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Abstract

Adsorption data of an organic cation (propranololium chloride) and an organic anion (sodium 1-naphthalene sulfonate) were measured
by frontal analysis on two RPLC adsorbents, SymmetryaDd XTerra-Gs, with aqueous solutions of methanol as the mobile phases. The
influence of supporting neutral salts on the adsorption behavior of these two ions are compared. The Henry constantdare BloJdé
four sets of isotherm data are all well accounted for using the bi-Moreau model. However, the isotherms of the two ions behave differently at
high concentrations. The initial behaviors of all the isotherms are antilangmuirian but remain so in a much wider concentration range for the
cation than for the anion, due to its stronger adsorbate—adsorbate interactions on the low-energy adsorption sites. The retention times of both
ions increase with increasing concentration of neutral salt in the mobile phase, suggesting the formation of ion-pair complexedpwith Cl
the cation and with Nafor the anion. The adsorbate—adsorbate interactions vanish in the presence of salt and the bi-Moreau isotherm model
tends toward a bi-Langmuir model. Differences in adsorption behavior are also observed between the cation and the anion when bivalent
inorganic anions and cations, respectively, are dissolved in the mobile phase. High concentration band profiles of 1-naphthalene sulfonic acid
are langmuirian, except in the presence of a trivalent cation, while those of propranolol are antilangmuirian under certain conditions even with
uni- or divalent cations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of neutral compounds or of completely ionized supporting
salts. Along list of recent publications was given in a previous
The adsorption equilibrium behavior of ionic species at- report[1]. In contrast, relatively few reports have discussed
tracts attention because this behavior is critical in a wide the whole equilibrium isotherm.
spectrum of applications in the analysis and the purification  Horvath[2], Schill [3] and Sokolowski4,5] have elab-
of these compounds. An important body of literature is de- orated similar theories to account for the adsorption behav-
voted to looking for a better understanding of the adsorption ior of ionic species. These theories are based on the forma-
mechanism(s) of these compounds at the analytical level, in-tion of ion-pairs between ions of opposite charges. More re-
vestigating the effects of varying the mobile phase pH, the cently Kazakevich named this approach chaotropiféty]
buffer nature and its concentration, and the possible additionand applied it to study the retention behavior of sev@ral
blockers and the influence of different mobile phase additives.
« Corresponding author. Tel.: +1 865 974 0733; fax: +1 865 974 2667. S0Okolowski derived adsorption models that are equivalent to
E-mail addressguiochon@utk.edu (G. Guiochon). the Langmuir isotherm model (or to the bi-Langmuir model
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in the case of heterogeneous adsorbents) and which describ. Theory

successfully the adsorption behavior of series of alkylsul-

fonates. This model assumes that the adsorbate is anion-pai2.1. Models of isotherm used

hence is electrically neutral. Accordingly, it does not include

any electrostatic repulsion between adsorbate molecules. By Previous reportfl2—15]showed that the isotherm model

contrast, other authors assume that, for fundamental reasonghat best accounts for the adsorption data of an organic cation

the adsorption mechanism of ionic species must take into ac-on various commercial columns is the bi-Moreau model.

count the surface potential due to the adsorption of ions from This model is the simplest extension of the Langmuir model

the solution and that an electrical double layer forms (Stern—to the case of an heterogeneous adsorbent when significant

Gouy—Chapman mod€8]. This second approach was used adsorbate—adsorbate interactions take place in the adsorbed

by Stihlberg to explain the adsorption pftoluenesulfonate  phase. It corresponds to a surface covered with two types of

on RPLC adsorben{9-11] sites, each of which follows Moreau isotherm model behavior
Whichever one of these assumptions is made regarding thg19]. It is written:

fundamentals of the adsorption of ions onto RPLC stationary

202 202
phases, the isotherm model that is derived from it is strictly * — 4, biC + b€ 452 baoC + Ib5C
convex upward, i.e., langmuirian. Unfortunately, this resultis 14 2b1C + 11h7C? 14 2boC + I2b5C?
inconsistent with previous adsorption data measured for the 1)

organic cation propranololium on various commercial RPLC
adsorbentfl,12-17] S-shaped isotherms were found at low whereg* and C are the equilibrium concentrations of the
ionic strengths of the mobile phagk2—15] or with bivalent compound considered in the adsorbed and the liquid phase,
counter-anions (sulphate, phthalate, succinate, phosphate ancespectively, whileys 1, gs 2, b1, b2, I1 andI» are the mono-
citrate I1) [16,17] Strictly antilangmuirian isotherms were layer saturation capacities, the low-concentration equilibrium
even observed with the trivalent anion citrt&]. This ob- constants, and the adsorbate—adsorbate interaction parame-
servation, the results given by the perturbation method andters on the sites of types 1 and 2, respectively. Note that the
reported earlief18], and the fact that the saturation ca- bi-Moreau model morphs into the bi-Langmuir model when
pacities estimated for these compounds are close to thosd1 = 12 = 0.
of neutral compound§l2—-17] support the idea that ionic The equilibrium constants; andb; are associated with
species adsorb onto the surface as neutral forms and that therthe adsorption energies, 1 andea 2, respectively, through
are no adsorbate—adsorbate repulsion of electrostatic originthe following classical equaticf20]:
However, these observations and results, hence the demon. . zp
stration apply only to the organic cation propranololium. bi=boe (2
Additional experiments made with other ions and particu- wheree,; is the adsorption energR is the universal ideal
larly with organic anions are needed to generalize these firstgas constanfT is the absolute temperature abglis a pre-
conclusions. exponential factor that could be derived from the molecular
In this work, we compare the adsorption behavior of an partition functions in the bulk and the adsorbed phasgis
organic cation (propranololium, as propranololium chloride) often considered to be independent of the adsorption energy

and an organic anion (1-naphthalene sulfonate as sodium 1{20]. The adsorbate—adsorbate interaction paramietean
naphthalene sulfonate) on two commercial stationary phasespe written ag19]:

Cis-Symmetry and @g-XTerra. The measurements of the .

isotherm data were first carried out by frontal analysis, with | = exp<ﬁ> (3)

a mobile phase containing no supporting salt. This first se- RT

ries of data is used to select the best general isotherm modeWhereeaa is the interaction energy (by conventieaa > 0)
which must be in agreement with the shape of the experimen-between two molecules of A adsorbed on close sites.

tal band profiles recorded. The inverse method of isotherm  Note that the bi-Langmuir model is the limit case of the
determinatior[13] was then used to derive the best values bi-Moreau model when the adsorbate—adsorbate interaction
of the parameters of this model for different experimental parameter, tends toward 0. Thus, in the work reported here,
conditions. This method minimizes the differences between we adopted the bi-Moreau isotherm model as the initial model
the experimental band profiles recorded under a given set ofin the application of the IM method.

experimental conditions (e.g., with a given concentration of

a certain supporting salt in the mobile phase, at a given tem-2.2. The inverse method of isotherm determination
perature) and the corresponding profiles calculated with the

equilibrium-dispersive model of chromatography. The sim-  This method consists in the numerical adjustment of the
ilarity and the differences between the adsorption behavior coefficients of anisotherm modelin order to minimize the dif-
of the positively and the negatively charged compounds areferences between a recorded experimental band profile and
now presented and discussed in the general context of thehe profile calculated for the same sample, under the same
adsorption of ionic compounds. experimental conditions, using the equilibrium-dispersive



F. Gritti, G. Guiochon / J. Chromatogr. A 1048 (2004) 1-15

model of chromatography (see next section) and the isothermTable 1
model selected. The main advantage of the inverse methodCharacteristics of the 4-bonded Symmetry and Xterra columns

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®°re volumé&mL/g)

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 chromatograpf®bp—27] The ED

3

Symmetry XTerra
Particle size (mm) 5 5
pore size ,é) 86 120

0.90 0.64
Surface are{m?/g) 346 176
Particule shape Spherical Spherical
Total carbon (%) 19.6 15.2
Surface coveraggumol/m?) 3.18 2.40
Total porosity 0.5804; 0.6334 0.6178;0.6719
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).

¢ Data from injection of the non-retained thiourea compound in a

model assumes instantaneous equilibrium between the Momethanol:water mobile phase (10/90, viv).

bile and the stationary phases and a finite column efficiency
originating from an apparent axial dispersion coefficient that

sodium chloride, calcium chloride, barium chloride, dis-

accounts for the dispersive phenomena (molecular and eddyodium sulphate, diammonium sulphate, aluminium chloride

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-

and tetramethyl-, ethyl-, propyl-, and butylammonium chlo-
ride were all obtained from Aldrich. (Milwaukee, WI, USA).

3.2. Columns

The two 150 mmx 3.9 mm commercial columns used in
this study were packed, one with SymmetrysCthe other

ary conditions used are the classical Danckwerts-type bound-with XTerra-Gs. They were gifts from the manufacturer (Wa-

ary conditiong25,28]at the inlet and outlet of the column.
The ED model was solved using the Rouchon program,

based on a finite difference methfith,29-31]

3. Experimental

3.1. Chemicals

The mobile phases used in this work were aqueous

ters, Milford, MA, USA). The main characteristics of these
packing materials are summarizediamble 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 condition§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

solutions of methanol (25:75 and 10:90 (v/v) for the other, respectively. The column porosities remained constant,
measurements of the adsorption data of propranololium whatever the nature of the salt used and its concentration in
and 1-naphthalene sufonate, respectively). Both water andthe mobile phase. They were found to depend only on the
methanol were of HPLC grade. They were purchased from methanol concentration of the mobile phase (25% or 10%,
Fisher Scientific (Fair Lawn, NJ, USA). The supporting salt Vv/v).

solutions were first prepared in pure water and methanol was

added thereafter to the salt solution to prepare the final mo-3.3. Apparatus

bile phase. The salt concentrations given in the text are re-

ported to the mobile phase mixture. Prior to their use, the  The overloaded band profiles were acquired using a
solvents were filtered on an SFCA filter membrane 2 Hewlett-Packard (now Agilent Technologies, Palo Alto, CA,
pore size (Suwannee, GA, USA). Thiourea was chosen asUSA) HP 1090 liquid chromatograph. This instrument in-
the unretained tracer, to measure the column hold-up vol- cludes a multi-solvent delivery system (volume of each tank,
ume. The solutes studied were propranolol, an aminoalco-1L), an auto-sampler with a 2%0_ sample loop, a diode-

hol of structure @oH7OCHOHCHNHCH(CHg)2, and 1-
naphtahlene sulfonic acid of structurgqgg;SOsH. Pro-
pranolol and 1-naphthalene sulfonic acid were injected un-
der the acidic protonated form (as the hydrochloritie—=
2958 g/mol) and the basic anionic form (as the sodium salt,
M = 2302 g/mol), respectively. Thiourea, propranolol chlo-
ride, sodium 1-naphthalene sulfonate, ammonium chloride,

array UV-detector, a column thermostat and a data station.
Compressed nitrogen and helium bottles (National Welders,
Charlotte, NC, USA) are connected to the instrument in or-
der 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
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the retention data were corrected for these contributions. The The adsorbed amount at equilibriufhis given by:
flow-rate accuracy was controlled by pumping the pure mo- C(Veq— Vo)

bile phase at 2 and with a flow rate of 1 mL/min, during  ¢* = ——4— "%

50 min, successively from each pump head, into a volumet- Va

ric glass of 50 mL. The relative error was less than 0.4%, so where Veq and Vp are the elution volume of the equivalent
that we estimate the long-term accuracy of the flow-rate at area and the column hold-up volume, respectively, Bnid

4 pL/min at flow rates around 1 mL/min. All measurements the volume of stationary phase.

were carried out at a constant temperature ¢fCJixed

by the laboratory air-conditioner. The daily variation of the 3.5. Measurements of the overloaded band profiles of

(4)

ambient temperature never exceed€eifC. propranolol
3.4. Measurements of the adsorption isotherm of Injection of propranolol chloride and sodium 1-
propranolol and 1-naphthalene sulfonate by FA naphthalene sulfonate were made with the auto-sampler

(maximum volume 25@Q.L) in set of experimental condi-

The adsorption isotherms of propranolol and 1- tions. 250uL of a 1.5 and 4 g/l solution of propranolol and
naphthalene sulfonate were measured in two different aque-1-naphthalene sulfonate, respectively, were injected to record
ous solutions of methanol, selected so that the two compoundsa moderately overloaded band profile for each salt. The sam-
had comparable retention. Due to the difference between theples were always dissolved in the same salt solution as was
hydrophobicities of these two compounds, methanol concen-used for the mobile phase. These profiles were recorded at 325
trations of 25% and 10% were chosen for the mobile phasesand 323 nm for propranolol and 1-naphthalene-sulfonate, re-
with which to measure the adsorption data of propranolol spectively. Segments of these elution profiles having between
and 1-naphthalene sulfonate, respectively. Under these con500 and 1000 points were used to perform the IM calcula-
ditions, the retention factors of both compounds are of the or- tions.
der of 3, a value large enough to acquire accurate adsorption
data. The maximum concentration of each analyte applied
in FA was fixed at 40 g/L in their respective mobile phases 4. Results and discussion
to avoid any precipitation inside the instrument. Two master
solutions were prepared, at 10% and 100% of the maximum4.1. Adsorption properties of anions and cations derived
concentration selected. The samples were always dissolvedrom frontal analysis data
in the same salt solution that was used as the mobile phase.

Two consecutive FA runs and a total of 34 data points  Fig. 1shows the plots of the adsorption data points derived
were then measured, starting from the lowest (first run, 0.2 to from the treatment of each of the four series of 34 break-
4g/L, 9 points) to the highest concentrations (second run, through curves recorded during the FA runs for the two com-
2 to 40¢g/L, 25 points). One pump of the HPLC instru- pounds, onthe two columns studied, using mobile phases that
ment was used to deliver a stream of the pure mobile phasecontained no salts. Two presentations of these data are given,
(methanol:water, 25:75 or 10:90, v/v), the second pump for plots of the isotherm curveg{ versusC, top) and plots of
the 100% master solution, the third for the 10% master so- the isotherm slopeg{/C versusC, bottom) versus the con-
lution. The concentration of the studied compound in the centration plateau in the mobile phase. This second plot illus-
FA stream is determined by the concentration of the sam- trates better the variation of the curvature of the isotherm with
ple solution and the flow rate fractions delivered by the two increasing concentration. Because the mobile phase compo-
pumps. The breakthrough curves were recorded at a flowsitions were selected for this purpose, the Henry constants
rate of 1 mL/min, with a sufficiently long time delay be- of the two compounds are comparable, between 4 and 6 on
tween breakthrough curves (20 min) to allow for the complete both Symmetry and XTerra. At high concentrations in the
reequilibration of the column with the pure mobile phase. mobile phase, the amount of naphthalene sulfonate adsorbed
The injection time of the sample was fixed at 5min for all at equilibrium is always smaller than that of propranolol.

FA steps, in order to reach a stable plateau at the column out-  In order to derive accurate frontal analysis datanust

let whatever feed concentration was used. To avoid recordingbe sufficiently large (in practicé, > 3). In order to acquire
any UV-absorbance signal larger than 2000 mAU and the cor- a sufficiently larger number of data pointsmust not be too
responding signal noise at high concentrations while keep-large (in practicek’ < 10). Accordingly, the mobile phase
ing a large enough signal at the lowest concentrations, thecomposition must be different for the two compounds (10%
detector signal was recorded at 325 and 323 nm (10% solu-and 25% methanol content for 1-naphtahlene sulfonate and
tion) and 331 and 360 nm (100% solution) for propranolol for propranololium, respectively). For a mobile phase con-
and 1-naphthalene sulfonate, respectively. In each case, theaining 25% methanol (v/v), 1-naphthalene sulfonate is al-
detector response was calibrated accordingly by using themost unretained while with only 10% methanol in the mo-
UV absorbance at the plateau observed on the breakthrougtbile phase, propranololium is retained too strongly. Thus, a
curves. rigorous comparison cannot be made between the two sets
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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, Sym@anaetry-C
XTerra-Gg. 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 the same plot for XTerraHg. 1, bottom right) which shows
mobile composition is rather small and it should not affect a monotonous decrease of the isotherm slope. This appar-
either the nature of the best model of adsorption isotherm or ent contradiction arises from the combination of a very low
the value of the saturation capacities of the adsorfg3it concentration for the inflection point of the corresponding
The only significant effect of the mobile phase compositionis isotherm and from errors made in the calculation of the ad-
only onthe saturation capacity of the high-energy sites, which sorbed mass by the equivalent area metf2&, due to the
increases with increasing water concentration of the mobile unstability of the equilibrium plateau recorded at low con-
phasg33]. When the density of the high-energy sites is low centrations and the poor definition of the front and rear of the
(i.e., less than 5% of the total column saturation capacity), the breakthrough curves (s€gg. 2). This instability of the outlet
comparison between the total saturation capacities measuregoncentration was not due to any fluctuations or variations of
at different mobile phase compositions is straightforward.  the column temperature or of the mobile phase composition
At first glance, the isotherm of naphthalene sulfonate ap- nor to any dysfunction of the mixing system of the solvent de-
pears to be quasi-langmuirian while that of propranolol is livery system during the frontal analysis measurements. This
clearly S-shaped. However, a more careful look at the break-was demonstrated by the injection of the same concentration
through curves of the anion at low concentratiofisideau= plateaus into the instrument fitted without column generat-
0.2 g/L, for instanceFig. 2) on either Symmetry and XTerra ing the correct, flat plateaus expected. A slow, oscillating
shows that the adsorption front exhibits a diffuse boundary equilibrium between the solution and the adsorbent at low
while the desorption rear has a clear shock layer, much like concentrations could explain this unexpected phenomenon.
the corresponding parts of the breakthhrough curves of pro- These results demonstrate the important fact that the shape
pranolol. This result is in agreement with the plotgfC ofthe equilibrium isotherm is the same for both the cation and
versusC for Symmetry Fig. 1, bottom left) but not with 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 adstation isot
(detection of a diffuse front and a rear shock) for both ionizable compounds on the Symmetry (left) and XTerral{#g@96 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 dHe 8lifiteulty to
derive with accuracy the mass adsorbed because of the oscillations on the plateau. (B) Propranololium. Methanol:water, 25:75, (v/v). Neteribe persi
the anti-langmuiriran behavior at concentrations around 4-5g/L.

not qualitative, they deal with the concentration at which the were injected with the auto-sampler to achieve wide elution
inflection point is observed and with the concentration range peaks and limit as much as possible the consequences of
within which the isotherm is convex downward (i.e., anti- extra-column dispersion and of sample dilut[@4]. A rect-
Langmuirian). This range is much smaller with the anionic angularinjection profile was assumed in the calculations. The
sulfonate (0< 0.3 g/L) than with the cationic amine (@ calculated profiles (solid lines) that show the best agreement
5g/L). These differences explain the difference in the shape with the corresponding experimental profiles and these band
of the overloaded band profiles of the two ions recorded on profiles (dotted lines) are overlaid Fig. 3. The best values
Symmetry and XTerra for a maximum peak concentration of of the parameters are listed Table 2([NaCl] = 0).
2 g/L (seeFig. 3. The profile of the sulfonate anion peak In a second step, the FA adsorption data were fitted to a bi-
exhibits a front shock layer followed by a diffuse boundary Moreauisotherm equationinwhich the paramejgtsandl,
that ends with a short rear shock layer. In contrast, the cationwere set equal to the values derived with the IM method while
peak has the classical anti-langmuirian profile, with a diffuse the other four parameters were allowed to float. This proce-
front boundary and a rear shock layer. dure gave slightly different values for these four parameters,
The fitting of the isotherm data of the naphthalene sul- 0.634 mol/L, 6.68 L/mol, 52.9 L/mol and 1.30 f@¢ 1, b1, b2
fonate anion to the bi-Moreau model (six parameters) was and I1 on Symmetry, respectively, instead of 0.578 mol/L,
unsuccessful because these data are inaccurate at low cor#.60 L/mol, 75.0 L/mol and 0.20 obtained by the IM method.
centrations. This lack of accuracy prevents from estimating For XTerra, the IM method gave for these same parame-
properly the parameters of the first term of the model, the oneters 0.513 mol/l, 8.748 L/mol, 125.7 L/mol and 0.13, while
that corresponds to the high-energy adsorption sites, thosehe fitting of the FA data gives 0.643 mol/L, 7.366 L/mol,
that begin to be populated at low concentrations. Instead, we90.9 L/mol and 1.42, respectively. This good agreement con-
estimated the isotherm parameters by applying the inversefirms the validity of the results afforded by the IM method.
method of isotherm determination. Large samples (250 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 sulfonatnata prop
on the Symmetry and XTerra columrs= 296 K, flow rate 1 mL/min. (Top) Injection of 250L (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, accordirzmizetimetich
shape of the rear of the band profité £ 0.25 g/L). The best isotherm parameters derived by the IM are listédbie 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 aloagtheentr
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)  Csait(mM) gs1 (g/L) b1 (L/g) I gs2 (9/L) by (L/g) I
Sym Xtra Sym Xtra Sym Xtra Sym Xtra Sym Xtra Sym Xtra
NaCl (1) 100 151 143 0.140 0.129 0 0 8.3 8.6 25 49 0 0
20 165 118 0.068 0.086 0 0 4.4 4.7 .20 89 0 0
2 122 120 0.040 0.037 .B3 043 1.9 2.0 16 9.9 0 0
0 133 118 0.033 0.038 B0 013 1.3 0.4 (05} 0.5 4.6 321
NH4CI (1) 100 142 133 0.158 0.160 0 0 8.5 8.3 .94 48 0 0
N(CH3)4ClI (1) 100 143 133 0.177 0.179 0 0 8.5 8.1 .34 47 0 0
NapSOy (1) 33 143 135 0.132 0.120 0 0 6.3 7.1 .28 74 0 0
(NH4)2SOy (1) 33 138 112 0.145 0.16 0 0 7.0 7.0 A7 7.0 0 0
CaCb (Il 33 155 134 0.222 0.251 0 0 5.3 4.5 14 47 0 0
BaCkb (Il 33 155 132 0.252 0.274 0 0 5.1 4.9 43 41 0 0
AICl3 (1) 20 139 132 0.262 0.273 19 160 1.7 15 in 110 0 0

Optimization made on a band profile recorded after the injection of a 4 g/L solution of sodium 1-naphthalene sulfonate during 15s. Same ionit strength o
0.1 M for all salts. Methanol:water, 10:90 (v/v).
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ity, ¢s 1, and the adsorbate—adsorbate interaction parameterjon pair complexes between the charged compound studied
11, on the low-energy adsorption sites. The main reason for and the available counter-ions present in the mobile phase.
these discrepancies is that the IM method determines the val-\When no supporting salt is added to the mobile phase, the
ues of the parameters that lead to the best agreement betweeonly available counter-ion comes from the salt initially dis-
the calculated profile and an experimental band profile whosesolved, e.g., sodium and chloride for naphthalene sulfonate
maximum concentration is much lower than the largest con- and propranolonium, respectively. The presence of important
centration used in FA (2 g/L against 40 g/L). This effect arises concentrations of supporting salts must affect the formation
as a consequence of the relatively low concentration of the of these ion pairs and the equilibrium isotherms of the two
injected band and of its dilution along the column. compounds.

The total saturation capacities of the columgsgi(ac-
counts for more than 97% of the total saturation capacity) de- 4.2. Effect of the supporting salt concentration on the
rived from the FA data are quite similar on the two columns for overloading behavior of naphthalene sulfonate
propranolol (169 and 146 g/L for Symmetry and XTerra, re-
spectively, or0.57 and 0.49 mol/L, respectively) andfornaph-  Fig. 4 (top) shows the experimental overloaded band pro-
thalene sulfonate (147 and 149 g/L or 0.64 and 0.65 mol/L for files of naphthalene sulfonate on XTerraand Symmetry eluted
Symmetry and XTerra, respectively). The results of a compar- with four different mobile phases having increasing concen-
ison depend on whether the saturation capacity is reported tatrations of sodium chloride (0, 2, 20, and 100 mM). The
the mass or to the number of moles adsorbed. This is reasonhigher the counter-ion concentration, the higher the band re-
able since the molecule of propranolol is only slightly larger tention. This result could be explained by the parallel in-
than that of naphthalene sulfonic acid. The saturation capaci-crease in concentration of the neutral, highly retained, ion-
ties reported in g/L are close to those previously reported for pair sodium-naphthalene sulfonate. This explanation is sup-
the adsorption of neutral, low molecular mass compounds ported by the results of the IM applied to these experimen-
(e.g., phenol, caffeine, alkylbenzene, alkylbenzoate). Thesetal band profiles. The best band profiles calculated with this
results suggest that both the anion and the cation studied arenethod, on the basis of a bi-Moreau isotherm model, are
probably adsorbed as neutral complexes or ion pairs formedshown as the solid lines iRig. 4 (bottom), to be compared
with the available co-ions (sodium or chloride). Otherwise, with the experimental band profiles (dotted lines). There is a
repulsive electrostatic interactions between two adsorbatevery good agreement between these calculated profiles and
ions of the same charge would markedly reduce the satu-the experimental ones. The best numerical values of the co-
ration capacity of the adsorbents. We will discuss further this efficients of the bi-Moreau isotherm model are reported in
assumption in the next section in which the influence of dif- Table 2 Both the saturation capacity and the equilibrium con-
ferent counter-ions and their concentrations on the isothermsstant of the low-energy sites (sites 1) increase with increasing

of the two ions studied are investigated. concentration of the supporting salt.
The values of the low-energy adsorption constants of A similar behavior was observed in a previous study of the
the two compounds are similabi(~ 0.033L/g). This re- behavior of the organic cation propranolonium (§ég. 5

sult was expected since the mobile phase compositions (109413,14], with potassium chloride as the supporting salt. This
and 25% methanol) were adjusted in order to give compa- shows that, whether the analyte is positively or negatively
rable retention factors (around 3). It is noteworthy that the charged, the equilibrium constant always increases with in-
adsorbate—adsorbate interactions on the low-energy sites arereasing concentration of the supporting salt. In both cases,
much weaker with the sulfonate anioh ¢ 1.4) than with the displacement of the equilibrium towards the formation of
the propranolonium cation’{ ~ 7). This small value of the  the ion-pair complex explains this general result.
interaction coefficient explains why the isotherm of the sul-
fonate anion is antilangmuirian in a much narrower concen- 4.3. Effect of the nature and valence of the supporting
tration range than that of propranolol. salt on the overloading behavior of naphthalene

To summarize, the adsorption properties of sodium 1- sulfonate
naphthalene sulfonate and of propranolol chloride are quali-
tatively very similar on Symmetry-{g and on XTerra-gg In addition to the monovalent sodium chloride salt, two
in the absence of supporting salt in aqueous solutions of monovalent salts (NECI and N(CH)3Cl), four bivalent salts
close composition. All sets of FA isotherm data and all band (NaxSQy, (NH4)2S0O4, BaCh and CaCl), and one trivalent
profiles are well accounted for by the bi-Moreau model of salt (AICI3) were used as supporting salts, dissolved in a mo-
isotherm. The numerical values of the saturation capacities,bile phase containing 10% methanol. The ionic strength of
the adsorption energies and the adsorbate—adsorbate intetthe mobile phase was kept constant at 100 mM for every salt.
actions, although different for the two compounds, are typ- Their respective concentrations are giveiiatle 2 The cor-
ical of those derived for neutral compounds. These resultsresponding overloading band profiles obtained upon injection
suggest that it is unlikely that these ions adsorb as free sol-of 250uL of a 4 g/L solution of naphthalene sulfonate were
vated ions. Although the ions exist in solution, the apolgg C  recordedFigs. 6—-%how these chromatogranable 2gives
environment favors the formation and adsorption of neutral the best values of the parameters of the bi-Moreau isotherm
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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 gton Symm
and XTerra as a function of the salt concentration or ionic strength of sodium chloride in the mobile phase (methanol/water, 40768,286)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- However, the formation of a 1:2 complex between a biva-
tion. lent cation and the monovalent sulfonate anion is possible. If
The shape of all the band profiles is obviously langmuirian this mechanism is correct, we should expect that naphthalene
within the whole range of concentrations investigated for the sulfonate exhibits antilangmuirian behavior in the presence
monovalent and the bivalent saliSgs. 6—8. There is anim- of a salt of a bivalent cation, e.g., calcium chloride or barium
portant difference in the behavior of naphthalene sulfonate chloride. This is not so. The band profiles are langmuirian
and of propranololFig. 7 shows a langmuirian behavior (Fig. 8 and the adsorbate—adsorbate interaction coefficients
for the adsorption of the organic anion in the presence of are equalto Ofable 9. However, we note that the equilibrium
the bivalent salt disodium sulphate while the parameters in constanbs is larger in the presence of the bivalent cations of
Table 2confirm a bi-Langmuir isotherm/{ = I, = 0). By CaCb and BaCj than in that of any of the monovalent cations
contrast, in the presence of the same salt, the cation proprain NaCl, NH4Cl, N(CH3),Cl, NapSQy, or (NH4LSOy (b1 =
nolol exhibits an anti-langmuirian behavior on KromasilgC 0.25L/g instead of 0.15L/g). It might be that only one ion
Symmetry-Gg, and XTerra-Gg[13,14] Thisisconfirmedby  naphthalene sulfonate binds to the cation&'Gar B&* and
the value of the isotherm parametigrreported inTable 3 the complex is neutral because it includes one chloride ion.
value that is very different from 0. This difference is easily Finally, in the presence of a trivalent cation (AtLlthe
explained. It was shown in this earlier work that the antilang- adsorption behavior becomes antilangmuirian as expected.
muirian isotherm behavior of propranolol is explained by the This is illustrated by the band profiles Fig. 9 and by the
formation of a neutral complex between a sulphate anion andvalues of the parameters of the isothernTable 3 The be-
two propranolonium cations. This cannot happen with the havior of naphthalene sulfonate in this case is most similar
negatively charge sulfonic anion and the band profile like the to that of propranolol in the presence of salts with a bivalent
isotherm behavior remain langmuirian. anion[13,14] The adsorbate—adsorbate interaction parame-
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Fig. 5. Same as ifrig. 4, except analyte (propranololium), mobile phase composition (methanol/water, 10/90, v/v) and salt (potassium chloride). Note the
same trend as iRig. 4when the concentration of the salt is increasing.
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Fig. 6. Experimental band profiles of 1-naphthalene sufonate (injection qgiR8®a 4 g/L solution) with monovalent cations and anions in the salt{GIH
and N(CH)4Cl, 100 mM) on Symmetry and XTerrd. = 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 qiR®® a 4 g/L solution) with monovalent cations and the same bivalent
anion in the salt (Ng5Os and (NH;)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 2a0 of a 1.5 g/L solution) with NaSQ, (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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Table 3
Best isotherm parameters estimated by the inverse method (IM) for isotherm determination
SALT (anion valence)  Csait (MM) gs1 (9/L) b1 (L/g) Iy gs,2 (9/L) by (L/g) I
Sym Xtra Sym Xtra Sym Xtra Sym Xtra Sym Xtra Sym Xtra
KCI (1) 200 212 192 0.042 0.043 .D 0.2 166 7.4 0.6 13 9 097
50 158 135 0.025 0.030 .a 16 133 4.9 0.8 1.9 as 052
2 144 114 0.013 0.014 9 111 0.9 0.9 14.9 7.9 0 033
0 133 113 0.011 0.012 13 152 0.9 0.7 0.8 0.7 ®6 425
NaCl (1) 200 217 208 0.040 0.042 @ 0.1 157 5.7 0.7 1.3 7 097
CsClI (1) 200 185 167 0.040 0.043 @ 05 150 7.7 0.6 1.0 ®m9 080
CacCb (1) 66 195 196 0.038 0.035 =0 0.5 140 6.4 1.0 1.3 B4 113
NaxSOy (I1) 66 177 145 0.085 0.075 3 6.2 0.5 0.5 1.7 15 =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 strefgfioiof 0.2
all salts. Methanol:water, 40:60 (v/v).

ter I1 reaches the large value of 20 while it was practically pected and the simple bi-Langmuir isotherm model was used
to zero with salts of monovalent and bivalent anions. This to model the adsorption. The band profiles were calculated
difference between the behaviors of an organic anion andwith the equilibrium-dispersive model. The validity of these
an organic cation could well be explained by a lower affin- choices was confirmed by the shape of the bands, all typical
ity of the sulfonate anion toward common bivalent cations of a convex upward isotherm. The best values obtained for
compared to that of propranolol for common bivalent anions. the isotherm parameters are giverTable 4 The saturation
Noteworthy is the decrease of the saturation capacity of naph-capacitygs 1 and the equilibrium constard; on the low-
thalene sulfonates 2, from about 8 g/L (monovalent cations) energy sites increase with increasing size of the tetraalkyl
to 5 g/L (bivalent cations) and down to less than 2 g/L for the group, hence with its hydrophobicity. The large increase ob-
trivalent cation. The progressively larger size of the ion-pair served in the retention, hence the adsorption energy of the
complexes may restrict more and more the accessibility of cation demonstrates that the anion does not adsorb alone
the neutral complex to the high-energy sites. 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.

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 Symmetryg@ 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
mM (i.e., at the same concentration of 100 mM). It was nec-
essary to increase the methanol concentration of the mobile
phase to 30% instead of 10% for the other salts tested, in or-
der to keep the retention time of the anion within reasonable
limits and be able to record the four chromatograms with the

same methanol concentration. The retention times increasec ]\

5] N(CH)Br

2 '5/4

C [glL]

N(CH.),Br

0.8+

0.4- N(C,H.),Br

3 7

from a few minutes to about 50 minutes when one cation is 0.0 i
replaced by the next. 0 20 40

The injection of 25Q.L of a 5.75g/L solution of 1- Time [min]
naphthalene sulfonate was performed and the four corre-
sponding overloaded band profiles were used for isothermFig. 10. Comparison between the best calculated (IM, solid lines) and the ex-
determination using |MF|g 10shows the very good agree- periment_al (dotted_lines) overloaded band pr_ofiles of 1-naphthalene sulfonate
ment obtained between the best calculated and the experitted with four different tetraalkylammonium salts (A&, R=-C, -

! . . . CyHs, -C3H7, -C4Hg) on Symmetry-Gs. T = 296°K, flow rate 1 mL/min.

mental band proflles. Since the salt Con(_;entratl(_)n 1S ratherMethanoI:water mobile phase (30/70, v/v). Note the shift of the band profiles
high (100 mM), no adsorbate—adsorbate interactions are eX-+owards higher retention time with larger R alkyl groups.
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Table 4 band profiles reported for either the anionic or the cationic
Bestisotherm parameters estimated by the inverse method (IM) for isotherm Compound in the whole range of concentrations and nature
determination of the various salts dissolved in the mobile phase. This is also

SALT Csat (MM)  ¢s1(QL) b1 (LI9)  gs2(9lL) b2 (L/g) confirmed by the close values obtained for the saturation ca-

N(CHa)4Br 100 54.9 0.08533 3.7 1.06 pacities of the anion and the cation on the two commercial

EEEZL'S;AtSF 188 352’-(7) gégég g-i 15; columns used in this work (XTerra;gand Symmetry-gg)
3H7)4Br . . . . .

N(CaHo)aBr 100 86.3 07681 0 / and for several neutral compounds. The higher the valence

—— - —— of the counter-ion in the complex, the higher the likelyhood
Optlr'_nlzauon m_ade on a band profile recorded af_terthe|nject|0n_of§15.75 g/lL of the binding of more than one organic ion in the adsorbed
solution of sodium 1-naphthalene sulfonate during 15 s. Same ionic strength . X i o .
of 0.1 M for all salts. Methanol:water, 30:70, (v/v). 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-
The surface of the adsorbent becomes more and more homoyor, This suggest that different compounds, having different
geneous toward the ion-pair and a simple Langmuir isotherm affinities for the co-ions, will differ quantitatively in their ad-
model accounts well for the adsorption behavior of the sul- sorption behavior. The systematic acquisition of numerical
fonate anion with tetrabutylammonium as the counter-ion. results is needed to clarify this situation.
As shown for neutral molecules, progressive exclusion from  These results are not consistent with reports that the col-
the high-energy sites on the adsorbent might be the conseymn loadability is much lower for ionizable compounds than
quence of the increasing molecular size of the ion-pair com- for neutral ones. Work is in progress attempting to clarify the
plex. Noteworthy are also the low values of the saturation reasons for this apparent contradiction. For preparative pur-
capacities in the presence of tetraalkylammonium salts in theposes, it is clear that the mobile phases used for the purifica-
mobile phase (between 55 and 87 gflable 4 compared  tion of ionic compounds should contain sufficiently concen-
to those measured in the presence of inorganic salts (aroundrated buffers or supporting salts and preferably use co-ions
130 g/L,Table 9. The competition for adsorption betweenthe \ith a high valence. These buffers or supporting salts should
tetraalkylammonium salt in a large excess and 1-naphthalenepreferentially derive from co-ions having a high affinity for
sulfonate may eXpIain this difference between the Saturationthe Stationary phase (Strong hydrophob|c|ty and h|gh po]ariz_
capacities. Tetraalkylammonium salts have been known for gpjlity) to keep a high loading capacity and, in the same time,
a long time to adsorb on their own on hydrophobic surfaces. ayoid the high buffer concentration that could be inconvenient

for further desalting process or even detection.

5. Conclusion
Acknowledgments
Our results confirm and extend some of our previous re-
sults regarding the adsorption behavior of organic cations  This work was supported in part by grant CHE-02-44693
[13,14] by showing the great similarities between this be- of the National Science Foundation, by Grant DE-FG05-88-
havior and that of an organic anion, sodium naphthalene sul-ER-13869 of the US Department of Energy, and by the coop-
fonate. This suggests that the thermodynamics of adsorptionerative agreement between the University of Tennessee and
is very similar for organic anions and cations. the Oak Ridge National Laboratory. We thank Hans Liliedahi
In a mobile phase without salt, the best isothem model and lars Torstenson (Eka Nobel, Bohus, Sweden) for the gen-
is the bi-Moreau model, as shown by the FA and IM meth- erous gift of the columns used in this work and for fruitful
ods. The addition of increasing concentrations of salt into the and creative discussions.
mobile phase causes a progressive decrease of the adsorbate—
adsorbate interactions and the evolution of the isotherm from
a bi-Moreau to a bi-Langmuir model (with no adsorbate— References
adsorbate interactions). The increase of the salt concentration
in the mobile phase affects similarly the equilibrium isotherm  [1] F. Gritti, G. Guiochon, Anal. Chem. (2004) in press.
behavior and the overloaded elution band profiles of the or- [2] C. Horvath, W. Melander, I. Molnar, P. Molnar, Anal. Chem. 49 (1977)
ganic Catio.n and that of th.e anion. The saturation capacities [3] i.ziﬁl'y-Melin, Y. Askemark, K.-G. Wahlund, G. Schill, Anal. Chem.
of the two isotherm terms increase, the adsorbate—adsorbate” ~ ¢; (1979) 976.
interactions decrease, the equilibrium constant on the low- [4] A. Sokolowski, Chromatographia 22 (1986) 168.
energy sites increase and that on the high-energy sites de-[5] A. Sokolowski, Chromatographia 22 (1986) 177.
creaseTables 2 and B [6] I;ésla_oBrutto, A. Jones, Y. Kazakevich, J. Chromatogr. A 913 (2001)
A. reFentlon mec.hamsm based on the fo'rmat|0r} ofa ne.u_ [7] A. Jones, R. LoBrutto, Y. Kazakevich, J. Chromatogr. A 964 (2002)
tral ionic complex in the adsorbed phase is consistent with 179.
all the observations made, the evolution of all the parame- (g} F.F. cantwell, S. Puon, Anal. Chem. 51 (1979) 623.
ters measured, and the progressive changes in the overloaded9] 1. Hagglund, J. Sthiberg, Anal. Chem. 60 (1988) 1958.



F. Gritti, G. Guiochon / J. Chromatogr. A 1048 (2004) 1-15

[10] I. Hagglund, J. Sthiberg, J. Chromatogr. A 761 (1997) 3.

[11] I. Hagglund, J. Sthiberg, J. Chromatogr. A 761 (1997) 13.

[12] F. Gritti, G. Guiochon, J. Chromatogr. A 1028 (2004) 197.

[13] F. Gritti, G. Guiochon, J. Chromatogr. A 1033 (2004) 43.

[14] F. Gritti, G. Guiochon, J. Chromatogr. A 1033 (2004) 57.

[15] F. Gritti, G. Guiochon, J. Chromatogr. A 1047 (2004) 33.

[16] F. Gritti, G. Guiochon, J. Chromatogr. A 1038 (2004) 53.

[17] F. Gritti, G. Guiochon, J. Chromatogr. A 1041 (2004) 63.

[18] F. Gritti, G. Guiochon, Anal. Chem. (2004) in press.

[19] M. Moreau, P. Valentin, C. Vidal-Madjar, B.C. Lin, G. Guiochon, J.
Colloid Interface Sci. 141 (1991) 127.

[20] M. Jaroniec, R. Madey, Physical Adsorption on Heterogeneous Solids,
Elsevier, Amsterdam, The Netherlands, 1988.

[21] E.V. Dose, S. Jacobson, G. Guiochon, Anal. Chem. 63 (1991) 833.

[22] G. Guiochon, F. James, M. Sdpeda, Inverse Problems 10 (1994)
1299.

[23] G. Guiochon, F. James, M. Sdpeda, Int. Ser. Numer. Math. 129
(1999) 423.

15

[24] A. Felinger, A. Cavazzini, G. Guiochon, J. Chromatogr. A 986 (2003)
207.

[25] G. Guiochon, S. Golshan-Shirazi, A.M. Katti, Fundamentals of Prepar-
ative and Nonlinear Chromatography, Academic Press, Boston, MA,
1994.

[26] D.M. Ruthven, Principles of Adsorption and Adsorption Processes,
Wiley, New York, NY, 1984.

[27] M. Suzuki, Adsorption Engineering, Elsevier, Amsterdam, The Nether-
lands, 1990.

[28] P.W. Danckwerts, Chem. Eng. Sci. 2 (1953) 1.

[29] P. Rouchon, P. Valentin, M. Schonauer, C. Vidal-Madjar, G. Guiochon,
J. Phys. Chem. 88 (1985) 2709.

[30] P.Rouchon, M. Schonauer, P. Valentin, G. Guiochon, Sep. Sci. Technol.
22(1987) 1793.

[31] G. Guiochon, S. Golshan-Shirazi, A. Jaulmes, Anal. Chem. 60 (1988)
1856.

[32] M. Kele, G. Guiochon, J. Chromatogr. A 830 (1999) 55.

[33] F. Gritti, G. Guiochon, J. Chromatogr. A 995 (2003) 37.



	Comparison between the adsorption behaviors of an organic cation and an organic anion on several reversed-phase liquid chromatography adsorbents
	Introduction
	Theory
	Models of isotherm used
	The inverse method of isotherm determination
	Modeling of band profiles in HPLC

	Experimental
	Chemicals
	Columns
	Apparatus
	Measurements of the adsorption isotherm of propranolol and 1-naphthalene sulfonate by FA
	Measurements of the overloaded band profiles of propranolol

	Results and discussion
	Adsorption properties of anions and cations derived from frontal analysis data
	Effect of the supporting salt concentration on the overloading behavior of naphthalene sulfonate
	Effect of the nature and valence of the supporting salt on the overloading behavior of naphthalene sulfonate
	Effect of the hydrophobicity of the organic salt on the overloading behavior of naphthalene sulfonate

	Conclusion
	Acknowledgments
	References


