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Abstract

In two companion papers, we have described the influence of the concentration and the nature of completely dissociated salts dissolved in the
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obile phase (methanol:water, 40:60, v/v) on the adsorption behavior of propranolol (R′–NH2
+–R, Cl−) on XTerra-C18 and on Symmetry-C18.

he same experiments were repeated on a Kromasil-C18 column to compare the adsorption behavior of this ionic compound on these
ifferent RPLC systems. The adsorption data of propranolol hydrochloride were first measured by frontal analysis (FA) using a mo
ithout salt. These data fit best to the Bi-Moreau model. Large concentration band profiles of propranolol were recorded with mob
ontaining increasing KCl concentrations (0, 0.002, 0.005, 0.01, 0.05, 0.1 and 0.2 M) and the best values of the isotherm coeffic
etermined using the numerical solution of the inverse problem of chromatography. The general effect of a dissociated salt in the m
as the same as the one observed earlier with XTerra-C18 and Symmetry-C18. However, obvious differences were observed for the sha

he band profiles recorded at low column loading (1.5 g/L, 250�L injected). A long shoulder is visible at all salt concentrations and the
roadening is maximum at low salt concentrations. A slow mass transfer kinetics on the high-energy sites of the bi-Moreau mo
xplain this original shape. Five other salts (NaCl, CsCl, KNO3, CaCl2 and Na2SO4) were also used at the same ionic strength (J = 0.2 M).
s many different band profiles were observed, suggesting that specific solute–salt interactions take place in the adsorbed phase
2004 Elsevier B.V. All rights reserved.
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. Introduction

The adsorption behavior of the complex molecules of ion-
zable organic compounds has become of high interest since

ost RPLC separations now made concern these molecules
hat are widely used in pharmaceutical and biomedical ap-
lications. These compounds are often charged molecules
nder the experimental conditions selected for their elution
nd the addition of salts and/or buffers into the mobile phases

s essential to achieve proper chromatograms exhibiting good

∗ Corresponding author. Tel.: +1 865 974 0733; fax: +1 865 974 2667.
E-mail address:guiochon@utk.edu (G. Guiochon).

resolution and peak shapes compatible with accurate qu
tation. Few works have been devoted to the study of ioniz
compounds under overloaded column conditions[1–3] and
most investigations of the chromatographic behavior of t
ionizable compounds are restricted to analytical (i.e., hi
dilute) conditions[4–11]. The mere acquisition of the el
tion times of small pulses of ionizable compounds does
give much useful information on their adsorption beha
beyond an estimate of their overall retention. No infor
tion can be obtained on the column saturation capacity
adsorption equilibrium constant, nor the surface-adso
adsorption energy distribution. These critical parameter
be derived from measurements of the equilibrium isoth

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.06.088
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in the widest possible concentration range (i.e., from 0 to
near saturation of the mobile phase). Examples of the use
of isotherm data to determine the characteristics of several
coexisting retention mechanisms for neutral, low-molecular
mass molecules like phenol or caffeine on various brands of
RPLC stationary phases can already be found in the literature
[12–17].

The same approach can be extended readily to the inves-
tigation of the adsorption behavior of ionizable molecules
when there are salts dissolved in the mobile phase. It is re-
markable that the adsorption behavior of the propranolonium
cation on a given C18-bonded RPLC column, is very dif-
ferent whether the mobile phase contains a buffer or does
not while the adsorption behavior of a neutral compound of
similar structure (e.g., 3-phenyl-propan-1-ol) is independent
on the presence of salt in the mobile phase[18]. Because
of the shape of the different isotherms obtained, it was con-
cluded that some adsorbate–adsorbate interactions take place
for propranolol on Kromasil-C18 in the absence of a buffer
and that the presence of a buffer prevents these interactions
and increases the apparent hydrophobicity of propranolol.
More recently, it was shown that a general model of adsorp-
tion isotherm, the Bi-Moreau model (a simple extension of
the Moreau model[19] to certain types of heterogeneous sur-
faces), could explain both behaviors of propranolol, in the
p hase,
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method (IM) allows a simple, fast, but accurate derivation
of the best estimates of these parameters from the fitting of
the band profiles recorded at the different salt concentrations
[30]. The results are then compared with those obtained with
Xterra and Symmetry and discussed.

2. Theory

2.1. Determination of the adsorption isotherms by
frontal analysis (FA)

Frontal analysis (FA)[22–24] was used to measure the
single-component adsorption isotherm data of propranolol
on Kromasil-C18 with a methanol:water (40/60, v/v) mobile
phase containing no salt. This methanol concentration was
chosen so that the retention of propranolol be sufficiently
large to afford accurate adsorption data (k ≥ 2). The deriva-
tion of the amount of the studied compound adsorbed on the
column at equilibrium with a solution of known concentration
is explained in details elsewhere[25].

2.2. Model of isotherm

Previous studies suggest that, although heterogeneous, the
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resence and in the absence of a buffer in the mobile p
n both Xterra[20] and Symmetry-C18 RP-HPLC[21]. The
ontinuous evolution of the parameters of the Bi-Mor
odel in a concentration range of the salt between 0
.2 M allowed to refine the adsorption mechanism. Incr

ng the ionic strength concentration in the mobile phase l
he increase of the total saturation capacity, consistent
he previous observations of Stählberg[3] because the re
ulsive electrostatic interactions in the adsorbed mono
ecrease when the salt concentration increases. The a

ion constant on the low-energy sites of the bi-Moreau m
ncreases with increasing salt concentration, consistent
he "salting out" and/or "common ion" effects. Finally,
dsorbate–adsorbate interactions between the organic
f propranolol (e.g., a naphthyl group) decreases rapidly

ncreasing salt concentration.
These conclusions are provisional. Further investiga

nd ample additional experimental data are required to
ralize them. We report in this work on the results of
estigations and measurements similar to those previ
arried out[20,21], but performed on another RPLC pa

ng material, Kromasil-C18. This material is an endcappe
onded silica material with a higher surface coverage de

han the two materials previously studied. As in our ea
tudies, frontal analysis allowed the derivation of the
sotherm model for the adsorption behavior of propran
rom a methanol:water mobile phase (40/60, v/v) with
alt to the packing material. The addition of salt was c
idered as a perturbation of the adsorption behavior th
nsufficient to change the retention mechanism(s) but m

odifies the values of the isotherm parameters. The in
-

urfaces of many modern RPLC stationary phases cons
atches of two or a few different and rather homogen
urfaces (i.e., types of sites), having different adsorption
rgies. The isotherm models used here to account fo
xperimental adsorption behavior of propranolol corresp
o this general description. They consist in the sum of
or a few, at most) terms, each of them correspondin
he isotherm model for the homogeneous surface of o
he types of sites involved. These models are the Lang
odel, when there are no adsorbate–adsorbate intera
r these interactions are negligible, the Moreau model w

hese interactions are significant. The simplest heteroge
oreau model[19] was considered and we used here the

owing extension of the Moreau model, the bi-Moreau mo
his model assumes that a different Moreau model ap

o each of two types of patches, considered as homoge
nd acting independently:

∗ = 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)

whereqs,1,qs,2,b1,b2, I1 andI2 are the monolayer saturati
apacities, the low-concentration equilibrium constants
he adsorbate–adsorbate interaction parameters on th
f types 1 and 2, respectively.

The equilibrium constantsb1 andb2 are associated wi
he adsorption energiesεa,1 andεa,2 through the following
lassical equation[26]:

i = b0 eεa,i/RT (2)
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whereεa,i is the energy of adsorption,R is the universal ideal
gas constant,T is the absolute temperature andb0 is a pre-
exponential factor that could be derived from the molecular
partition functions in both the bulk and the adsorbed phases.
b0 is often considered to be independent of the adsorption
energyεa,i [26].

The adsorbate–adsorbate parameterI can be written as
[19]:

I = exp
(εAA

RT

)
(3)

whereεAA is the interaction energy (by conventionεAA ≥ 0)
between two neighbor adsorbed molecules of A.

2.3. The inverse method of isotherm determination

This method consists in adjusting the coefficients of an
isotherm model in order to minimize the differences between
a recorded experimental band profile and the profile calcu-
lated with the equilibrium-dispersive model of chromatogra-
phy and the isotherm model selected. The main advantage
of the inverse method for isotherm determination is that it
requires the measurement of only a few experimental over-
loaded band profiles[27–30]. Accordingly, the method is
fast and requires little amounts of solvent and sample. This
method was described previously[20]. It gives results that
a

2

ted,
u og-
r qui-
l a fi-
n xial
d ive
p non-
e col-
u

D

w
l rent
e ons,
i lance
e

w cen-
t
t
i
i
(

2.4.1. Initial and boundary conditions for the ED model
At t = 0, the concentrations of the solute and the adsorbate

in the column are uniformly equal to zero (except in staircase
FA), and the stationary phase is in equilibrium with a stream
of the pure mobile phase. The boundary conditions used are
the classical Danckwerts-type boundary conditions[23,33]
at the inlet and outlet of the column.

2.4.2. Numerical solutions of the ED model
The ED model was solved using the Rouchon program

based on the finite difference method[22,34–36].

3. Experimental

3.1. Chemicals

The mobile phase used in this work was the same aque-
ous solution of methanol (40:60, v/v) for the acquisition of
the FA data and for the acquisition of the overloaded band
profiles. Both water and methanol were of HPLC grade, pur-
chased from Fisher Scientific (Fair Lawn, NJ, USA). Potas-
sium chloride was dissolved at the appropriate concentration
in pure water and methanol was added to that solution to pre-
pare the mobile phase. The salt concentrations given in the
text are reported to the mobile phase mixture. Prior to their
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re in excellent agreement with those of FA[30].

.4. Modeling of band profiles in HPLC

Overloaded band profiles of propranolol were calcula
sing the equilibrium-dispersive model (ED) of chromat
aphy[22,31,32]. The ED model assumes instantaneous e
ibrium between the mobile and stationary phases and
ite column efficiency originating from an apparent a
ispersion coefficient,Da that accounts for the dispers
henomena (molecular and eddy diffusion) and for the
quilibrium effects that take place in a chromatographic
mn. The axial dispersion coefficient is:

a = uL

2N
(4)

hereu is the mobile phase linear velocity,L the column
ength, andN the number of theoretical plates or appa
fficiency of the column, measured under linear conditi

.e., with a small sample size. In this model, the mass ba
quation for a single component is written:

∂C

∂t
+ u

∂C

∂z
+ F

∂q∗

∂t
− Da

∂2C

∂z2
= 0 (5)

hereq∗ andC are the stationary and mobile phase con
rations of the adsorbate at equilibrium, respectively,t is the
ime, z the distance along the column, andF = (1 − εt)/εt
s the phase ratio, withεt the total column porosity.q∗
s related toC through the isotherm equation,q∗ = f (C)
seeEq. (1)).
se, the solvents were filtered on an SFCA filter membr
.2�m pore size (Suwannee, GA, USA). Thiourea was
en to measure the column hold-up volume. Propranolo
he solute used in this study. It is an amino alcohol of struc
10H7OCHOHCH2NHCH(CH3)2. It was injected under i
rotonated form, as the hydrochloride. Thiourea and pro
olol; potassium, sodium and calcium chlorides; potas
itrate and sodium sulphate were all obtained from Ald
Milwaukee, WI, USA).

.2. Columns

The column used in this study (Kromasil-C18, # E6022
as given by the manufacturer (Eka Nobel, Bohus, Swe
U). The tube dimensions are 250× 4.6 mm. The main cha
cteristics of the packing material used are summariz
able 1. This column was one of the lot of ten columns pr
usly used to test the column-to-column and batch-to-b
eproducibility under linear[37] and non-linear condition
38,39]. The hold-up time of this column were derived fr
he retention times of two consecutive thiourea injecti
he column porosity remains constant at 0.5916, wha

he salt concentration in the mobile phase (40:60, v/v).
orosity depends only on the methanol concentration o
obile phase.

.3. Apparatus

The isotherm data and the overloaded band profiles
cquired using a Hewlett-Packard (Palo Alto, CA, US
P 1090 liquid chromatograph. This instrument includ
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Table 1
Physico-chemical properties of the packed Xterra (Waters), SymmetryR

(Waters) and Kromasil-C18 (Eka) columns

Kromasil SymmetryR XTerra

Particle size (�m) 6 5 5
pore size (̊A) 110 90 125
Pore volumea (mL/g) 0.88 0.90 0.70
Surface areaa (m2/g) 314 346 175
Particule shape Spherical Spherical Spherical
Total carbon (%) 20.0 19.6 15.5
Surface coverage

(�mol/m2)
3.6 3.2 2.5

Total porosityb 0.5916 0.5804 0.6178
Endcapping yes yes yes

aData for the packing before derivatization.
bData from injection of the non-retained thiourea compound in a

methanol:water mobile phase (40/60, v/v).

multi-solvent delivery system (volume of each tank, 1 L),
an auto-sampler with a 250�L sample loop, a diode-array
UV-detector, a column thermostat and a data station. Com-
pressed nitrogen and helium bottles (National Welders, Char-
lotte, NC, USA) are connected to the instrument to allow the
continuous operations of the pump, the auto-sampler, and
the solvent sparging. The extra-column volumes are 0.058
and 0.93 ml as measured from the auto-sampler and from
the pump system, respectively, to the column inlet. All 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 1 mL/min during 50 min, from each
pump head, successively, into a volumetric glass of 50 mL.
The relative error was less than 0.4%, so that we can 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 by FA

The adsorption isotherms of propranolol were measured
in an aqueous solution of methanol (40% methanol volume).
T is
s d in
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of 1 mL min−1, with a sufficiently long time delay between
successive experiments, to allow for the complete reequili-
bration of the column with the pure mobile phase. The injec-
tion time of the sample was fixed at 6 min for all FA steps
in order to reach a stable plateau at the column outlet what-
ever feed concentration was used. To avoid recording any
UV-absorbance signal larger than 1500 mAU and the corre-
sponding signal noise at high concentrations while keeping
a large enough signal at the lowest concentrations, the signal
was detected at 325 nm (1.5 g/L solution) and 331 nm (30 g/L
solution). In each case, the detector response was calibrated,
accordingly.

3.5. Measurements of the overloaded band profile of
propranolol in presence of salt in the mobile phase

After FA data were acquired, mobile phases derived from
the same aqueous solution but containing seven different salt
concentrations were prepared (0, 0.002, 0.005, 0.01, 0.05, 0.1
and 0.2 M). The injections of propranolol were made with
the auto-sampler syringe (250�l), at two different concen-
trations, 1.5 g/l and 30 g/l. The band profiles were recorded
at 325 and 331 nm after injections of the 1.5 and 30 g/l so-
lutions, respectively. Segments of the elution profiles having
between 500 and 1000 points were used to perform the IM
c
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he solubility of propranolol is approximately 50 g/L in th
olution. Accordingly, the maximum concentration use
A was 40 g/L, to avoid any precipitation in the instrume
ne master solutions was prepared, at 40 g/L, and dilut
repare two secondary solutions. A total of 33 data po
ere then measured, covering a dynamic range of 100 (
.4 to 40 g/L). One pump of the HPLC instrument was u

o deliver a stream of the pure mobile phase (methanol:w
0:60, v/v), the second pump a stream of the pure mas
econdary solution. The concentration of propranolol 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 flow
alculations[30].

. Results and discussions

The main differences between the three endcapped
ng materials, Kromasil-C18, Symmetry-C18 and XTerra

18, are their surface coverage densities, 3.6, 3.2,
.5�mol/m2, respectively (data from the manufacturers),

he nature of the underlying silica. No experimental d
ere available regarding the silanol activity of Kromasil. T
ilanol activity reported for the other two adsorbents is n
r practically none[40], at least in the pH range investiga

n this study, e.g. between 4 and 6.

.1. Comparison of the adsorption behavior of
ropranolol on Kromasil-C18, Symmetry-C18 and
Terra-C18 in the same methanol:water mixture,
ithout salt

As demonstrated above and previously[18,20,21], the
sotherm model that accounts best for the adsorption da
ropranolol on these three adsorbents is the bi-Moreau m
he isotherm model most often referred to in the litera
ealing with the chromatography of ionizable compou
nd the most generally accepted model is the Stählberg

sotherm model which is an extension of the Langmuir m
o ionizable adsorbates. The fundamental reason for th
erest that this model attracts is that it takes into acc
he electrostatic repulsion between the charged adso
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molecules. To this purpose, it incorporates the theoretical
expression of the electrostatic surface potential with respect
to the solution of the general Poisson–Boltzmann equation
[1,2].

However, the Sẗahlberg isotherm cannot be applied to the
experimental data obtained in our cases because it can lead
only to strictly convex upward, i.e., to langmuirian isotherms.
By contrast, the experimental isotherm data of propranolol on
the three adsorbents studied exhibit inflection points a fea-
ture that cannot be inconsistent with the Stählberg model. The
main flaw of this model is that, although there is electrostatic
repulsion between the ionic groups of two neighbor adsor-
bate molecules, there is also attractive adsorbate–adsorbate
interactions, e.g., between the large naphthyl groups, a situa-
tion that is reminiscent of the interactions between surfactant
molecules. The existence of large hydrophobic moieties in
the structure of ionic species like sodium dodecyl sulphate
(SDS) and the interactions between these groups explains the
formation of micelles at concentrations exceeding the critical
micellar concentration (CMC). This physical phenomenon
is consistent with the anti-Langmuirian behavior observed
for the isotherm data in the initial range of concentrations,
far below the saturation capacity of the adsorbents (mobile
phase concentrations in the range 0–7.5 g/L for Symmetry
and XTerra).
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– The saturation capacity of the low-energy adsorption sites,
qs,1, decreases in the order Kromasil (170 g/L)≥ Sym-
metry (130 g/L)≥ XTerra (110 g/L). This result seems to
be correlated to the surface coverage density of the C18-
bonded chains (3.6, 3.2 and 2.5�mol/m2, respectively) and
to the specific surface area of the underlying solid (314,
346 and 175 m2/g, respectively). The higher the chain den-
sity and the specific surface area, the higher the number of
adsorption sites. In addition, the adsorption constantb1 on
these sites is of the same order of magnitude on all three
columns (
0.0125 L/g). The strength of the adsorbate–
adsorbate interactionsI1 and I2 are relatively weak and
never exceed a few timesRT.

– The saturation capacity of the high-energy adsorption sites
qs,2 represents only a few percent of the total saturation ca-
pacity. It oscillates around 2 g/L for all three adsorbents.
While no significative differences were observed between
the columns regarding the values of the parametersb1 and
I1, the intensity of the adsorption energy on sites 2 varies
markedly from on adsorbent to the next. First, the equilib-
rium constant,b2, is about five times higher on Symmetry
and Xterra than on the Kromasil column. Accordingly, the
difference of adsorption energies on the sites of types 1
and 2 never exceeds 9 kJ/mol for Symmetry and Xterra and
only 5 kJ/mol on Kromasil. A possible explanation would
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The bi-Moreau model is the only general model tha
ble to account for the adsorption data and the band pr
f propranolol that were measured or recorded in the w
oncentration range of potassium chloride, from very
o high concentrations, and for the three adsorbents stu
he degree of heterogeneity of the surface that is sugg
y this model is consistent with the results found otherw

or a neutral compound of similar molecular weight, c
eine. The adsorption data of caffeine on those columns
lways described by a bi-Langmuir model, not a simple
odal isotherm model[12,16]. The bi-Langmuir model is th

imit of the bi-Moreau model when the adsorbate–adsor
nteractions tend toward 0.

The parameters of the bi-Moreau isotherm are the two
ration capacitiesqs,1 andqs,2, the two equilibrium constan
1 andb2, and the two adsorbate–adsorbate interaction
ameters,I1 andI2. Table 2 summarizes the values of th
arameters derived from the measurements made by f
nalysis and by the inverse method on Kromasil-C18. For rea
ons that will be clarified later, the best parameters de
y IM were estimated only from the high concentration b
rofiles (i.e. 30 g/L). There is a good agreement betwee
alues of the parameters afforded for propranolol in the
queous solution by the two independent methods, w
onfirms the validity of the isotherm parameters determ
y the inverse method. The best values of the isotherm
ameters obtained for propranolol in the same mobile ph
n Symmetry and XTerra, were estimated as the arithm
ean of the parameters derived by IM from the high and

ow column-loading band profiles. Some comments reg
ng the values of the parameters are in order.
be that the molecules of propranolol penetrate more e
the network of the C18 chains when the surface density
these chains is low, as it is the case for Xterra and S
metry.

However, for all columns, the weak difference between
nergies of adsorption on the two types of sites is consi
nly with a structural origin of the high energy sites, not w

he involvement of strong electrostatic or hydrogen bon
nteractions with some free silanol groups hidden within

18-bonded layers.

.2. Evolution of the overloaded band profiles of
ropranolol on Kromasil-C18with increasing salt
oncentration in the mobile phase

At each salt concentration (0, 0.002, 0.005, 0.01, 0.05
nd 0.2 M), two injections of propranolol were made, b

asting for 15 s, one with a low (1.5 g/l), the other with
igh concentration (30 g/l) solution. Their volume was
aximum volume delivered by the auto-sampler (250�l).
As mentioned earlier, the isotherm parameters were

ived by applying the inverse method only to the high con
ration profiles (C = 30 g/L). The reason for not consideri
he low concentration profiles in this case is given inFig. 1
hich shows these profiles for the seven salt concentra
sed in this study. The most striking feature of these pro

s the shoulder on the rear front of the profiles. This sh
er decreases with increasing salt concentration but pe
ven at 0.20 M. WhenCsalt = 0, a plateau concentration
bserved on the rear of the profile, at 0.0032 g/L. It last
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Fig. 1. (Top) Evolution of the position and the shape of overloaded band pro-
files of propranolol (injection of a 1.5 g/l solution during 15 s) as a function
of the salt concentration or ionic strength of potassium chloride in the mo-
bile phase (methanol:water, 40/60, v/v) on the Kromasil column.T = 296 K,
flow rate 1 ml/min. Note the displacement of the band toward high retention
times when the ionic strength solution increases and the shoulder at the end
of all the bands. (Bottom) Evidence of the “tag-along” effect on the band
profile recorded without salt in the mobile phase.

about ten minutes. When the potassium chloride concentra-
tion in the mobile phase is increased, the length of this plateau
decreases and it is progressively transformed into a shoulder.
This surprising phenomenon was not observed on XTerra and
Symmetry, under the same experimental conditions (Fig. 2).
It does not seem to have a thermodynamic origin but is prob-
ably related to a slow desorption kinetics of propranolol from
sites deeply buried in the stationary phase or from some active
sites on the underlying layer of alkyl chains on the surface.
The desorption kinetics becomes faster when the salt con-
centration increases and a nearly conventional band tailing is
observed at 0.2 M (Fig. 1). Fig. 2compares the low concen-
tration parts of the band profiles (atC ≤ 0.1 g/L) recorded
on Symmetry, XTerra and Kromasil. The profile on the last

Fig. 2. Comparison of the band profile of propranolol (injection of a 1.5 g/l
solution during 15 s) with a concentration of potassium chloride of 0.002 M
between the three C18-bonded columns, Symmetry, XTerra MS and Kro-
masil. Same other conditions as inFig. 1. Note the absence of shoulder on
the Symmetry and XTerra columns.

of these columns is much broader than those observed on
the other two columns. No such shoulder were ever observed
with the first two columns. This strong tailing could be related
to the high density of the surface coverage of Kromasil by
the bonded alkyl chains, which would cause a slow molecular
diffusion of propranolol from the high-energy, deeply buried
sites back to the mobile phase. However, a similar shoul-
der was never observed on the same Kromasil column with
neutral compounds like caffeine whose adsorption from an
aqueous solution of methanol is described by a bi-Langmuir
model[12,16]. Accordingly, the origin of this shoulder should
be related to some ion-exchange interactions between acces-
sible negatively charged sites on the surface and the propra-
nolonium cation. This conclusion need to be confirmed by
an estimate of the Kromasil silanol activity, regarding the
retention of Li+, for instance.
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Fig. 3. Chromatograms of propranolol (injection of a 1.5 g/l solution dur-
ing 15 s) on the Kromasil-C18 with a concentration of sodium sulphate of
0.0667 M in the mobile phase (methanol:water, 40/60, v/v) as a function of
the mobile phase velocity (0.5, 1.0 and 1.7 mL/min). Note the kinetic effect
observed on the second part of the band.

This shoulder may even become a second, partially sepa-
rated band.Fig. 3shows the chromatogram recorded on the
same column, with a mobile phase of similar composition
but with sodium sulphate instead of potassium chloride, at
the same ionic strength, 0.2 M. Then, a second band appears
and the molecules eluted in this second band are the same a
those eluted in the first one. Band profiles were recorded at
different mobile phase velocities (0.5, 1.0 and 1.7 mL/min)
and plotted as a function of the elution volume (Fig. 3). The
shape of the first part of the band is not significatively altered
and seems to be controlled mainly by the nonlinear thermo-
dynamics. The differences observed in the second part of the
band confirm that the kinetic of convection of the band affects
its profile.

Although we expended on this shoulder phenomenon, the
actual point is that, due to the existence of a shoulder on the
profiles of propranolol bands, the isotherm parameters cannot
be determined by applying the inverse method of chromatog-

Table 2
Comparison between the bi-Moreau isotherm parameters (two-sites 1 and 2) ethod
on the Kromasil-C18, the Symmetry-C18 (IM) and on the Xterra-C18 column (IM) e

KROMASIL

FA IMa

s 2

q
b 87
I
�

profile
loading

raphy to the low concentration profiles because the profiles
used in this method should not display any significant extra-
thermodynamic broadening beyond that caused by a moder-
ate degree of apparent dispersion[30]. Instead of the simple
equilibrium-dispersive model of chromatography, a more so-
phisticated model of chromatography including slow mass
transfer kinetics on a small fraction of the surface area of the
stationary phase would be necessary but we do not have any
good model for this kinetics yet.

Therefore, the determination of the best parameters of
the bi-Moreau model for propranolol on Kromasil-C18 were
based on the band profiles recorded upon injection of the
higher concentration solution atC = 30 g/L (Fig. 4). Fig. 5
compares the experimental profiles and those calculated with
the bi-Moreau model that exhibit the best agreement with
these experimental profiles, for all the salt concentrations in-
vestigated. The numerical values of the isotherm parame-
ters are compared to those previously acquired on Xterra and
Symmetry in Table 2.Figs. 6–11show the evolution of the
different parameters as a function of the salt concentration
for the three columns. The similarity of the corresponding
curves suggests that the mechanism of retention is the same
on all three C18-bonded stationary phases. Some general con-
clusions and relationships regarding the dependence of these
parameters on the salt concentration can be derived.

– tura-
n-
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spe-
has
of its

– epre-
sat-
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.2 M
ases
e

mns
Sites 1 Sites 2 Sites 1 Site

S [g/L] 174 1.9 170 2.4
[L/g] 0.0135 0.0849 0.0130 0.06

[L 2/g2] 7.47 23.5 7.56 5.66
/RT 2.01 3.14 2.02 1.73

aParameters calculated from the analysis of the high loading band
bParameters calculated from the analysis of both the high and low
s

of propranolol measured by frontal analysis (FA) and/or the Inverse M(IM),
with a mixture of methanol and water (40/60, v/v) as the mobile phas

SYMMETRY XTERRA

IMb IMb

Sites 1 Sites 2 Sites 1 Sites 2

133 2.4 113 1.7
0.0113 0.473 0.0116 0.461
14.4 1.32 14.0 5.94
2.67 0.28 2.64 1.78

(30 g/L).
band profiles (arithmetic average, 30 g/L and 1.5 g/L) [21,22].

Regarding the most abundant sites of type 1, their sa
tion capacity,qs,1 increases linearly with increasing co
centration of potassium chloride in range investigate
constant difference of 25 g/L is observed between the
cific surface area of Symmetry and Xterra. Kromasil
by far the highest number of sites 1, again because
high surface coverage.
The sites of type 2 are much less abundant. They r
sent about 5% of the total saturation capacity. Their
uration capacity,qs,2, also increases with increasing s
concentration. It nearly reaches a saturation level at 0
of potassium chloride. This saturation capacity incre
in the order Xterra≤ Symmetry≤ Kromasil. Since th
same order is observed as forqs,1, it is likely that qs,2 is
also related to the surface coverage density of the colu
(i.e. to the properties connected to the C18 chains) not to
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Fig. 4. Evolution of the position and the shape of overloaded band profiles
of propranolol (injection of a 30 g/l solution during 15 s) as a function of the
salt concentration or ionic strength of potassium chloride in the mobile phase
(methanol:water, 40/60, v/v) on the Kromasil column.T = 296 K, flow rate
1 ml/min. Note the displacement of the band toward high retention times
when the ionic strength solution increases. (Insert) Enlargement for the four
first salt concentration. Note the progressive growth up of the front chock.

the properties of the bare silica (i.e., density of accessible
free silanols). We may write the following expression for
qs,1 andqs,2 as a function of the concentration of added
saltCS (Figs. 12 and 15):

qS,i = qi,0 + κi,1CS

1 + κi,2CS
(6)

with κi,2 = 0 for i = 1.
– The equilibrium constantb1 increases similarly with in-

creasing salt concentration for the three adsorbents. The
physical origin of the sites of type 1 is the same. It is prob-
ably related to the simple adsorption of the hydrophobic
part of the propranolonium ion on the C18-bonded layer.
Note that Cl− is the co-ion in the propranolol solution in the
mobile phase. According to the common ion effect (i.e., to
Le Chatelier principle), the solubility of the salt decreases.
The solubility productKS is written:

KS = γ+γ−[propranolol+]S([Cl−]S + [Cl−]KCl ) (7)

whereγ+ andγ− are the activity coefficients of the propra-
nolonium and chloride ions, respectively. [propranolol+]S
is the saturated concentration of propranolonium, [Cl−]S
and [Cl−]KCl are the concentrations of the chloride ion
coming from the dissociation of propranolonium chloride
and from potassium chloride, respectively. Since

ted
salt

whereK"
S = KSγ+γ−. FromEq. (8), it is obvious that the

addition of the common ion, Cl−, leads to a decrease of the
solubility of the propranolol salt. The equilibrium constant
b1 increases and can be fitted to the following relationship
(Fig. 13):

b1(CS) = b1,0 + β1,1CS

1 + β1,2CS
(9)

– The variation of the equilibrium constantb2 as a function
of the concentration of KCL is not clearly established. It
seems to be more complex than that ofb1. First, with-
out addition of salt in the mobile phase,b2 is minimum
for all the columns. After addition of the smallest amount
used in this work, 0.002 M of KCL, to the mobile phase,
b2 jumps abruptly to the highest value measured, which
is confirmed by the brutal change observed in the band
profile. There is no band tailing when the mobile phase
contains no salt but a very long tailing for a concentration
of 0.002 M KCL (seeFig. 5 for the Kromasil column).
Then,b2 decreases rapidly with increasing KCl concen-
tration and tends toward a plateau. The curve decay is well
fitted for the concentrations of KCl different from zero by
(Fig. 16):

b2(CS) = b2,0 + β2,1 (10)
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[propranolol+]S = [Cl−]S

and according toEq. (7), the concentration of a satura
solution of propranolol in the presence of an added
containing the same anion is:

[propranolol+]S =
√

C2
S + K"

S − CS (8)
CS

– The interaction parameterI1 decreases similarly with i
creasing salt concentration for all columns. The add
of salt into the mobile phase reduces progressivel
adsorbate–adsorbate interactions. This parameter w
ted to (Fig. 14):

I1(CS) = ζ1,1

1 + ζ1,2CS
(11)

– The interaction parameterI2 can be considered as c
stant over the whole range of salt concentration (Fig. 17).
However,I2 is significatively larger when [KCl]= 0.

I2(CS) = ζ2,0 (12)

The numerical values of the parameters inEqs. (6) and (9)
(12) are listed in Table 3. These equations describe a po
mathematical model for the overall adsorption isother
propranolol as a function of its concentrationC and of the
concentration of KCl,CS, in the mobile phase. The validat
of this empirical model will be discussed in a further w
dealing with the calculation of the overloaded band pro
of propranolol under conditions of a decreasing gradie
KCl from 0.20 to 0.002 M.

4.3. Influence of the valence of the salt on the overload
band profiles obtained at constant ionic strength

Previous work on Symmetry and XTerra showed tha
retention and shape of the band profiles of large samp
propranolol are not determined only by the ionic stre
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Fig. 5. Comparison between the experimental profiles of propranolol (dotted line) and the best calculated profiles found by the IM (solid line) on the Kromasil
column (methanol:water, 40/60, v/v, 15 s injection of a 30 g/l solution) at high column loading for all the different concentrations of potassium chloride salt in
the mobile phase.T = 296 K, flow rate 1 ml/min. The Bi-Moreau model was used in the IM. Note that the simple Bi-Langmuir would have failed to describe
the band profiles at low ionic strength solution (J ≤ 0.01 M). However, note that the best profile found by the program lead to a certain disagreement between
the calculated and experimental profile for the lowest concentrations (overestimatations compensate further underestimations).
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Table 3
Best numerical values of the parameters qi,0 (g/L), �i,1 (L2/g2), �i,2 (L/g), bi,0 (L/g), �i,1 (L2/g2), �1,2 (L/g), �1,1, �1,2 (L/g) and�2,0 of the empirical models
(equations 18, 21–24) that describe the evolution of the 6 parameters of the bi-Moreau isotherm as a function of the added concentration CS of potassium
chloride in the methanol:water mobile phase (40/60, v/v) measured on the C18-bonded Kromasil, Symmetry and Xterra columns

Isotherm parameters Parameters’ expression Kromasil Symmetry XTerra

qs,1 q 1,0 181.3 143.6 116.5
� 1,1 547.6 345.6 375.3
� 1,2 0 0 0

qs,2 q 2,0 2.65 1.64 1.47
� 2,1 421.4 371.7 261.5
k 2,2 18.5 18.7 36.2

b1 b 1,0 0.01218
� 1,1 0.6032
� 1,2 15.12

b2 b 2,0 0.8219 0.5539 1.4807
� 2,1 0.00094 0.01436 0.0065

I1 � 1,1 12.61
� 1,2 180.11

I2 � 2,0 0.06152 0.1731 0.5491

of the solution. The nature of the cation of salt added to
the mobile phase plays a minor role on the adsorption
behavior. The larger the radius of the cation, the smaller
the saturation capacityqs,1. However, by contrast, the band
profiles are dramatically affected when the anion is changed.
For instance, replacing the monovalent chloride by the
bivalent sulphate anion reverses the shape of the adsorption
and desorption profiles (the diffuse profiles are switched to
shocks andvice-versa).

The same general remarks can be made concerning
Kromasil. Although all chromatograms were recorded with
mobile phases having the same ionic strength (0.2 M), each
salt gives a different band profile at low and at high column

ium
the
ease

loadings (Fig. 18). The adsorption isotherm of propranolol
depends obviously on the nature of the salt. There is a
common feature for all the salts, all the low-loading band
profiles exhibit a hump similar to the one previously
described in Section 4.1. This hump was absent from the
profiles recorded on XTerra and Symmetry under the same
conditions (same mobile phase). Thus, its presence must be
related to some specific surface properties of Kromasil.

A surprising result was observed with sodium sulphate.
The band shape is reversed, the front is a diffuse boundary
and the rear is a shock layer, a behavior that is typical of
an anti-Langmuirian isotherm. The IM results (not shown)
demonstrate that the bi-Moreau isotherm model still applies.

F
s
S tas-
s the
i

Fig. 6. Plots of the best saturation capacities of the low-energy sites (qs,1) in
the Bi-Moreau isotherm found by the IM on the C18-bonded Kromasil, Sym-
metry and XTerra columns as a function of the concentration of potass
chloride in the mobile phase (methanol:water, 60/40, v/v). Note, within
range of concentration investigated from 0 to 0.2 M, the quasi-linear incr
of qs,1 and the higher values in the order Kromasil≥ Symmetry≥ XTerra.
ig. 7. Plots of the best equilibrium constant (b1) between the low-energy
ites and the mobile phase found by the IM on the C18-bonded Kromasil,
ymmetry and XTerra columns as a function of the concentration of po
ium chloride in the mobile phase (methanol:water, 60/40, v/v). Note

ncreasing trend and the quasi-identical behavior of the three curves.
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Fig. 8. Plots of the best interaction parameter (I1), between two molecules
of propranolol adsorbed on the low-energy sites, found by the IM on the
C18-bonded Kromasil, Symmetry and XTerra columns as a function of the
concentration of potassium chloride in the mobile phase (methanol:water,
60/40, v/v). Note the decreasing trend and the quasi-identical behavior of
the three curves.

The total saturation capacity of the column (225 g/L) is lower
than it is with a salt of monovalent ions like KNO3 (340 g/L),
KCl (310 g/L), NaCl (300 g/L) and CsCl (280 g/L). It is com-
parable to the total saturation capacity found with a bivalent
cation like CaCl2, 220 g/L. The equilibrium constantb1 is
also larger with Na2SO4 (0.075 L/g versus about 0.045 L/g
with all the other salts studied). The striking difference with
the other salts, however, is that the adsorbate–adsorbate in-
teractions on the sites of type 1 become most important when
sodium sulphate is dissolved in the mobile phase (I1 = 5.9
instead of 0.0001 with KCl). This difference suffices to ex-
plain the antilangmuirian behavior of the isotherm, the cor-

F ergy
s
h

Fig. 10. Same as inFig. 7except the equilibrium constant between the high-
energy sites and the mobile phase. Note the quasi-stationary values ofb2

within the highest range of the salt concentration (CKCl ≥ 0.05 M).

responding shape of the band profiles, and the long, diffuse
front of the adsorption profile. The last important difference
is that, in the presence of Na2SO4, the saturation capacity
of the sites of type 2 is very small, 2 g/L instead of 21 g/L
with KCl.

A possible simple explanations of the following unex-
pected results is that (1) the diminution of the saturation
capacity qs,1 (300 to 225 g/L); (2) the increase of the equi-
librium constantb1 (0.045 to 0.075 L/g); (3) the increase
of adsorbate–adsorbate interactionI1 (∼0–6); (4) the strong
decrease of the saturation capacity qs,2 (21–2 g/L); and (5)
the same intensity of the equilibrium constantb2 (
0.6 L/g)
could be due to the formation in the adsorbed phase of a large
adsorbate complex made of two molecules of propranolol
bound to one sulphate ion. The decrease of the saturation ca-

F -
e

ig. 9. Same as inFig. 6except the saturation capacities of the high-en
ites. Still, note the increasing trend, but the almost saturation of qs,2 for the
ighest concentration of potassium chloride used (0.2 M).
ig. 11. Same as inFig. 8except the interaction parameterI2 on the high
nergy sites. Note the rapid decreasing trend of the curves.
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Fig. 12. Best fitting of the qs,1 data curves usingEq. (6).

pacities of the two types of sites would be caused by the large
steric hindrance of this large complex the size of which does
not allow an important mass of propranolol to be in contact
with the C18 chains (especially at the buried sites of type 2).
Because the adsorbate species would be neutral, its adsorp
tion energy is stronger (the adsorbate can penetrate deepe
in the C18 layer at the interface with the liquid phase) and
the partition equilibrium would remain constant (because the

Fig. 13. Best fitting of theb1 data curves (average of data measured on the
Kromasil, Symmetry and XTerra column) usingEq. (9).

adsorbate is already completely buried inside the C18 layer).
Adsorbate-adsorbate interactions are much stronger because
SO4

2− aggregates the two propranolol molecules by some
ionic bound. This description of the adsorbed phase has the
advantage of being fully consistent with the observations. It
also explains why the effect observed with the sulphate ion is
not encountered with any monovalent anion (Cl− and NO3

−)
nor with a bivalent cation (e.g., Ca2+).

We measured also the influence of potassium borate, us-
ing the bivalent anion B4O7

2− (with [K2B4O7] = 0.0667 M).
While the pH of the mobile phase containing sodium sulphate
was about 4, the pH of the mobile phase containing K2B4O7
was 9. The retention volume of propranolol in this mobile
phase was about 130 hold-up volumes ( seeFig. 19). By con-
trast, its retention volume in the sulphate solution was only
12 hold-up volumes. In addition to a ten-fold higher reten-
tion volume, we observed that the band profile becomes lang-
muirian and that the adsorbate–adsorbate interactions vanish.

F n the
K

-
r

ig. 14. Best fitting of theI1 data curves (average of data measured o
romasil, Symmetry and XTerra column) usingEq. (11).



F. Gritti, G. Guiochon / J. Chromatogr. A 1047 (2004) 33–48 45

Fig. 15. Best fitting of theqs,2 data curves usingEq. (6).

Two phenomena may explain the considerable increase of the
retention volume

1. A strong ionic interaction of the adsorbate with the
silanol groups that are nonprotonated at this high pH
cannot be neglected on the conventional Kromasil-C18
phase.

2. The fraction of propranolol that is protonated in the solu-
tion decreases (pKa 
 9) and the retention factor of the

Fig. 16. Best fitting of theb2 data curves usingEq. (10).

unprotonated form (neutral) of propranolol is larger than
that of the protonated form that is dominant at neutral or
acidic pH.

The same experiment gives similar results on XTerra MS
and Symmetry-C18, with retention volumes of propranolol of
approximately 85 and 130 column hold-up volumes, respec-
tively, with potassium borate and 10–12 column hold-up vol-
umes with sodium sulphate. This result allows the elimination
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Fig. 17. Best fitting of theI2 data curves usingEq. (12).

of the first possibility because XTerra has a very small silanol
activity at pH 9. This is demonstrated by the constant re-
tention of bretylium (mobile phase acetonitrile:water, 50/50,
v/v) [40] and of lithium (mobile phase methanol: bufered
water [0.001 M Acetate], 60/40, v/v)[41] in a wide range of
pH, from acidic to above 11. Accordingly, the considerable
increase of retention associated with the substitution of the
borate to the sulphate anion can be due only to the deproto-

Fig. 18. (Top) Evolution of the band profiles of propranolol on the Kromasil
column at constant ionic strengthJ = 0.2 M (J = 1/2

∑
Ciz

2
i ) in the mobile

phase (methanol:water, 40/60, v/v) as a function of the size of the cation
(NaCl and KCL), the size of the cation (KNO3 and KCL), the valence of the
cation (CaCl2 and KCl) and the valence of the anion (NaCl and Na2SO4).
(Bottom) Injection during 15 s of a 1.5 g/l propranolol solution; injection
during 15 s of a 30 g/l propranolol solution.

nation of the acid form of propranol to its basic (i.e., neutral)
form at pH = 9. The ratio between the retention factors of
the two propranolol species is approximately 8.5, 11, and
11 for Xterra, Symmetry and Kromasil, respectively. These
ratios are of the same order of magnitude as those reported
by Neue and al.[40] who studied the effect of the pH on
the retention of acidic and basic forms of compounds on
XTerra. The increase in retention associated with the sub-
stitution of sulphate with borate is due to the drastic change
in the degree of deprotonation of propranolol, not to the in-
crease of the interactions between the positively charged so-
lute molecules and the unprotonated surface silanol which
has a smaller effect, although it explains the difference
observed between the behavior of Symmetry and Kro-
masil (which both contain many more residual silanols than
XTerra).
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Fig. 19. Band profiles of propranolol (injection during 15 s of a 1.5 g/l so-
lution) on the Kromasil column using potassium borate (bivalent anion) as
the salt dissolved in the mobile phase (methanol:water, 40/60, v/v). Ionic
strengthJ = 0.2 M. Note, by comparison to the use of the Na2SO4 salt in
Fig. 18, the strong increase of the retention as well as the langmuirian shape
of the band with no more shoulder.

5. Conclusion

The influence of the ionic strength of the mobile phase and
of the nature of the salt used on the adsorption behavior of
propranolol is quite similar on Kromasil-C18 and on XTerra-
C18 and Symmetry-C18. The phenomenon is well described
by assuming that there are two different types of adsorption
sites, as suggested earlier by independent frontal analysis
data. As shown earlier, this behavior cannot be explained by
ion exchange interactions between the cation propranolol+
and the free unprotonated Si–O− groups at the surface of the
adsorbent for several reasons.

– The surface coverage of endcapped Kromasil is high (3.6
versus 3.2 and 2.5�mol/m2 for Symmetry and XTerra,
respectively) and the access for a two-rings molecule to
free silanol groups which are buried within the C18 chains
is but limited.

– The pH of the mobile phase is imposed by the dissociation
equilibrium of propranolol (pH
 5). This pH is below
the threshold of activation of the silanol groups on bonded
phases (this pH is around 6–8).

– The difference between the adsorption energies on the sites
of types 2 and 1 is small (only a few kJ/mol for Kromasil).
This would not be consistent with an ion-exchange reac-
tion.

may
t sur-
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r and
p rs of
n nter-

act in the adsorbed phase with other ionized molecules of
the same species, especially when the solution contains no
supporting salt, like it was in the present study. Also, the satu-
ration capacities, the adsorption constants and the adsorbate–
adsorbate interaction coefficients depend strongly on the salt
concentration of the mobile phase.

The set of experimental results obtained on three different
bonded phases (XTerra, Symmetry and Kromasil) leads to
the following general conclusions regarding the influence of
the concentration of aprotic ions.

• The amount of ionizable molecules that the stationary
phase can adsorb at saturation on either types of sites in-
creases with increasing concentration of salt. The max-
imum is reached at lower concentration for sites 2 (less
numerous but with a higher adsorption energy) than sites
1 (predominant). This observation is consistent with the
progressive decrease of the repulsive interactions between
the polar heads of the adsorbed organic cations.

• The equilibrium constant on the low-energy adsorption
sites increases because the solubility of propranolol de-
creases. There are two reasons. First, the “common ion
effect” due to the addition of potassium chloride to a
solution of propranolonium chloride. Second, the “salt-
ing out effect” has an impact on the naphthyl group
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We must conclude that only dispersive interactions
ake place between the molecules of propranolol and the
ace of Kromasil-C18. This result is consistent with simil
esults obtained with neutral compounds like caffeine
henol. The essential difference between the behavio
eutral and ionizable molecules is that the latter may i
of propranolol by enhancing the naphthyl-naphthyl
teractions. The equilibrium constant on the high-en
sites is much less sensitive and remains constant a
0.05 M.
The adsorbate–adsorbate interactions decrease r
when the supporting salt is added to the mobile phase
simple bi-Langmuir isotherm model may well describe
band profiles recorded at high salt concentrations.

However, the concentration of salt added to the mo
hase or the ionic strength of the solution are not the
arameters controlling the general adsorption behavi

onizable compounds on endcapped C18-bonded stationar
hases. No two salts among those studied, KCl, NaCl, C
NO3, CaCl2, and Na2SO4 give the same band profil

or propranolol at the same solution ionic strength w
hey all give exactly the same band profiles for neu
nalytes like 3-phenyl-propan-1-ol. The specific salt-so
lectrostatic interactions seem to be responsible for
ifferences.

Finally, our results demonstrate that the acquisitio
ccurate equilibrium isotherm data in a wide concentra
ange, for selected compounds in chromatographic sys
llows a detailed investigation of the retention mechan
f these compounds and permits conclusions that linea

ention data cannot afford. The usefulness of this appro
lready established regarding chiral separation mechan
ill be illustrated in a forthcoming series of papers dea
ith the influence of the anions of various buffers on

etention of propranolol.



48 F. Gritti, G. Guiochon / J. Chromatogr. A 1047 (2004) 33–48

Acknowledgements

This work was supported in part by grant CHE-02-44693
of the National Science Foundation, by Grant DE-FG05-88-
ER-13869 of the US Department of Energy, and by the coop-
erative agreement between the University of Tennessee and
the Oak Ridge National Laboratory. We thank Uwe Neue and
Marianna Kele (Waters Corporation, Milford, MA, USA) for
the generous gift of the columns used in this work and for
fruitful and creative discussions.

References
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