L]+ = [L] + [LH] 4)
the limits of applicability of a number of approximations.
The integral form of the electrostatically modified Lang- From Egs.(3) and (4), the following potential modified

muir adsorption isotherm was used for the first time, since Langmuir adsorption isotherm can be readily obtained:
we demonstrate that its linearization is not usually accept-
able under typical experimental conditions in IIC, as already KiH[L]T[H] exp(—zn F¥°/RT)

observed7,10]. [LH] = (1 + K nx[H] exp(—zy F¥°/RT))

(5)

This equation is usually linearized under the assumption
2. Theory that, as [H] approaches zero, the denominator approaches
one. Actually this approximation does not hold for lipophilic
For a lipophilic ion H, the Langmuir isotherm does IIRs, since the stationary phase coverage can be high even at
not hold because the electrostatic surface potential, duevery low eluent concentrations (see beldq®)0].
to the stronger retention of H compared to its counterion,  Moreover, in [IC the amphiphile concentration does not
runs counter to its further adsorption, and hence surfaceobviously approach zero, since it is advantageously added
coverage is less than that predicted in the absence ofto the eluent to increase analytes retention. It follows that
the surface potential. If one takes into account that at the adsorption isotherm should be recorded in a very wide
equilibrium the rate of adsorption and desorption should concentration range to cover both surface area determina-
be identical, an electrostatically modified Langmuir ad- tion (very low concentrations) and retention predictionin IIC
sorption isotherm can be obtainglb]. For H the potential (medium-high concentrations).
modified Langmuir adsorption isotherm can also be easily  For these reasons, that will be quantitatively confirmed
obtained from the thermodynamic equilibrium constant by our results, we decided, for the first time, not to use
(KLn) for its adsorption onto the stationary phase free ligand the linearized form of this isotherm but the non approx-

site (L): imated expression. Ed5) is not very useful for a prac-
K tical test of the theory since [LH] depends on both [H]
L+H—LH (1) and w°, but ¥° itself depends on [LH] (see below). Its

linearization [12,14] paved the way to a quite simple,
but not very accurate, final relationship. From E@3)
and (4), the following expression may be alternatively

If the counter ion of H is not strongly adsorbophilic, it was
demonstrated to b]:

Fyo© obtained:
Kin = —H ex <ZHRT ) (2)
e H] = [LH] X il 6
wherea is the activity coefficient for each speciesg, is the H = Kin([L] T — [LH]) P RT ©

charge of the IIRF is the Faraday constarR is the gas

constant, and is the absolute temperature. In Eg) the Eq. (6) merits consideration. Even if it is algebraically
ratio of the activity coefficients can be considered a constant. equivalent to Eq(5), it is more convenient to use because
This approximation is usually acceptable in the chromato- it allows one to obtain a simple expression without the lin-
graphic practice of IIC, since ionic strength is kept constant earization of the isotherm, as shown in the following.



T. Cecchi/ J. Chromatogr. A 1072 (2005) 201-206 203

The G—C solution for a semi-infinite geometry gives the is below 25mV and the ionic strength is so low that the

surface potential as a function of [LHg,10]: semi-infinite geometry cannot be used. In this case, the
surface potential can be related to the surface concentra-
PO — 2RT|n [LH] [zl F tion of the lipophilic ion via a solution of the linearized
F (SSOgrRTZiCOi)l/Z Poisson—Boltzman equation in cylindrical coordinge:
1/2 o [LH]zHF Io(xkr)
(ILH] zn| F)? W= (11)
+ Soo RT 2 +1 @) keoer  I1(kr)
( coer ZicO’) where lg(kr) and l1(«xr) are the modified Bessel function
wheres is the dielectric constant of the mediusgjsthevac-  of the first kind of order zero and one, respectively ansl

uum permittivity, and_, co;is the mobile phase concentration  the pore radius of the stationary phase, arisl the inverse
of singly charged electrolytes. It is convenient to indicate: ~ Debye length. When Eq11) is introduced in Eq(6) the
2l F following expression is obtained.

= (8)
12 H LH
(8eoer RTY. coi) ™ [H = —————exp( Ko— (12)

. . _ Kin(Lt — LH) A
wheref is a constant which can be evaluated from experi- _
mental conditions. Eq7) corresponds to Eq7) of ref.[14], whereK3 is
since sint x=In[x+ (x¢ + 1)°9]. According to Webef16] 22

74 F Io(kr)

the semi-infinite system does not properly apply if the pore Ko = ———
size is of the same order of magnitude as the Debye length weoer RT In(kr)
[16]. We find this geometry an acceptable approximation, Eq.(12)improves the approach followed by Stahlberg and
since the pore diameter of most RPLC stationary phases usu€o-workers, since it avoids the linearization of the isotherm.
ally ranges from 60 to 308 andin a typical IIC chromato-  The field of application of Eqs(10) and (12) is comple-
graphic set-up the mobile phase is buffered to control analyte mentary, even if, in the chromatographic practice, experi-
ionization. Hence, the ionic strength of the eluent is usually mental conditions are such that Ef0) is likely to be more
such that the Debye length is one order of magnitude lower helpful.

(13)

than the porous space dimens[@r11]. If we insert Eqs(7) The next logical step is to investigate whether, under

and(8) into Eq.(6) we have: particular experimental conditions that actually allow the
[LH] ) 052124 linearization of Eq(5), the chromatographically accessible

[H] ([LH] f + (([LH] H“+ 1) ) area of the packing can be found via a procedure easier than

Kun(L] 7 —[LH) ©) those already developefd2,14] It can be demonstrated

that the Freundlich adsorption isotherm can be obtained
from the linearized potential modified Langmuir adsorption
isotherm. This holds true for lipophilic ions because the
adsorption energy depends in a logarithmic way on the
surface concentration of the adsorbate; the electrostatic
repulsion between adsorbed ions and the incoming ion of the
same species runs counter to their further adsorption. Its use
is not empirical if the linearization of Eq5) is acceptable
and if the surface potential is high since in this case we may
approximate sinh® (x) = In[x+ (x® + 1)°9] ~ In(2x) [15,17]

In this case, at constant ionic strength we have the following
isotherm:

As anticipated above, E@6) is attractive because, if we
expresa/° as afunction of [LH] via Eq(7), we have that [H]
depends only on [LH] and the linearization of the isotherm
may be avoided; nevertheless, the obtained (Bjjis very
simple. This way, we may abstain from the trade-off between
simplicity and accuracy: this is the crucial improvement of
the present development of the theory.

In this expression we have only two variablégy and
[L]T. Actually, if the chromatographic area of the packing is
unknown we may express [LH] as LA/where LH repre-
sents the total micromoles of IIR adsorbed onto the stationary
phaseA is the chromatographically accessible surface area, [LH] = a[H]b (14)
and [L}r as Ly/A where Ly indicates the total free ligand
sites (monolayer capacity,mol). We obtain the following  ©f

expression that will be used to test the present theory: LH = Aa[H]" (15)
) 05\ 2zl when [LH] is in molecules/ci and [H] is M we have
H] = — 1 LHf 4 ((LHf ) n 1) a =551 x 103expW/RT)c%, b=1/3 at 20°C. The
Kin(Lr —LH)\ A A constant depends on the dielectric constant of the medium,
(20) on the temperature, on the energy of adsorption of a —-CH2—

group of the lipophilic chain, at the water/oil interfad/)(
For the sake of completeness we may easily obtain from [15,18], and on the electrolyte concentratio)( Sincea
Eq. (6) an expression to be used when the surface potentialandb are known, the only adjustable parameter in @d)
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is A and it can be found from the fitting of experimental 1
data. Eq.(12) is much simpler than Eq10). Actually, the 0.9
second assumption made to obtain the Freundlich isotherm 0.8
(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 % 0'5 ]
would require an amphiphile concentration approaching T

zero. Hence, the use of the Freundlich equation is often 045
semi-empirical. If experimental conditions are such that the 0.3
approximations made do not properly apply, the constants 0.2
a andb are different from the theoretical ones; nevertheless, 0.1
the general form of the isotherm still holds true and it is of 0—

I T T T T I
12 18 24 30

LH (micromol)

strong practical value. Ib is left as a fitting parameter and
its estimate is close to 1/3, one can reasonably conclude that

the assumptions are acceptalilB].

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 pef
toluensulphonate adsorbed onto the stationary phaselj. Eluent: sodium
chloride,l =100 mM,T=295K.

3. Results and discussion

We will use raw data in ref§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

at a minimum. Interestingly the value for the native anionic
sites on the resin found by the cited authors’ approach was
7.6pmol; even if we may consider this value as a tentative
estimate for the reasons explained below, it is negligible with

of p-toluenesulfonate (PTS) in refl4]. They were ob- respect to the present estimate gf &nd thereby indirectly
tained from breakthrough experiments at constant total confirms our assumption. Sinceql= L1/A=1.1umol/m?,
ionic strength on a polystyrene-divinylbenzene resin (MPIC, the area occupied by a single PTS ion is 281 This value
Dionex). The area measured by the BET method, accordingis slightly higher than the molecular surface of PTS, found
to the manufacturer, was400 n?/g. The authors’ approach by the software calculation of the molecular areai(éy.
gave 93m/g. The average pore diameter of the resin was This result was easily predictable, since a very close packing
~70A. The Debye lengths were 9.6, 13.5, 19.1 to 2,7  ofthe PTS ions is not possible: sodium counterions are not
for eluents of 100, 50, 25, 15 mM ionic strength. It follows adsorbophilic, hence the PTS ions experience electrostatic
that the semi-infinite geometry properly applies only for an repulsion. It should be pointed out that the chromatographic
eluent of 100 mM ionic strength, hence, to test the present packing area estimated by the present model (134)is
theory, we will use only adsorption datala& 100 mM. From ca. one third of the area found by, Morptometry. This is a
the eluent compositiorf, (Eq. (8)) was 2.63umol/m?. The realistic result if the pore diameter distribution of the material
fit of EqQ. (10) to this isotherm was successfully performed is taken into account. The aromatic ring makes PTS quite a
and it is shown inFig. L The correlation coefficient was rigid molecule. We may expect that PTS ions would not to be
0.9998. The model accounts quite well for the curvature able to enter the porous space if the pore size compares to the
of the data. The mean percent error for the [H] estimate PTS molecular length. Probably, the agreement between N
is 3.61% (quite low, compared to the experimental error). sorptometry and the results obtained by the present method
It has to be emphasised that the highest individual error would be higher for larger pore sizes or for hypothetical ma-
is obtained for the first non-zero point. This is probably terial without micro-pores and cracks, inaccessible for larger
due to the higher experimental error that is made when the adsorbates.
PTSA concentrationis very low (see the discussionasregards The fitted value for Ky corresponds to
the approximations made to obtain the adsorption isothermsAG® = —14.08 kd/mol which is a very reasonable value
in ref. [14]). for the standard free energy of an IIR adsorpt[@5,18]

The best estimates of the adjustable parameters areA81 mWe also find that the terr 4 [H] exp(—z4 F¥°/RT) in
for A(134 nt/g), 0.293 mM 1 for K., and 193.mol for L. Eq. (5) was as large as 0.15, and that is not negligible with
These results were obtained under the assumption that anfespect to one, hence the linearization of E5), that is
ionic sites native to the resin may be negligible with respect the presupposition to obtain the equation fitted by the cited
to L. Actually, they are a fraction of the polar impurities of authors to their experimental dafa4], is not feasible, as

the resin[19-21] (which were demonstrated to be the vinyl
groups, above all20]). We deliberately did not take them

anticipated. This can be confirmed from the percentage of
Lt covered by the highest number of adsorbed PTS; this

into account to keep the number of adjustable parameterscorresponds to 13% that is obviously not negligible. The
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validity of their approach can also be questioned if one also is as low as 0.96%. Again, for similar reasons, the highestin-
takes into also account the fact that the G—C theory equationdividual error is obtained for the first non-zero point. The
for a semi-infinite geometry was not properly used for most best estimates of the adjustable parameters are $68m
of their experimental data (surely for isotherms obtained at A (280 n?/g), 0.133 mM ! for Ky, and 123.mol for L.
I =15 and 25 mM16]). Hence, it is possible to understand It should be pointed out that the best estimate of the chro-
why their theoretical model does not fully account for the matographic packing area (28G#y) is lower than the area
curvature[14]. The bare fitting of experimental data does found by N> sorptometry. It is noteworthy that the agreement
not imply the adequacy of the model. In this context it is between surface areas determined bysbrptometry and the
worthwhile to anticipate that if a linearized isotherm is present method is higher compared to surface area determi-
used when it does not hold, the model estimates a lower nation for PTS adsorption data on the styrene-divinylbenzene
area to amend this. We wish to emphasize that the use ofresin[14]; as anticipated, this is probably due to the pore size
the linearized isotherm does not allow one to find the best that is larger for the Lichrospher 100 PR material.
estimates of the thermodynamic equilibrium constant for The fitted value for Kyy corresponds to
the adsorption of HK ) and the total ligand site con- AG°=-12.13kJ/mol which is slightly lower than the
centration [Ly] separately. Correctly, the authors conclude value obtained for PTS with the styrene-divinylbenzene
that there is no way to quantitatively confirm how good the resin (see above;14.08 kJ/mol). This is in agreement with
linearization approximation is from fitting experiments. We the already noted stronger adsorbophilic attitude of PTS
have quantitatively demonstrated that it was absolutely not onto the resin compared to the silica-base pacKity.
acceptable, as could have been predicted on the basis of th&Vith regard to the feasibility of the linearization of &),
authors’ remark on the strong adsorbophilicity of PTS on we found that the ternkK g [H] exp(—zqFW¥°/RT) was as
their resin. large as 0.10, that is not completely negligible with respect
Let us comment on the adsorption isotherms of PTS onto to one (10%), and hence the linearization of &), i.e. the
aLiChrospher 100 RP phase (MerkHig. Lofref.[12]. The presupposition required to obtain the equation the authors
phase has a pore diameter of #hence the semi-infinite ~ fitted to their experimental data, is not feasible since the
geometry surely applies fo= 100 mM (Debye Iengtoh 9,5) denominator is 1.10. In Iight of the above mentioned PTS
and probably also for=50 mM (Debye length 13.8), but surface area calculation (&7), and taking into account the
not for the eluent of 25 mM ionic strength (Debye length electrostatic repulsion that prevents a very close packing,
19. 2A) The area measured by the BET method, according the value of amphiphile surface area @5%) considered by
to the manufacturer, was 35¢fg. The authors’ approach the authors to obtain a denominator of 1.07, seems to be
gave a surface area of ca. 23&m From the eluent com-  too low; hence the monolayer capacity they obtained was
position, f (Eq. (8)) was 2.6Qumol/m?. The fit of Eq.(10) probably higher than the real one, and the denominator was
to the isotherm obtained at 100 mM ionic strength for which underestimated. This can be confirmed by the percentage
the semi-infinite geometry properly applies, was successfully of Lt covered by the highest number of adsorbed PTS; this
performed and it is shown iRig. 2 The correlation coeffi-  corresponds to 9.1% that is obviously not negligible. It is
cientwas 0.9999. The mean percent error for the [H] estimate possible to understand why the chromatographic packing
area estimated by the authors’ approach (the highest value

1.1 was 230 m/g) was lower than the present one. In Etg) of
1 ref. [12], the right-hand member should have been divided
0.9 by the real denominator of the adsorption isotherm that is
0.8 not 1.00 but 1.10. It follows that the right-hand member
07+ of Eq. (19) of Ref.[12] lacks a small positive amount.
E 0.6 Since the model does not account for this, a lower area is
T 0.5 obtained. The same reasoning applies to(&Byof ref. [14]
0.4 as anticipated, and concurs to elucidate why the authors
0.3 found such a low resin surface area. Since for all the three
0.2 data sets of refl12], the surface potential is below 25mV,
0.1 the use of Eq(11) to relate the surface potential to [LH]
0 is acceptable, it follows that Eq12) should give a good
5 5 6 9 1 estimate of the surface area. From the fitting, it is found that
LH (micromol) these estimates are 169, 165 and 166nespectively for the

mobile phases with ionic strength of 100, 50 and 25 mM. The
Fig. 2. Experimental (points) and theoretical (solid line) adsorptionisotherm good adherence among these estimates and the agreement
of p-toluensulphonate for a column packed with LiChrospher RP-18. Raw with the estimate obtained from the fitting of the data set

data are taken from refl2]. Eq. (10) was used to fit the raw data. [H], _ .
concentration op-toluensulphonate in the eluent (mM); LH, amounipef at1=100mM by Eq.(10) (168 mZ) attest the importance

toluensulphonate adsorbed onto the stationary phaselj. Eluent: phos- of t_he use of the non-linearized isotherm in the theory
phate buffer pH 3| =100 mM,T=298K. cultivated here.
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4. Critical comparison of the methods to determine algebraically difficult. These expressions are complemen-
the packing surface area via the adsorption isotherm tary, as regards the approximations made to obtain them
of lipophilic ions hence the field of their application is actually very wide.

In conclusion the present method capitalizes on the attrac-

To fulfil [UPAC recommendations as regards surface char- tive approach of using the adsorption isotherm to determine
acterisation method&2], the most eligible method depends  the chromatographically accessible surface area of stationary
on the specific application: the former should be closely phases. This physical area is more relevant to model makers
related to the latter. The present approach, that involvesin the field of ionic adsorption from solution (IC, 1IC), but
lipophilic ions adsorption, is suitable, since IIC is founded also to the phase ratio determinat[@@]. We believe that this
precisely on this phenomenon. The best probe to determineprocedure is to be preferred to the BET method, according to
the packing area accessible to the IIR would be the lIR itself, the IUPAC recommendations regarding surface characterisa-
also because the recording of its adsorption isotherm istion methods. The correctness of the physical description of
necessary to use retention equations and to perform educatethe theory is witnessed by its ability to quantitatively describe
guess. This way the chromatographer will have a double the system via adjustable parameters with a clear chromato-
advantage. graphic meaning and reliable estimates.

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 Acknowledgements
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