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Abstract

Adsorption data of an organic cation (propranololium chloride) and an organic anion (sodium 1-naphthalene sulfonate) were measured
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y frontal analysis on two RPLC adsorbents, Symmetry-C18 and XTerra-C18, with aqueous solutions of methanol as the mobile phases
nfluence of supporting neutral salts on the adsorption behavior of these two ions are compared. The Henry constants are close (H � 5). The
our sets of isotherm data are all well accounted for using the bi-Moreau model. However, the isotherms of the two ions behave di
igh concentrations. The initial behaviors of all the isotherms are antilangmuirian but remain so in a much wider concentration ran
ation than for the anion, due to its stronger adsorbate–adsorbate interactions on the low-energy adsorption sites. The retention t
ons increase with increasing concentration of neutral salt in the mobile phase, suggesting the formation of ion-pair complexes, w− for
he cation and with Na+ for the anion. The adsorbate–adsorbate interactions vanish in the presence of salt and the bi-Moreau isoth
ends toward a bi-Langmuir model. Differences in adsorption behavior are also observed between the cation and the anion wh
norganic anions and cations, respectively, are dissolved in the mobile phase. High concentration band profiles of 1-naphthalene s
re langmuirian, except in the presence of a trivalent cation, while those of propranolol are antilangmuirian under certain conditions
ni- or divalent cations.
2004 Elsevier B.V. All rights reserved.
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odium 1-naphthalene sulfonate

. Introduction

The adsorption equilibrium behavior of ionic species at-
racts attention because this behavior is critical in a wide
pectrum of applications in the analysis and the purification
f these compounds. An important body of literature is de-
oted to looking for a better understanding of the adsorption
echanism(s) of these compounds at the analytical level, in-

estigating the effects of varying the mobile phase pH, the
uffer nature and its concentration, and the possible addition
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of neutral compounds or of completely ionized suppor
salts. A long list of recent publications was given in a prev
report[1]. In contrast, relatively few reports have discus
the whole equilibrium isotherm.

Horvath [2], Schill [3] and Sokolowski[4,5] have elab
orated similar theories to account for the adsorption be
ior of ionic species. These theories are based on the fo
tion of ion-pairs between ions of opposite charges. Mor
cently Kazakevich named this approach chaotropicity[6,7]
and applied it to study the retention behavior of severa�-
blockers and the influence of different mobile phase addit
Sokolowski derived adsorption models that are equivale
the Langmuir isotherm model (or to the bi-Langmuir mo
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in the case of heterogeneous adsorbents) and which describe
successfully the adsorption behavior of series of alkylsul-
fonates. This model assumes that the adsorbate is an ion-pair,
hence is electrically neutral. Accordingly, it does not include
any electrostatic repulsion between adsorbate molecules. By
contrast, other authors assume that, for fundamental reasons,
the adsorption mechanism of ionic species must take into ac-
count the surface potential due to the adsorption of ions from
the solution and that an electrical double layer forms (Stern–
Gouy–Chapman model)[8]. This second approach was used
by St̊ahlberg to explain the adsorption ofp-toluenesulfonate
on RPLC adsorbents[9–11].

Whichever one of these assumptions is made regarding the
fundamentals of the adsorption of ions onto RPLC stationary
phases, the isotherm model that is derived from it is strictly
convex upward, i.e., langmuirian. Unfortunately, this result is
inconsistent with previous adsorption data measured for the
organic cation propranololium on various commercial RPLC
adsorbents[1,12–17]. S-shaped isotherms were found at low
ionic strengths of the mobile phase[12–15]or with bivalent
counter-anions (sulphate, phthalate, succinate, phosphate and
citrate II) [16,17]. Strictly antilangmuirian isotherms were
even observed with the trivalent anion citrate[17]. This ob-
servation, the results given by the perturbation method and
reported earlier[18], and the fact that the saturation ca-
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2. Theory

2.1. Models of isotherm used

Previous reports[12–15]showed that the isotherm model
that best accounts for the adsorption data of an organic cation
on various commercial columns is the bi-Moreau model.
This model is the simplest extension of the Langmuir model
to the case of an heterogeneous adsorbent when significant
adsorbate–adsorbate interactions take place in the adsorbed
phase. It corresponds to a surface covered with two types of
sites, each of which follows Moreau isotherm model behavior
[19]. It is written:

q∗ = qs,1
b1C + I1b

2
1C

2

1 + 2b1C + I1b
2
1C

2
+ qs,2

b2C + I2b
2
2C

2

1 + 2b2C + I2b
2
2C

2

(1)

whereq∗ andC are the equilibrium concentrations of the
compound considered in the adsorbed and the liquid phase,
respectively, whileqs,1, qs,2, b1, b2, I1 andI2 are the mono-
layer saturation capacities, the low-concentration equilibrium
constants, and the adsorbate–adsorbate interaction parame-
ters on the sites of types 1 and 2, respectively. Note that the
bi-Moreau model morphs into the bi-Langmuir model when
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acities estimated for these compounds are close to
f neutral compounds[12–17] support the idea that ion
pecies adsorb onto the surface as neutral forms and tha
re no adsorbate–adsorbate repulsion of electrostatic o
owever, these observations and results, hence the de
tration apply only to the organic cation propranololiu
dditional experiments made with other ions and part

arly with organic anions are needed to generalize these
onclusions.

In this work, we compare the adsorption behavior o
rganic cation (propranololium, as propranololium chlor
nd an organic anion (1-naphthalene sulfonate as sodi
aphthalene sulfonate) on two commercial stationary ph
18-Symmetry and C18-XTerra. The measurements of

sotherm data were first carried out by frontal analysis,
mobile phase containing no supporting salt. This firs

ies of data is used to select the best general isotherm m
hich must be in agreement with the shape of the experi

al band profiles recorded. The inverse method of isoth
etermination[13] was then used to derive the best val
f the parameters of this model for different experime
onditions. This method minimizes the differences betw
he experimental band profiles recorded under a given s
xperimental conditions (e.g., with a given concentratio
certain supporting salt in the mobile phase, at a given
erature) and the corresponding profiles calculated wit
quilibrium-dispersive model of chromatography. The s

larity and the differences between the adsorption beh
f the positively and the negatively charged compound
ow presented and discussed in the general context o
dsorption of ionic compounds.
-

1 = I2 = 0.
The equilibrium constantsb1 andb2 are associated wi

he adsorption energiesεa,1 and εa,2, respectively, throug
he following classical equation[20]:

i = b0 eεa,i/RT (2)

hereεa,i is the adsorption energy,R is the universal idea
as constant,T is the absolute temperature andb0 is a pre-
xponential factor that could be derived from the molec
artition functions in the bulk and the adsorbed phases.b0 is
ften considered to be independent of the adsorption e

20]. The adsorbate–adsorbate interaction parameter,I, can
e written as[19]:

= exp
(εAA

RT

)
(3)

hereεAA is the interaction energy (by convention,εAA ≥ 0)
etween two molecules of A adsorbed on close sites.

Note that the bi-Langmuir model is the limit case of
i-Moreau model when the adsorbate–adsorbate intera
arameter,I, tends toward 0. Thus, in the work reported h
e adopted the bi-Moreau isotherm model as the initial m

n the application of the IM method.

.2. The inverse method of isotherm determination

This method consists in the numerical adjustment o
oefficients of an isotherm model in order to minimize the
erences between a recorded experimental band profil
he profile calculated for the same sample, under the
xperimental conditions, using the equilibrium-disper
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model of chromatography (see next section) and the isotherm
model selected. The main advantage of the inverse method
of isotherm determination is that it requires the measurement
of only one or a few experimental overloaded band profiles
[21–24]. Accordingly, the method is fast and requires small
amounts of solvent and sample. This method was described
previously[13]. It gives results that are in excellent agreement
with those of FA[24].

2.3. Modeling of band profiles in HPLC

The overloaded band profiles of propranolol and 1-
naphthalene sulfonate were calculated using the equilibrium-
dispersive model (ED) of chromatography[25–27]. The ED
model assumes instantaneous equilibrium between the mo-
bile and the stationary phases and a finite column efficiency
originating from an apparent axial dispersion coefficient that
accounts for the dispersive phenomena (molecular and eddy
diffusion) and for the non-equilibrium effects (mass transfer
kinetics) that take place in the chromatographic column. The
axial dispersion coefficient is directly related to the column
efficiency under linear conditions.

At t = 0, the stationary phase is in equilibrium with the
pure mobile phase and the solute concentrations in both
phases in the column are uniformly equal to zero. The bound-
a und-
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Table 1
Characteristics of the C18-bonded Symmetry and Xterra columns

Symmetry XTerra

Particle size (mm) 5 5
pore size (̊A) 86 120
Pore volumea(mL/g) 0.90 0.64
Surface areaa(m2/g) 346 176
Particule shape Spherical Spherical
Total carbon (%) 19.6 15.2
Surface coverage (�mol/m2) 3.18 2.40
Total porosityb 0.5804b; 0.6334c 0.6178b; 0.6719c

Endcapping Yes Yes
a Data for the packing before derivatization.
b Data from injection of the non-retained thiourea compound in a

methanol:water mobile phase (25/75, v/v).
c Data from injection of the non-retained thiourea compound in a

methanol:water mobile phase (10/90, v/v).

sodium chloride, calcium chloride, barium chloride, dis-
odium sulphate, diammonium sulphate, aluminium chloride
and tetramethyl-, ethyl-, propyl-, and butylammonium chlo-
ride were all obtained from Aldrich. (Milwaukee, WI, USA).

3.2. Columns

The two 150 mm× 3.9 mm commercial columns used in
this study were packed, one with Symmetry-C18, the other
with XTerra-C18. They were gifts from the manufacturer (Wa-
ters, Milford, MA, USA). The main characteristics of these
packing materials are summarized inTable 1. The Symmetry
column was one of the lot of ten columns previously used to
test the column-to-column and batch-to-batch reproducibil-
ity under linear conditions[32]. The void volumes at 25/75
and 10/90 (v/v), of the Symmetry and the XTerra columns,
respectively, were derived from the average of the retention
times of two consecutive thiourea injections. They are 1.040
and 1.107 mL for a 25/75 (v/v) solution on the one hand,
and 1.135 and 1.204 mL for a 10/90 (v/v) solution, on the
other, respectively. The column porosities remained constant,
whatever the nature of the salt used and its concentration in
the mobile phase. They were found to depend only on the
methanol concentration of the mobile phase (25% or 10%,
v/v).
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ry conditions used are the classical Danckwerts-type bo
ry conditions[25,28]at the inlet and outlet of the column

The ED model was solved using the Rouchon prog
ased on a finite difference method[25,29–31].

. Experimental

.1. Chemicals

The mobile phases used in this work were aque
olutions of methanol (25:75 and 10:90 (v/v) for
easurements of the adsorption data of propranolo
nd 1-naphthalene sufonate, respectively). Both wate
ethanol were of HPLC grade. They were purchased
isher Scientific (Fair Lawn, NJ, USA). The supporting
olutions were first prepared in pure water and methano
dded thereafter to the salt solution to prepare the fina
ile phase. The salt concentrations given in the text ar
orted to the mobile phase mixture. Prior to their use
olvents were filtered on an SFCA filter membrane, 0.2�m
ore size (Suwannee, GA, USA). Thiourea was chose

he unretained tracer, to measure the column hold-up
me. The solutes studied were propranolol, an amino
ol of structure C10H7OCHOHCH2NHCH(CH3)2, and 1-
aphtahlene sulfonic acid of structure C10H7SO3H. Pro-
ranolol and 1-naphthalene sulfonic acid were injected
er the acidic protonated form (as the hydrochloride,M =
95.8 g/mol) and the basic anionic form (as the sodium

= 230.2 g/mol), respectively. Thiourea, propranolol ch
ide, sodium 1-naphthalene sulfonate, ammonium chlo
.3. Apparatus

The overloaded band profiles were acquired usin
ewlett-Packard (now Agilent Technologies, Palo Alto, C
SA) HP 1090 liquid chromatograph. This instrument
ludes a multi-solvent delivery system (volume of each t
L), an auto-sampler with a 250�L sample loop, a diode
rray UV-detector, a column thermostat and a data sta
ompressed nitrogen and helium bottles (National Wel
harlotte, NC, USA) are connected to the instrument in
er to allow the continuous operations of the pump, the a
ampler, and the solvent sparging. The extra-column volu
re 0.058 and 0.93 mL as measured from the auto-sampl

rom the pump system, respectively, to the column inlet
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the retention data were corrected for these contributions. The
flow-rate accuracy was controlled by pumping the pure mo-
bile phase at 23◦C and with a flow rate of 1 mL/min, during
50 min, successively from each pump head, into a volumet-
ric glass of 50 mL. The relative error was less than 0.4%, so
that we estimate the long-term accuracy of the flow-rate at
4�L/min at flow rates around 1 mL/min. All measurements
were carried out at a constant temperature of 23◦C, fixed
by the laboratory air-conditioner. The daily variation of the
ambient temperature never exceeded±1◦C.

3.4. Measurements of the adsorption isotherm of
propranolol and 1-naphthalene sulfonate by FA

The adsorption isotherms of propranolol and 1-
naphthalene sulfonate were measured in two different aque-
ous solutions of methanol, selected so that the two compounds
had comparable retention. Due to the difference between the
hydrophobicities of these two compounds, methanol concen-
trations of 25% and 10% were chosen for the mobile phases
with which to measure the adsorption data of propranolol
and 1-naphthalene sulfonate, respectively. Under these con-
ditions, the retention factors of both compounds are of the or-
der of 3, a value large enough to acquire accurate adsorption
data. The maximum concentration of each analyte applied
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The adsorbed amount at equilibriumq∗ is given by:

q∗ = C(Veq − V0)

Va
(4)

whereVeq andV0 are the elution volume of the equivalent
area and the column hold-up volume, respectively, andVa is
the volume of stationary phase.

3.5. Measurements of the overloaded band profiles of
propranolol

Injection of propranolol chloride and sodium 1-
naphthalene sulfonate were made with the auto-sampler
(maximum volume 250�L) in set of experimental condi-
tions. 250�L of a 1.5 and 4 g/l solution of propranolol and
1-naphthalene sulfonate, respectively, were injected to record
a moderately overloaded band profile for each salt. The sam-
ples were always dissolved in the same salt solution as was
used for the mobile phase. These profiles were recorded at 325
and 323 nm for propranolol and 1-naphthalene-sulfonate, re-
spectively. Segments of these elution profiles having between
500 and 1000 points were used to perform the IM calcula-
tions.
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n FA was fixed at 40 g/L in their respective mobile pha
o avoid any precipitation inside the instrument. Two ma
olutions were prepared, at 10% and 100% of the maxi
oncentration selected. The samples were always diss
n the same salt solution that was used as the mobile ph

Two consecutive FA runs and a total of 34 data po
ere then measured, starting from the lowest (first run, 0
g/L, 9 points) to the highest concentrations (second
to 40 g/L, 25 points). One pump of the HPLC inst
ent was used to deliver a stream of the pure mobile p

methanol:water, 25:75 or 10:90, v/v), the second pum
he 100% master solution, the third for the 10% maste
ution. The concentration of the studied compound in
A stream is determined by the concentration of the s
le solution and the flow rate fractions delivered by the
umps. The breakthrough curves were recorded at a
ate of 1 mL/min, with a sufficiently long time delay b
ween breakthrough curves (20 min) to allow for the comp
eequilibration of the column with the pure mobile pha
he injection time of the sample was fixed at 5 min for
A steps, in order to reach a stable plateau at the column

et whatever feed concentration was used. To avoid reco
ny UV-absorbance signal larger than 2000 mAU and the
esponding signal noise at high concentrations while k
ng a large enough signal at the lowest concentrations
etector signal was recorded at 325 and 323 nm (10%

ion) and 331 and 360 nm (100% solution) for propran
nd 1-naphthalene sulfonate, respectively. In each cas
etector response was calibrated accordingly by usin
V absorbance at the plateau observed on the breakth
urves.
. Results and discussion

.1. Adsorption properties of anions and cations derive
rom frontal analysis data

Fig. 1shows the plots of the adsorption data points der
rom the treatment of each of the four series of 34 br
hrough curves recorded during the FA runs for the two c
ounds, on the two columns studied, using mobile phase
ontained no salts. Two presentations of these data are
lots of the isotherm curves (q∗ versusC, top) and plots o

he isotherm slopes (q∗/C versusC, bottom) versus the co
entration plateau in the mobile phase. This second plot
rates better the variation of the curvature of the isotherm
ncreasing concentration. Because the mobile phase co
itions were selected for this purpose, the Henry cons
f the two compounds are comparable, between 4 and
oth Symmetry and XTerra. At high concentrations in
obile phase, the amount of naphthalene sulfonate ads
t equilibrium is always smaller than that of propranolol

In order to derive accurate frontal analysis data,k
′

must
e sufficiently large (in practice,k

′ ≥ 3). In order to acquir
sufficiently larger number of data points,k

′
must not be to

arge (in practice,k
′
< 10). Accordingly, the mobile pha

omposition must be different for the two compounds (1
nd 25% methanol content for 1-naphtahlene sulfonate

or propranololium, respectively). For a mobile phase c
aining 25% methanol (v/v), 1-naphthalene sulfonate i
ost unretained while with only 10% methanol in the m
ile phase, propranololium is retained too strongly. Thu
igorous comparison cannot be made between the two
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Fig. 1. Comparison between the adsorption data of an organic anion and an organic cation measured by FA on two different columns, Symmetry-C18 and
XTerra-C18. T = 296 K, methanol:water mixtures, 10:90 and 25:75 (v/v) for naphtahlene sulfonate and propranololium, respectively. (Top) Isotherm data.
(Bottom) Scatchard representation.

of isotherm data. However, the influence of the change in
mobile composition is rather small and it should not affect
either the nature of the best model of adsorption isotherm or
the value of the saturation capacities of the adsorbent[33].
The only significant effect of the mobile phase composition is
only on the saturation capacity of the high-energy sites, which
increases with increasing water concentration of the mobile
phase[33]. When the density of the high-energy sites is low
(i.e., less than 5% of the total column saturation capacity), the
comparison between the total saturation capacities measured
at different mobile phase compositions is straightforward.

At first glance, the isotherm of naphthalene sulfonate ap-
pears to be quasi-langmuirian while that of propranolol is
clearly S-shaped. However, a more careful look at the break-
through curves of the anion at low concentrations (Cplateau=
0.2 g/L, for instance,Fig. 2) on either Symmetry and XTerra
shows that the adsorption front exhibits a diffuse boundary
while the desorption rear has a clear shock layer, much like
the corresponding parts of the breakthhrough curves of pro-
pranolol. This result is in agreement with the plot ofq∗/C
versusC for Symmetry (Fig. 1, bottom left) but not with

the same plot for XTerra (Fig. 1, bottom right) which shows
a monotonous decrease of the isotherm slope. This appar-
ent contradiction arises from the combination of a very low
concentration for the inflection point of the corresponding
isotherm and from errors made in the calculation of the ad-
sorbed mass by the equivalent area method[25], due to the
unstability of the equilibrium plateau recorded at low con-
centrations and the poor definition of the front and rear of the
breakthrough curves (seeFig. 2). This instability of the outlet
concentration was not due to any fluctuations or variations of
the column temperature or of the mobile phase composition
nor to any dysfunction of the mixing system of the solvent de-
livery system during the frontal analysis measurements. This
was demonstrated by the injection of the same concentration
plateaus into the instrument fitted without column generat-
ing the correct, flat plateaus expected. A slow, oscillating
equilibrium between the solution and the adsorbent at low
concentrations could explain this unexpected phenomenon.

These results demonstrate the important fact that the shape
of the equilibrium isotherm is the same for both the cation and
the anion. The only differences between them are quantitative
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Fig. 2. Breakthrough curves recorded in the low concentration range making evidence of the initial anti-langmuirian behavior of the adsorption isotherm
(detection of a diffuse front and a rear shock) for both ionizable compounds on the Symmetry (left) and XTerra (right).T = 296 K, Flow rate 1 mL/min. (A)
Naphthalene sulfonate. Methanol:water, 10:90 (v/v). The strict anti-langmuiriran behavior is limited for concentration inferior to 0.2 g/L. Notethe difficulty to
derive with accuracy the mass adsorbed because of the oscillations on the plateau. (B) Propranololium. Methanol:water, 25:75, (v/v). Note the persistence of
the anti-langmuiriran behavior at concentrations around 4–5 g/L.

not qualitative, they deal with the concentration at which the
inflection point is observed and with the concentration range
within which the isotherm is convex downward (i.e., anti-
Langmuirian). This range is much smaller with the anionic
sulfonate (0≤ 0.3 g/L) than with the cationic amine (0≤
5 g/L). These differences explain the difference in the shape
of the overloaded band profiles of the two ions recorded on
Symmetry and XTerra for a maximum peak concentration of
2 g/L (seeFig. 3). The profile of the sulfonate anion peak
exhibits a front shock layer followed by a diffuse boundary
that ends with a short rear shock layer. In contrast, the cation
peak has the classical anti-langmuirian profile, with a diffuse
front boundary and a rear shock layer.

The fitting of the isotherm data of the naphthalene sul-
fonate anion to the bi-Moreau model (six parameters) was
unsuccessful because these data are inaccurate at low con-
centrations. This lack of accuracy prevents from estimating
properly the parameters of the first term of the model, the one
that corresponds to the high-energy adsorption sites, those
that begin to be populated at low concentrations. Instead, we
estimated the isotherm parameters by applying the inverse
method of isotherm determination. Large samples (250�L)

were injected with the auto-sampler to achieve wide elution
peaks and limit as much as possible the consequences of
extra-column dispersion and of sample dilution[24]. A rect-
angular injection profile was assumed in the calculations. The
calculated profiles (solid lines) that show the best agreement
with the corresponding experimental profiles and these band
profiles (dotted lines) are overlaid inFig. 3. The best values
of the parameters are listed inTable 2([NaCl] = 0).

In a second step, the FA adsorption data were fitted to a bi-
Moreau isotherm equation in which the parametersqs,2 andI2
were set equal to the values derived with the IM method while
the other four parameters were allowed to float. This proce-
dure gave slightly different values for these four parameters,
0.634 mol/L, 6.68 L/mol, 52.9 L/mol and 1.30 forqs,1, b1, b2
and I1 on Symmetry, respectively, instead of 0.578 mol/L,
7.60 L/mol, 75.0 L/mol and 0.20 obtained by the IM method.
For XTerra, the IM method gave for these same parame-
ters 0.513 mol/l, 8.748 L/mol, 125.7 L/mol and 0.13, while
the fitting of the FA data gives 0.643 mol/L, 7.366 L/mol,
90.9 L/mol and 1.42, respectively. This good agreement con-
firms the validity of the results afforded by the IM method.
The main differences observed concern the saturation capac-
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Fig. 3. Experimental (dotted lines) and best calculated (from IM or FA best parameters, solid lines) band profiles of 1-naphthalene sulfonate and propranolol
on the Symmetry and XTerra columns.T = 296 K, flow rate 1 mL/min. (Top) Injection of 250�L (from the autosampler to limit the extra-column dispersion)
of a 4 g/L solution of 1-naphthalene sulfonate (methanol:water, 10/90, v/v). Note the signature of an anti-langmuirian behavior, according to the change in the
shape of the rear of the band profile (C ≤ 0.25 g/L). The best isotherm parameters derived by the IM are listed inTable 2. (Bottom) Injection (from the pump
delivery system) during 60 s of a 2 g/L solution of propranolol chloride (methanol:water, 25/75, v/v). Despite the smoothing of the band along the extra column
volume, the band shape is clearly related to anti-langmuirian isotherm.

Table 2
Best isotherm parameters estimated by the inverse method (IM) for isotherm determination

SALT (cation valence) CSalt (mM) qs,1 (g/L) b1 (L/g) I1 qs,2 (g/L) b2 (L/g) I2

Sym Xtra Sym Xtra Sym Xtra Sym Xtra Sym Xtra Sym Xtra

NaCl (I) 100 151 143 0.140 0.129 0 0 8.3 8.6 5.2 4.9 0 0
20 165 118 0.068 0.086 0 0 4.4 4.7 10.2 8.9 0 0
2 122 120 0.040 0.037 0.23 0.43 1.9 2.0 10.5 9.9 0 0
0 133 118 0.033 0.038 0.20 0.13 1.3 0.4 0.3 0.5 4.6 32.1

NH4Cl (I) 100 142 133 0.158 0.160 0 0 8.5 8.3 4.9 4.8 0 0
N(CH3)4Cl (I) 100 143 133 0.177 0.179 0 0 8.5 8.1 4.3 4.7 0 0
Na2SO4 (I) 33 143 135 0.132 0.120 0 0 6.3 7.1 8.2 7.4 0 0
(NH4)2SO4 (I) 33 138 112 0.145 0.16 0 0 7.0 7.0 7.4 7.0 0 0
CaCl2 (II) 33 155 134 0.222 0.251 0 0 5.3 4.5 4.1 4.7 0 0
BaCl2 (II) 33 155 132 0.252 0.274 0 0 5.1 4.9 3.4 4.1 0 0
AlCl3 (III) 20 139 132 0.262 0.273 19.1 16.0 1.7 1.5 11.1 11.0 0 0

Optimization made on a band profile recorded after the injection of a 4 g/L solution of sodium 1-naphthalene sulfonate during 15 s. Same ionic strength of
0.1 M for all salts. Methanol:water, 10:90 (v/v).
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ity, qs,1, and the adsorbate–adsorbate interaction parameter,
I1, on the low-energy adsorption sites. The main reason for
these discrepancies is that the IM method determines the val-
ues of the parameters that lead to the best agreement between
the calculated profile and an experimental band profile whose
maximum concentration is much lower than the largest con-
centration used in FA (2 g/L against 40 g/L). This effect arises
as a consequence of the relatively low concentration of the
injected band and of its dilution along the column.

The total saturation capacities of the columns (qs,1 ac-
counts for more than 97% of the total saturation capacity) de-
rived from the FA data are quite similar on the two columns for
propranolol (169 and 146 g/L for Symmetry and XTerra, re-
spectively, or 0.57 and 0.49 mol/L, respectively) and for naph-
thalene sulfonate (147 and 149 g/L or 0.64 and 0.65 mol/L for
Symmetry and XTerra, respectively). The results of a compar-
ison depend on whether the saturation capacity is reported to
the mass or to the number of moles adsorbed. This is reason-
able since the molecule of propranolol is only slightly larger
than that of naphthalene sulfonic acid. The saturation capaci-
ties reported in g/L are close to those previously reported for
the adsorption of neutral, low molecular mass compounds
(e.g., phenol, caffeine, alkylbenzene, alkylbenzoate). These
results suggest that both the anion and the cation studied are
probably adsorbed as neutral complexes or ion pairs formed
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ion pair complexes between the charged compound studied
and the available counter-ions present in the mobile phase.
When no supporting salt is added to the mobile phase, the
only available counter-ion comes from the salt initially dis-
solved, e.g., sodium and chloride for naphthalene sulfonate
and propranolonium, respectively. The presence of important
concentrations of supporting salts must affect the formation
of these ion pairs and the equilibrium isotherms of the two
compounds.

4.2. Effect of the supporting salt concentration on the
overloading behavior of naphthalene sulfonate

Fig. 4(top) shows the experimental overloaded band pro-
files of naphthalene sulfonate on XTerra and Symmetry eluted
with four different mobile phases having increasing concen-
trations of sodium chloride (0, 2, 20, and 100 mM). The
higher the counter-ion concentration, the higher the band re-
tention. This result could be explained by the parallel in-
crease in concentration of the neutral, highly retained, ion-
pair sodium-naphthalene sulfonate. This explanation is sup-
ported by the results of the IM applied to these experimen-
tal band profiles. The best band profiles calculated with this
method, on the basis of a bi-Moreau isotherm model, are
shown as the solid lines inFig. 4 (bottom), to be compared
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ssumption in the next section in which the influence of

erent counter-ions and their concentrations on the isoth
f the two ions studied are investigated.

The values of the low-energy adsorption constant
he two compounds are similar (b1 � 0.033 L/g). This re
ult was expected since the mobile phase compositions
nd 25% methanol) were adjusted in order to give com
able retention factors (around 3). It is noteworthy that
dsorbate–adsorbate interactions on the low-energy sit
uch weaker with the sulfonate anion (I1 � 1.4) than with

he propranolonium cation (I1 � 7). This small value of th
nteraction coefficient explains why the isotherm of the
onate anion is antilangmuirian in a much narrower con
ration range than that of propranolol.

To summarize, the adsorption properties of sodium
aphthalene sulfonate and of propranolol chloride are q

atively very similar on Symmetry-C18 and on XTerra-C18
n the absence of supporting salt in aqueous solution
lose composition. All sets of FA isotherm data and all b
rofiles are well accounted for by the bi-Moreau mode

sotherm. The numerical values of the saturation capac
he adsorption energies and the adsorbate–adsorbate
ctions, although different for the two compounds, are

cal of those derived for neutral compounds. These re
uggest that it is unlikely that these ions adsorb as free
ated ions. Although the ions exist in solution, the apolar18
nvironment favors the formation and adsorption of ne
-

ith the experimental band profiles (dotted lines). There
ery good agreement between these calculated profile
he experimental ones. The best numerical values of th
fficients of the bi-Moreau isotherm model are reporte
able 2. Both the saturation capacity and the equilibrium c
tant of the low-energy sites (sites 1) increase with increa
oncentration of the supporting salt.

A similar behavior was observed in a previous study o
ehavior of the organic cation propranolonium (seeFig. 5)

13,14], with potassium chloride as the supporting salt. T
hows that, whether the analyte is positively or negat
harged, the equilibrium constant always increases wit
reasing concentration of the supporting salt. In both c
he displacement of the equilibrium towards the formatio
he ion-pair complex explains this general result.

.3. Effect of the nature and valence of the supporting
alt on the overloading behavior of naphthalene
ulfonate

In addition to the monovalent sodium chloride salt,
onovalent salts (NH4Cl and N(CH3)3Cl), four bivalent salt

Na2SO4, (NH4)2SO4, BaCl2 and CaCl2), and one trivalen
alt (AlCl3) were used as supporting salts, dissolved in a
ile phase containing 10% methanol. The ionic streng

he mobile phase was kept constant at 100 mM for every
heir respective concentrations are given inTable 2. The cor-

esponding overloading band profiles obtained upon inje
f 250�L of a 4 g/L solution of naphthalene sulfonate w
ecorded.Figs. 6–9show these chromatograms.Table 2gives
he best values of the parameters of the bi-Moreau isot
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Fig. 4. Evolution of the position and shape of the overloaded band profiles of 1-naphthalene sulfonate (injection of a 4 g/L solution during 15 s) on Symmetry
and XTerra as a function of the salt concentration or ionic strength of sodium chloride in the mobile phase (methanol/water, 40/60, v/v).T = 296 K, flow rate
1 mL/min. Note that the displacement of the band toward high retention times when the concentration of the salt increases.

model derived from the IM method of isotherm determina-
tion.

The shape of all the band profiles is obviously langmuirian
within the whole range of concentrations investigated for the
monovalent and the bivalent salts (Figs. 6–8). There is an im-
portant difference in the behavior of naphthalene sulfonate
and of propranolol.Fig. 7 shows a langmuirian behavior
for the adsorption of the organic anion in the presence of
the bivalent salt disodium sulphate while the parameters in
Table 2confirm a bi-Langmuir isotherm (I1 = I2 = 0). By
contrast, in the presence of the same salt, the cation propra-
nolol exhibits an anti-langmuirian behavior on Kromasil-C18,
Symmetry-C18, and XTerra-C18 [13,14]. This is confirmed by
the value of the isotherm parameterI1 reported inTable 3,
value that is very different from 0. This difference is easily
explained. It was shown in this earlier work that the antilang-
muirian isotherm behavior of propranolol is explained by the
formation of a neutral complex between a sulphate anion and
two propranolonium cations. This cannot happen with the
negatively charge sulfonic anion and the band profile like the
isotherm behavior remain langmuirian.

However, the formation of a 1:2 complex between a biva-
lent cation and the monovalent sulfonate anion is possible. If
this mechanism is correct, we should expect that naphthalene
sulfonate exhibits antilangmuirian behavior in the presence
of a salt of a bivalent cation, e.g., calcium chloride or barium
chloride. This is not so. The band profiles are langmuirian
(Fig. 8) and the adsorbate–adsorbate interaction coefficients
are equal to 0 (Table 2). However, we note that the equilibrium
constantb1 is larger in the presence of the bivalent cations of
CaCl2 and BaCl2 than in that of any of the monovalent cations
in NaCl, NH4Cl, N(CH3)4Cl, Na2SO4, or (NH4)2SO4 (b1 =
0.25 L/g instead of 0.15 L/g). It might be that only one ion
naphthalene sulfonate binds to the cations Ca2+ or Ba2+ and
the complex is neutral because it includes one chloride ion.

Finally, in the presence of a trivalent cation (AlCl3), the
adsorption behavior becomes antilangmuirian as expected.
This is illustrated by the band profiles inFig. 9 and by the
values of the parameters of the isotherm inTable 3. The be-
havior of naphthalene sulfonate in this case is most similar
to that of propranolol in the presence of salts with a bivalent
anion[13,14]. The adsorbate–adsorbate interaction parame-
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Fig. 5. Same as inFig. 4, except analyte (propranololium), mobile phase composition (methanol/water, 10/90, v/v) and salt (potassium chloride). Note the
same trend as inFig. 4when the concentration of the salt is increasing.

Fig. 6. Experimental band profiles of 1-naphthalene sufonate (injection of 250�L of a 4 g/L solution) with monovalent cations and anions in the salt (NH4Cl
and N(CH3)4Cl, 100 mM) on Symmetry and XTerra.T = 296 K, flow rate 1 mL/min. Note the classical langmuirian shape and the higher band retention with
the more hydrophobic cation in the salt, tetramethylammonium.
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Fig. 7. (A, B) Experimental band profiles of 1-naphthalene sufonate (injection of 250�L of a 4 g/L solution) with monovalent cations and the same bivalent
anion in the salt (Na2SO4 and (NH4)2SO4, 33 mM). Note, still, the classical langmuirian shape for the band profiles. (C) Experimental band profiles of the
positively charged propranololium ion (injection of 250�L of a 1.5 g/L solution) with Na2SO4 (66 mM) as the supporting salt. Note, by contrast to the negatively
charged analyte, the antilangmuirian shape of the band profile.
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Fig. 8. Same as inFig. 6, except bivalent cations, e.g. BaCl2 and CaCl2 (injection of a 1 and 4 g/L solution of naphthalene sulfonate, respectively). No change
is observed in the shape of the band profile which remain langmuirian.

Fig. 9. Same as inFig. 6, except trivalent cation (AlCl3). Note this time, by comparison toFigs. 7 and 8, the appearance of a complex anti-langmuirian band
profiles.
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Table 3
Best isotherm parameters estimated by the inverse method (IM) for isotherm determination

SALT (anion valence) CSalt (mM) qs,1 (g/L) b1 (L/g) I1 qs,2 (g/L) b2 (L/g) I2

Sym Xtra Sym Xtra Sym Xtra Sym Xtra Sym Xtra Sym Xtra

KCl (I) 200 212 192 0.042 0.043 0.1 0.2 16.6 7.4 0.6 1.3 0.09 0.97
50 158 135 0.025 0.030 1.0 1.6 13.3 4.9 0.8 1.9 0.13 0.52
2 144 114 0.013 0.014 10.9 11.1 0.9 0.9 14.9 7.9 0.20 0.33
0 133 113 0.011 0.012 15.2 15.2 0.9 0.7 0.8 0.7 0.66 4.25

NaCl (I) 200 217 208 0.040 0.042 2.0 0.1 15.7 5.7 0.7 1.3 0.07 0.97
CsCl (I) 200 185 167 0.040 0.043 2.0 0.5 15.0 7.7 0.6 1.0 0.09 0.80
CaCl2 (I) 66 195 196 0.038 0.035 ∼= 0 0.5 14.0 6.4 1.0 1.3 0.34 1.13
Na2SO4 (II) 66 177 145 0.085 0.075 5.3 6.2 0.5 0.5 1.7 1.5 ∼= 0 ∼= 0

Optimization made on a band profile recorded after the injection of a 1.5 g/L solution of propranololium chloride during 15 s. Same ionic strength of 0.2M for
all salts. Methanol:water, 40:60 (v/v).

ter I1 reaches the large value of 20 while it was practically
to zero with salts of monovalent and bivalent anions. This
difference between the behaviors of an organic anion and
an organic cation could well be explained by a lower affin-
ity of the sulfonate anion toward common bivalent cations
compared to that of propranolol for common bivalent anions.
Noteworthy is the decrease of the saturation capacity of naph-
thalene sulfonate,qs,2, from about 8 g/L (monovalent cations)
to 5 g/L (bivalent cations) and down to less than 2 g/L for the
trivalent cation. The progressively larger size of the ion-pair
complexes may restrict more and more the accessibility of
the neutral complex to the high-energy sites.

4.4. Effect of the hydrophobicity of the organic salt on
the overloading behavior of naphthalene sulfonate

In order to confirm our conclusion regarding the forma-
tion of ion-pair complexes for anionic compounds as well as
for cationic ones, overloaded band profiles of 1-naphthalene
sulfonate were recorded on Symmetry-C18 in mobile phases
containing organic cations of increasing hydrophobicities.
Tetramethylammonium bromide, tetraethylammonium bro-
mide, tetrapropylammonium bromide, and tetrabutylammo-
nium bromide were successively dissolved in a (30/70, v/v)
methanol:water solution, for a constant ionic strength of 100
m ec-
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pected and the simple bi-Langmuir isotherm model was used
to model the adsorption. The band profiles were calculated
with the equilibrium-dispersive model. The validity of these
choices was confirmed by the shape of the bands, all typical
of a convex upward isotherm. The best values obtained for
the isotherm parameters are given inTable 4. The saturation
capacityqs,1 and the equilibrium constantb1 on the low-
energy sites increase with increasing size of the tetraalkyl
group, hence with its hydrophobicity. The large increase ob-
served in the retention, hence the adsorption energy of the
cation demonstrates that the anion does not adsorb alone
but as a complex or ion-pair formed with the counter-cation
tetraalkylammonium. Surprisingly, the saturation capacity of
the adsorbent increases with increasing size of the ion-pair
complex.

It is also remarkable that the high-energy sites disappear
progressively when the size of the organic cation increases.

e ex-
nate

files
M (i.e., at the same concentration of 100 mM). It was n
ssary to increase the methanol concentration of the m
hase to 30% instead of 10% for the other salts tested,
er to keep the retention time of the anion within reason

imits and be able to record the four chromatograms with
ame methanol concentration. The retention times incre
rom a few minutes to about 50 minutes when one catio
eplaced by the next.

The injection of 250�L of a 5.75 g/L solution of 1
aphthalene sulfonate was performed and the four c
ponding overloaded band profiles were used for isoth
etermination using IM.Fig. 10shows the very good agre
ent obtained between the best calculated and the e
ental band profiles. Since the salt concentration is r
igh (100 mM), no adsorbate–adsorbate interactions ar
-

-

Fig. 10. Comparison between the best calculated (IM, solid lines) and th
perimental (dotted lines) overloaded band profiles of 1-naphthalene sulfo
eluted with four different tetraalkylammonium salts (NR4Br, R=-CH3, -
C2H5, -C3H7, -C4H9) on Symmetry-C18. T = 296◦K, flow rate 1 mL/min.
Methanol:water mobile phase (30/70, v/v). Note the shift of the band pro
towards higher retention time with larger R alkyl groups.
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Table 4
Best isotherm parameters estimated by the inverse method (IM) for isotherm
determination

SALT CSalt (mM) qs,1 (g/L) b1 (L/g) qs,2 (g/L) b2 (L/g)

N(CH3)4Br 100 54.9 0.08533 3.7 1.06
N(C2H5)4Br 100 59.0 0.1316 2.3 1.21
N(C3H7)4Br 100 72.7 0.3905 0.4 1.05
N(C4H9)4Br 100 86.3 0.7681 0 /

Optimization made on a band profile recorded after the injection of a 5.75 g/L
solution of sodium 1-naphthalene sulfonate during 15 s. Same ionic strength
of 0.1 M for all salts. Methanol:water, 30:70, (v/v).

The surface of the adsorbent becomes more and more homo-
geneous toward the ion-pair and a simple Langmuir isotherm
model accounts well for the adsorption behavior of the sul-
fonate anion with tetrabutylammonium as the counter-ion.
As shown for neutral molecules, progressive exclusion from
the high-energy sites on the adsorbent might be the conse-
quence of the increasing molecular size of the ion-pair com-
plex. Noteworthy are also the low values of the saturation
capacities in the presence of tetraalkylammonium salts in the
mobile phase (between 55 and 87 g/L,Table 4) compared
to those measured in the presence of inorganic salts (around
130 g/L,Table 2). The competition for adsorption between the
tetraalkylammonium salt in a large excess and 1-naphthalene
sulfonate may explain this difference between the saturation
capacities. Tetraalkylammonium salts have been known for
a long time to adsorb on their own on hydrophobic surfaces.

5. Conclusion

Our results confirm and extend some of our previous re-
sults regarding the adsorption behavior of organic cations
[13,14] by showing the great similarities between this be-
havior and that of an organic anion, sodium naphthalene sul-
fonate. This suggests that the thermodynamics of adsorption
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band profiles reported for either the anionic or the cationic
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confirmed by the close values obtained for the saturation ca-
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columns used in this work (XTerra-C18 and Symmetry-C18)
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complex, resulting in an anti-langmuirian behavior of the an-
alyte. Bivalent anions with propranolol, trivalent cations with
naphthalene sulfonate cause a strong anti-langmuirian behav-
ior. This suggest that different compounds, having different
affinities for the co-ions, will differ quantitatively in their ad-
sorption behavior. The systematic acquisition of numerical
results is needed to clarify this situation.

These results are not consistent with reports that the col-
umn loadability is much lower for ionizable compounds than
for neutral ones. Work is in progress attempting to clarify the
reasons for this apparent contradiction. For preparative pur-
poses, it is clear that the mobile phases used for the purifica-
tion of ionic compounds should contain sufficiently concen-
trated buffers or supporting salts and preferably use co-ions
with a high valence. These buffers or supporting salts should
preferentially derive from co-ions having a high affinity for
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s the bi-Moreau model, as shown by the FA and IM m
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obile phase causes a progressive decrease of the adso
dsorbate interactions and the evolution of the isotherm
bi-Moreau to a bi-Langmuir model (with no adsorba

dsorbate interactions). The increase of the salt concent
n the mobile phase affects similarly the equilibrium isoth
ehavior and the overloaded elution band profiles of th
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f the two isotherm terms increase, the adsorbate–adso

nteractions decrease, the equilibrium constant on the
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rease (Tables 2 and 3).

A retention mechanism based on the formation of a
ral ionic complex in the adsorbed phase is consistent
ll the observations made, the evolution of all the para

ers measured, and the progressive changes in the over
–
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he stationary phase (strong hydrophobicity and high pol
bility) to keep a high loading capacity and, in the same t
void the high buffer concentration that could be inconven
or further desalting process or even detection.
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