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Abstract

The influence of the salt concentration (potassium chloride) on the retention and overloading behavior of the propranoldHbatioRR
on an XTerra-Gg column, in a methanol:water solution, was investigated. The adsorption isotherm data were first determined by frontal analysis
(FA) for a mobile phase without salt (25% methanol, v/v). It was shown that the adsorption energy distribution calculated from these raw
adsorption data is bimodal and that the isotherm model that best accounts for these data is the bi-Moreau model. Assuming that the addition
of a salt into the mobile phase changes the numerical values of the parameters of the isotherm model, not its mathematical form, we used
the inverse method (IM) of chromatography to determine the isotherm with seven salt concentrations in the mobile phase (40% methanol,
v/v; 0, 0.002, 0.005, 0.01, 0.05, 0.1 and 0.2 M). The saturation capacities of the model ingtgdsea factor two ands , by a factor four,
with increasing salt concentration in the range studied while the adsorption cobsianteases four times arig decreases four times.
Adsorbate—adsorbate interactions vanish in the presence of salt, consistent with results obtained previouglf@ameasil column. Finally,
besides the ionic strength of the solution, the size, valence, and nature of the salt ions affect the thermodynamic as well as the mass transfer
kinetics of the adsorption mechanism of propranolol on the XTerra column.
© 2004 Elsevier B.V. All rights reserved.
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1. Intorduction tion of the experimental conditions of a separation. In most
cases, the complexity of the chromatographic system is
Reversed-phase liquid chromatography (RPLC) is the such that a fundamental understanding of the phenomena
technigue most widely used to perform biochemical, that take place in the column is lost. Accordingly, RPLC
biomedical, pharmaceutical or environmental separationshas become an empirical method, pursuing eclectic sep-
[1]. The new separation challenges that kept arising from arative goals, being practiced with sets of confused and
the constantly evolving practical applications encountered contradictory recipes, so that a sound understanding of the
in these areas have lead to the use of increasingly complexphenomena that take place during the separation process
experimental conditions. Most of the molecules analyzed is lost.
are ionized or can easily participate into proton exchange Fundamentally, chromatographic separations can be in-
with the mobile phase. Most mobile phases are not madeterpreted on the basis of the equilibrium thermodynamics
from a pure solvent nor a simple aqueous solution but con- of the solutes between the stationary and mobile phases
tain complex mixtures of salts and/or buffers. The selection [2—4]. The independent experimental acquisition of the
of these additives is an important aspect of the optimiza- adsorption isotherm, or the relationship at equilibrium be-
tween the amount adsorbed in the stationary phase and the
mspon ding author. Tel: 1-865-974-0733; cpnpentration in t_he mobile phase, allows an accurate pre-
fax: +1-865-974-2667. diction of the positions and shapes of the overloaded band
E-mail addressguiochon@utk.edu (G. Guiochon). profiles recorded in preparative chromatography provided a
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large enough number of plates of the column. The inverse was measured with FASection 2.). It was modeled us-
method (IM)[5-7], consisting in determining the adsorption ing a bi-Moreau model Section 2.2. Assuming that the
isotherm parameters from the overloaded profiles, cost lesssame isotherm model applies when the experimental condi-
from the experimental point of view but assumes always the tions are changed without altering profoundly the retention
isotherm model which might be wrong but still lead to a good mechanism and that only the numerical values of the model
agreement with the experimental profiles. For instance, we parameters vary, the band profiles of large samples of pro-
reported the simulation of overloaded band profiles of phenol pranolol were acquired and treated by IM to derive the best
elued in the gradient mod8] by using mixtures of methanol  values of the coefficients for a variety of salt concentrations
and water as the mobile from the measurement of the adsorp{Section 2.3.

tion isotherm of phenol by frontal analysis (FA) for different

composition of methanol in the aqueous mobile phH&e  2.1. Determination of adsorption isotherms by

and by FA by characteristic point (FACP) with pure water frontal analysis

[10]. The shape and the position of the band profiles of phe-

nol under gradient elution was then completely understood  FA [2,13,14]was used to measure the single-component
from the adsorption mechanism determined independently. adsorption isotherm data of propranolol on the XTerra MS
Itwas demonstrated that the band profile was the result of thec, g column, with a methanol:water solution containing no
following adsorption mechanism confirmed elsewhearH: salts. The derivation of the amount of the studied compound
phenol interacts with the adsorbent on two types of sites, theadsorbed on the column at equilibrium with a solution of

first one corresponding to the adsorption of phenol on the top known concentration is explained in detail elsewHas.
of the Gg-bonded phase with a low adsorption energy and

the second to the partition of phenol within thegéonded 2 2. Model of isotherm
layer.

In this work, we studied the adsorption behavior of & The simplest isotherm model for a homogeneous adsor-
charged molecule, thg-blocker propranolol (R-NBI-R), bent surface with lateral, i.e., adsorbate adsorbate, interac-
on a completely apolar adsorbent, the XTerig-€olumn,  {jong is the Moreau mod¢L6]. This model was considered
in the presence of a salt of increasing concentrations in ay, gescribe the adsorption data of propranolol onto the ad-
methanol:water mobile phase (composition 40/60, v/v). OUr g4rhent surface studied here. The results obtained suggested
initial goal was to clarify the apparent inconsistency in the 4 the surface was not homogeneous and would be better
adsorption behavior of propranolol from with and without o geled by assuming that it consists in patches of two dif-
salt in the mobile phase on endcapped Kromagi-{12]. ferent types of sites. So, we considered the following exten-
A bi-Moreau (a two-sites isotherm with lateral interactions gion of the Moreau model. a model that will be called here
in the adsorbed phase for both sites) and a bi-Langmuir e pi-Moreau model. This model assumes that a different

(a two-sites isotherm without lateral interaction in the ad- \oreau model applies to each type of sites, considered as
sorbed phase) isotherm were the best and simplest iSOthem?\omogeneous and acting independently: '

model accounting for by the adsorption of propranolol with-
oqt a:jnd Wit? salt intthE mobilﬁ f)hase, rgspectivc;ly. T?e . b1C+Ilb§C2 . b2C+12b§C2
raised question was to know what was going on when stepqd” = gs1 25 T ds2 52
by step, the concentration of the salt was increased from 0 1+201C+ hbiC 1+ 262C + DbyC

to 0.2 M. Then, once unified the adsorption behavior and (1)
the isotherm model of propranolol both with and without
salt in solution, the evolution of the isotherm parameters as
a function of the salt concentration (or the ionic strength
solution, J) will be estimated from the IM for isotherm
determination.

where ¢g* and C are the equilibrium concentrations in
the stationary and mobile phases, respectively, gs 2,
b1, by, Iy and I, are the monolayer saturation capaci-
ties, the low-concentration equilibrium constants, and the
adsorbate—adsorbate interaction parameters on sites 1 and 2,
respectively. Note that this model is nearly identical to the
Ruthven model developed for adsorption on zeol[tEd]
and for which the relationships between the coefficients in
the numerator and denominator are slightly different.

The equilibrium constants; andb, are associated with

2. Theory

In this work, the equilibrium isotherms of propranolol be-
tween an XTerra MS ¢ column (Waters, Milford, MA) and the adsorption enerai d th h the followi
a methanol:water (25/75, v/v) solution containing different 1SOrptic giea1 andea2 through the foflowing

i . . equation[17]:

concentrations of several salts were determined. The acqui-
sition of a large number of isotherm data would have been p, — pyeai/RT )
time consuming and would have required large amounts of
chemicals. Considerable savings were achieved without losswheree,; is the energy of adsorptior® is the universal
of accuracy by combining FA and the IM. One isotherm ideal gas constant; is the absolute temperature abgis a
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pre-exponential factor that could be derived from the molec- (mass transfer kinetics) that take place in the chromato-
ular partition functions in the bulk and the adsorbed phases.graphic column. The axial dispersion coefficient is related
bo is often considered to be independent of the adsorptionto the column efficiency under linear conditions through

energyea; [18]. the following equation:
The adsorbate—adsorbate paramdtean be written as
[16]: Q= u_L (5)
nn 2N
I'= exp(ﬁ) (3) whereu is the mobile phase linear velocity, the column

length, andN the number of theoretical plates or apparent
efficiency of the column, measured with a small sample.

In this model, the mass balance equation for a single com-
ponent is written:

whereeana is the interaction energy (by conventiega >
0) between two neighbor adsorbed molecules of compound
A (i.e., propranolol).

2.3. The inverse method aCc  aC ag* 92C
S us—+ P - D,

=0 6
3z ot 972 ©)

This method has been developed recefil§]. It con-
sists in calculating the isotherm that best accounts for onewhereg* andC are the stationary and mobile phase concen-
or, better, for a series of band profiles obtained upon the in- trations of the adsorbate at equilibrium, respectiveiy,the
jection of a large amount or of increasing amounts of the time, z the distance along the column, afid= (1 — €) /et
compound considered. In practice, IM affords the best nu- is the phase ratio, witk; the total column porosityg* is
merical values of the parameters of an isotherm model thatrelated toC through the isotherm equatiog = f(C).
is selected, depending on the shape of the band profile(s)
recorded. Its main advantage is that it requires only the mea-2.4.1. Initial and boundary conditions for the ED model
surement of these experimental overloaded band profiles. At ¢t = 0, the stationary phase is in equilibrium with
So, the IM spares much time and chemicals compared tothe pure mobile phase and the concentrations of solute in
“direct” methods, such as FA, which consists in measur- both phases in the column are uniformly equal to zero. The
ing adsorption isotherm data without assuming any isotherm boundary conditions used are the classical Danckwerts-type
model and in modeling these data. The isotherm model soboundary conditiong2,20] at the inlet and outlet of the
obtained is validated according to the degree of agreementcolumn.
between the experimental and calculated overloaded band
profiles, the latter chromatograms being calculated with the 2.4.2. Numerical solutions of the ED model
appropriate program of non-linear chromatography (e.g., the The ED model was solved using the Rouchon program
equilibrium—dispersive (ED) model of chromatography, see based on the finite difference meth[#j21-23]
next section). The measured and calculated band profiles
are compared by evaluating the following objective function

Obj: 3. Experimental

i=N
Obj = Z(cfim — P2 4) 3.1. Chemicals
i=1

, The mobile phase used in this work was a mixture of
where CS™ and C;* are, respectively, the calculated and methanol and water, 25:75 (v/v) for FA measurements
measured concentrations at poinamong the total ofvV and 40:60 (v/v) for IM because the retention factors in-
points recorded. All the experimental chromatograms used increase considerably in the presence of salt. Both solvents
this work contained betwees = 500 and 1000 points. The were HPLC grade, purchased from Fisher Scientific (Fair
isotherm parameters are adjusted to minimize the objectiveLawn, NJ, USA). Potassium chloride was dissolved at

function Eq. (4) using an optimization routine. various concentrations in pure water and methanol was
added to that solution to prepare the mobile phase. The
2.4. Modeling of band profiles in HPLC solvents used to prepare the mobile phase were filtered

before use on an SFCA filter membrane, @2 pore size
The overloaded band profiles of propranolol were calcu- (Suwannee, GA, USA). Thiourea was chosen to measure
lated, using the ED model of chromatogragi2+4]. The the column hold-up volume. Propranolol was the solute
ED model assumes instantaneous equilibrium between theused in this study. This is an amino alcohol of structure

mobile and stationary phases and a finite column efficiency C1ogH7;OCHOHCHNHCH(CHjs),. Itis used as @-blocker.
originating from an apparent axial dispersion coefficient, It was injected under its protonated form, as the hydrochlo-
D,, that accounts for the dispersive phenomena (molecu-ride. Thiourea and propranolol; potassium, sodium, and
lar and eddy diffusion) and for the non-equilibrium effects calcium chlorides; and sodium sulfate were all obtained
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Table 1 3.4. Measurements of the adsorption isotherm of
Physico-chemical properties of thejgbonded packed XTerra column propranolol by FA
(150 mmx 3.9mm)

Particle shape Spherical The adsorption isotherm of propranolol was measured in
Ei:te'cfiZZ'?Z)’@m) 1520 a mixture of methanol and pure water. The retention was so
Pore volumé (mi/g) 064 low With a 40:60 (v/v) spl_u_tion, in the absence of potassium
Surface area(m?/g) 176 chloride, that the acquisition of the experimental data was
Total carbon (%) 15.2 carried out with a lower methanol content, 25%. This was
Surface 90vera9wollmz) 217 necessary in order to obtain the accurate adsorption data
Egt‘;fi%?ﬁn oros gegs 40,6178 allowing the correct modeling of the FA data. The solubil-
porosity RN ity of propranolol is approximately 50 g/l in a 25:75 (v/v)
? Data for the packings before derivatization. aqueous solution of methanol. Accordingly, the maximum

Data from thiourea injections in a methanol/water mobile phase concentration used in FA was 40 g/|_ This avoids any risk of
(25/75, vlv, for FA).

¢ Data from thiourea injections in a methanol/water mobile phase prempltatlon of the compound in the instrument. Two m.aSter
(40/60, VI, for IM). solutions were prepared, at 10 and 100% of the maximum
concentration. Two consecutive FA runs were then per-
formed, starting from the lowest (first run, 7 points) to the
highest concentrations (second run, 21 points), and a total of
28 data points were acquired. One pump (A) of the HPLC
instrument was used to deliver a stream of the pure mobile

from Aldrich (Milwaukee, WI, USA). 3-Phenyl-propan-1-ol
was from Fluka/Sigma (St. Louis, MO).

3.2. Columns phase (methanol:water, 25:75, v/v) and a second pump (B
o for the 100% solution, C for the 10% solution) to deliver a
The column used in this study (XTerra M342150 mmx stream of the sample solution. The concentration of propra-

3.9mm) was given by the manufacturer (Waters Corpo- npolo| in the FA stream is determined by the concentration
ration, Milford, MA, USA). The main characteristics of  f the mother sample solution and by the flow rate fractions
the packing material used are summarizedable 1 The  gelivered by the two pumps. The breakthrough curves were
hold-up time was derived from the retention time of two con- recorded at a flow rate of 1 ml/min, with a sufficiently long
secutive thiourea injections. The column porosity remained time delay between each breakthrough curve to allow for
constant at 0.6178, whatever the salt concentration in theinhe complete re-equilibration of the column with the pure

mobile phase (40:60, v/v). This porosity depends only on mopjle phase between two successive measurements. The

the methanol concentration of the mobile phase. injection time of the sample was fixed at 6 min for all FA
steps in order to reach a stable plateau at the column outlet,
3.3. Instrument whatever the feed concentration applied. To avoid record-

ing UV-absorbance signals larger than 1500 mAU and the

The isotherm data and the overloaded band profiles werecorresponding signal noise observed at the highest concen-
acquired using a Hewlett-Packard (now Agilent Technolo- trations while keeping a large enough signal at the lowest
gies, Palo Alto, CA, USA) HP 1090 liquid chromatograph. concentrations, the detector signal was recorded at 325 nm
This instrument includes a multi-solvent delivery system for the 10% solution and at 331 nm for the 100% solution.
(tank volumes, 11 each), an auto-sampler with a 260 In each case, the detector response was calibrated accord-
sample loop, a diode-array UV-detector, a column thermo- ingly by using the UV absorbance at the plateau observed
stat and a data station. Compressed nitrogen and heliumon each breakthrough curve.
bottles (National Welders, Charlotte, NC, USA) are con-
nected to the instrument to allow the continuous operations 3.5. Measurements of the overloaded band profile of
of the pump, the auto-sampler, and the solvent sparging.propranolol in presence of salt in the mobile phase
The extra-column volumes are 0.058 and 0.93ml as mea-
sured from the auto-sampler and from the pump system, re- After FA was performed, the mobile phase was enriched
spectively, to the column inlet. All the retention data were in methanol (to 40%) in order to obtain measurable and ac-
corrected for this contribution. The flow-rate accuracy was curate band profiles within a reasonable retention time, thus
controlled by pumping the pure mobile phase at@3and limiting the amount of mobile phase needed. The addition
1 ml/min during 50 min, from each pump head, successively, of potassium chloride into the mobile phase shifts consid-
into a volumetric glass of 50 ml. The relative error was less erably the band position toward high retention times. Solu-
than 0.4%, so that we can estimate the long-term accuracytions with seven different salt concentrations in the mobile
of the flow-rate at 4ul/min at flow rates around 1 ml/min.  phase were prepared, 0, 0.002, 0.005, 0.01, 0.05, 0.1 and
All measurements were carried out at a constant temperatured.2 M. The injections of propranolol were made by using
of 23°C, fixed by the laboratory air-conditioner. The daily the auto-sampler syringe (2p0) at two different concen-
variation of the ambient temperature never exceetd&dC. trations, 1.5 and 30 g/l. The band profiles were recorded at
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325 and 331 nm after the injections of the 1.5 and 30 g/l so-

——No salt

lutions, respectively. The overloaded band profiles recorded 12004 ... KCl 0.2 M
and used with IM had between 500 and 1000 points. _ Y -----NaSO, 0.0667 M
2
£ 900+
4. Results and discussion £
c
The goal of our project was to investigate the influence g 600 +
of the buffer composition on the adsorption isotherm of I
ionic compounds. Initial measurements showed that the ionic ,
strength of the mobile phase also influences this isotherm.§ 300 :
Since it is impossible to change the buffer pH without also ] \ :
changing its ionic strength, the addition of a proper amount ’ \ :
of an inert salt is required in order to keep the ionic strength 01 : : . '. . : . .
of the mobile phase constant. The purpose of this work was 0 2 4 6 8
to determine whether and to which extent the adsorption be- Time [min]

havior of propranolol is affected by the mere addition of a _ . .
It in the unbuffered mobile phasda. 1demonstrates that Fig. 1. The addition of a salt to the mobile phase has nearly no effect
sa p g. on the isotherm characteristics of 3-phenyl-propane-1-ol. Sample: 10 mg

the addition of significant amounts of a sakt & 0.2 M) (250ul of a 409/l solution in the mobile phase). Column: XTerrgsC
has no appreciable effect on the isotherm characteristics 0f150 mmx 3.9 mm. Mobile phase, methanol/water, 50:50 (v/v) with no salt
a non-ionic Compound, pheny|_3_pr0pan_1_o|_ (solid line), 0.2M KCI (dotted line), or 0.0667 M N8O, (solid-dotted

In a previous work, we reported that the adsorption behay- "®)- Flow rate 1 mi/min. Temperature 2@.
ior of propranolol on an endcapped Kromasils&olumn
was accounted for by a classical bi-Langmuir model if the residual negatively charged surface silanol groups. In order
mobile phase contained an acetate buffe(0.2 M) and by to investigate this possibility, we used an XTerrgsCol-
a more unusual bi-Moreau isotherm model in an unbuffered umn, a brand of RPLC stationary phases that exhibits no
mobile phasg12]. This important difference in adsorption silanol activity, as demonstrated by the lack of retention of
behavior might have been explained by some specific ionic the cation Li" in the pH range 3—1[24]. When propranolol
interactions between the positively charged solute and theis dissolved in a water solution in the same concentration

XTerra Kromasil
1204 120
iy jy i
3 90 1 35 90
* *
© 60 © 60 A
30 1 30 4
0 ; : : : 0 . . . :
0 10 20 30 40 0 10 20 30 40
21- 21+
14 141
< =
[@)] =
= 2
*
S 7 T 74
0 : . . 0 : T .
0 1 2 3 0 2 4 6
Clg/L] Clg/L]

Fig. 2. Adsorption data of propranolol on the XTerrgs@nd Kromasil-Gg columns measured by FA. = 296 K, mobile phase methanol/water, 25/75 and
40/60 (v/v) with the XTerra and Kromasil columns, respectively. Note the change of the isotherm curvature from low to high concentrations irsboth case
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range as the one used in the FA measurement, the solutiorsolution of methanol in water, respectively. In both cases,
pH varies by less than 0.5 pH unit, around pH5.2 (for the isotherms are clearly convex upward at high concentra-
propranolol, K5 = 9.5 in pure water, hence,Ky, is ap- tions (above ca. 7.5 g/l) and obviously convex downward at
proximately 8.8 in a 40:60 (v/v) methanol:water solution low concentrations, below 5g/l. For XTerra, however, the
[25]). Accordingly, there should be no interactions between isotherm appears to be convex upward again at very low con-
propranolol and any ionic exchange or “active” sites on the centrations, below ca. 0.2 g/l, as supported by the decreasing
surface of the XTerra adsorbent. Scatchard plot in that low concentration rangégy( 3). As
In this work, we compare the adsorption isotherm behav- was done previously with the adsorption data on the Kro-
ior of propranolol in a neat aqueous solution of methanol on masil column[12], the isotherm data for the XTerra column
Kromasil-Gg and on XTerra and we discuss the influence of were successfully fitted to the Moreau and the bi-Moreau
a salt concentration on the equilibrium isotherm of propra- isotherm models. The regression analysis procedure con-
nolol in the system made of XTerra and a methanol:water verged toward a constant set of six independent parameters.
solution. The Fisher test value was high, about 40,000. The best pa-
rameters for the XTerra column weig;; = 1438¢/l, b1 =
4.1. Adsorption of propranolol on the XTerras£column 0.032311/g,I; = 6.66 (oreaan = 1.9RT), gs2 = 1.844ll,
and validation of the bi-Moreau model by = 0.823 /g, I = 1.37 (orepa =~ 0.3RT). The best pa-
rameters obtained with the Kromasil column werg ;3 =
Figs. 2 and 3how the adsorption data (isotherm plots and 1738 g/l, by = 0.013491/g,/1 = 7.47 (oreaa =~ 2.0RT),
Scatchard plots, respectively) of propranolol onto the XTerra ¢s2 = 1.899/l, b, = 0.084881/g,I> = 2349 (or epn =

and the Kromasil columns from a 25/75 and a 40/60 (v/v) 3.1RT).
Comparing these two sets of values, we observe first

that the main adsorption constaat, is more than twice

7- larger on XTerra than on Kromasil. This is because propra-
] o Tk N nolol is less soluble in a 25% than in a 40% methanol so-
“*** " lution. Secondly., the main saturation capacity;, of t_he
6+ * XTerra column is smaller than that of the Kromasil col-
Q * umn, probably because thggbonded chain density on its
(o *

surface (2.4@mol/mP) is lower than on the Kromasil sur-
face (3.6Qumol/m?). This difference in chain density arises
1 * from the difference in the surface chemistry of the two sur-
n 25/75 . faces. XTerra is a silica—methylsilane hybrid surface with a
. low density of free silanols. On the more numerous sites of
* type 1, the intermolecular interactions between propranolol
3 * molecules are similar, 1.9 and 2.0 times the thermal energy
b " o " ! on the XTerra and the Kromasil columns, respectively. On
q* [g/L] the other hand, although the saturation capacities of the sites
of type 2 gs2 >~ 2g/l) on the two columns are close, the
equilibrium constanb, and the intermolecular interaction
- Sk parameted; are of different orders of magnitude on the two
* * adsorbents. The adsorption constianis 10 times larger on
* x XTerra than on Kromasil while the propranolol-propranolol
3.31 * * interactions on those sites are 10 times lower on the XTerra
. column. The difference in the methanol concentrations of
* Kromasil % the two mobile phases cannot explain such large differences.
304 : 40/60 ** They must be related to the different chemistry of the two
*
*

Xterra

3.6

q*/C
»*

surfaces.

This result explains the large differences between the
two isotherm chord plots at low concentratioriSigs. 3
271, and 4 and between the shapes of the overloaded band
profiles recorded at low column loadingig. 4). The peak
on the XTerra column is almost symmetrical while it is

T T T
0 40 80 120 clearly skewed on the Kromasil column, showing that the
a* [g/L] anti-Langmuirian shape of the isotherm is more pronounced
Fig. 3. Scatchard plot representatiasf (C vs. ¢*) of the adsorption data at low concentrations Or_] the Kromasil F:O_I'_Jmn than on
of the XTerra-Gg and Kromasil-Gs columns presented ifig. 1 Note the XTerra column. In this last case, an initial concentra-

the difference in the curvature at very low concentrations. tion shock layer would be expected at low concentrations
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6.6 - XTerra Kromasil
3.34 *
*
*
Q *
o 84 . - .
-k\ *
o 3.0+ *
*
*
6.24 « «* -
** * *
* 2.7
*
6.0 T
0 1 2 3 0 1 2 3 4 5
C [g/L]
1.2 A
) < 091
2 2
(@] (@] 0.6 -
0.3 A
0.0
0 150 300 450 600 0 100 200 300 400 500 600
Time [s] Time [s]

Fig. 4. Adsorption data and band profiles of propranolol. (Top graphs) Scatchard plots of the Baja3nlow concentration range. (Bottom graphs)
Comparison between the experimental (dotted line) and simulated (solid line) band profiles of propranolol on the XTerra column (methanoV&ater, 25/
vlv; 60s injection of a 2g/l solution) and the Kromasil column (methanol/water, 40/60, v/v; 12s injection of a 4 g/l solution) at low column loading.
T =296 K, flow rate 1 ml/min. Calculation made by using the equilibrium—dispersive model of chromatography. Note the difference in shape of the two
profiles in agreement with the experimental isotherm chords (see upper graphs).

since the isotherm is initially convex upward, hence has an 4.2. Isotherm determination in the presence of salt in the
isotherm chord that decreases with increasing concentrationmobile phase by the IM

(Fig. 3. This shock layer cannot be seen because the axial

dispersion in the column and in the connecting tubes is too  We assume that the addition of salt (here, potassium chlo-
important compared to the intensity of the self-sharpening ride) to the methanol/water solution used as the mobile phase
effect at these low concentrations. Finalyg. 5shows an does not alter the nature of the isotherm but causes only vari-
excellent agreement between the experimental band profilesations in the numerical values of its parameters. Therefore,
and those calculated from the isotherm parameters afore-we assume that the isotherm behavior remains accounted for
mentioned and the equilibrium-dispersive model of chro- by the bi-Moreau model. The basis for this assumption is
matography. Note the important differences in the shapesthat the addition of a salt that is entirely dissociated should
of the band profiles obtained with the two columns, differ- not affect the dissociation nor the adsorption equilibria of
ences due to the different mobile phase compositions but,propranolol in the chromatographic system. The retention
more importantly, to the different adsorption behaviors on mechanism should not change abruptly nor the isotherm
the high-energy sites of the two surfaces. In fact the band is switch from a model to another one when the salt concen-
more retained on Kromasil in methanol:water (40:60) than tration in the mobile phase is changed. There should be con-
on XTerra in methanol:water (25:75). tinuity in the behavior of the system.

Despite some important quantitative differences between Seven different potassium chloride concentrations were
the adsorption isotherms of propranolol on the Kromasil and applied, ranging from 0 to 0.2 M. This time, the IM was used
the XTerra columns, the same bi-Moreau isotherm model for the determination of the six new sets of isotherm param-
accounts as well for the FA adsorption isotherm data on the eters, in order to save time and chemicals. For each salt con-
two columns. It allows an accurate prediction of the over- centration in the mobile phase (0, 0.002, 0.005, 0.01, 0.05,
loaded band profiles of this compound on the two columns 0.1 and 0.2 M), two 15 s, 250 injections of a propranolol
when no salt is present in the methanol:water mobile phase.solution were made, at low (1.5g/l) and high (30 g/l) con-

It is noteworthy that the same isotherm model accounts ascentrations. The advantage of performing two injections at
well for two inflection points in the propranolol isotherm very different concentrations is that the high loading-factor
on the XTerra column and for only one such point in its profile provides accurate information on the isotherm pa-
isotherm on the Kromasil column. rameters of the low-energy sites (those that are occupied
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Fig. 5. Comparison between the experimental (dotted line) and simu-
lated (solid line) band profiles of propranolol on the XTerra column
(methanol/water, 25/75, viv; 90s injection of a 40g/l solution) and the
Kromasil column (methanol/water, 40/60, v/v; 52s injection of a 36g/l
solution) at high column loading. = 296 K, flow rate 1 ml/min. Calcula-
tion made by using the equilibrium-dispersive model of chromatography.

at high concentrations) while the low loading-factor profile

provides more accurate data regarding the high-energy site

parameters. This is important in the present case in which
there is a large difference between the contributions of the
two types of sites to the overall Henry constant. It is impor-

tant to collect data in a wide concentration range in order

accurately to estimate the values of the six parameters of the

model.

Figs. 6 and ‘&how the fourteen chromatograms recorded
on the XTerra column, at lowF{g. 6) and high column
loadings Fig. 7). Obviously, the higher the ionic strength

of the mobile phase, the higher the band retention, whatever

the loading factor. Qualitatively, this behavior is consistent
with the adsorption of an ion pair complex formed with
a propranolol cation and a chloride anion. The higher the

concentration of potassium chloride in the mobile phase, the
higher the abundance of neutral propranolol complex, hence

a larger retention of the analyte.
In addition to the sharp increase of the retention time,
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Fig. 6. Evolution of the position and the shape of overloaded band profiles
of propranolol (injection of a 1.5 g/l solution during 15s) as a function of
the salt concentration or ionic strength of potassium chloride in the mobile
phase (methanol/water, 40/60, viZ).= 296 K, flow rate 1 ml/min. Note
that the displacement of the band toward high retention times when the
ionic strength solution increases.

ride concentrations (e.g., at 0.002 M in the inserEf. 7),

the front of the band exhibits two concentration shock lay-
ers separated by a diffuse boundary. The shock layer that
was expected in the chromatogramFiy. 4 because of the
strong initial convex upward shape of the isotherm at very
low concentrationsKig. 3 was not actually observed. It is
now detectableRig. 7). The injection inFig. 7 was per-
formed with the auto-sampler, the one kig. 4 with the
pump delivery system which has a larger extra column vol-
ume, in which more axial dispersion takes place, smoothing
markedly the front of the band profile. This result confirms
the validity of the isotherm parameters determined in the
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Fig. 7. Same as irFig. 5 except the injection of a 30g/l solution of

there is an important, progressive change in the shape of thgyropranolol. Note the change, not only in the position of the bands, but

high concentration band profiles. At low potassium chlo-

also of the shape of the band profiles.
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previous section for XTerra eluted with a mobile phase con- 20
taining no salt. The curvature of the isotherm is initially con-

vex upward (because the adsorbate—adsorbate interactions

taking place on the high-energy sites are quite weak), then 154 J=0.002 M
it becomes convex downward (because the high-energy sites
are saturated and the adsorbate—adsorbate interactions that
take place on the low-energy sites are strong), and it finally
ends up being convex upward again (when the low-energy
sites become close to saturation). This mechanism explains
also the curvature of the desorption profile, which is ini-
tially diffuse at high concentrations, experiences a shock
layer at intermediate concentrations, and finishes with a
long tail.

When the potassium chloride concentration becomes
large (typically beyond 0.05 M), the band profile becomes
more conventional and similar to the profiles obtained for
compounds having a convex upward isotherm (e.g., a Lang-
muir or bi-Langmuir isotherm). Actually, we will show 44
that the bi-Moreau model can also account for this kind
of band profiles with appropriate numerical values of the
isotherm parameters: the bi-Langmuir isotherm is a partic-
ular case of the bi-Moreau isotherm for which there are no
adsorbate—adsorbate interactions, g~ > = 0.

In order to determine the best numerical values of the
bi-Moreau parameters for each salt concentration, we used
IM. Fig. 8shows the agreement between the best calculated
band profiles and the experimental band profiles at high 0
loadings, for the seven different mobile phases. An excellent 200 400 600 800
agreement is observed between calculated and experimental Time [s]
profiles. Obviously, the bi-Moreau model predicts as well
the overloaded band profiles at very low Saflt ConCernratIC)nS’(dotted line) and the best calculated profiles found by the IM (solid
where the front and rear parts of the profiles are complex, line) on the XTerra column (methanol/water, 40/60, v/v; 15s injection
and at high salt concentrations, where the profile exhibits a of a 30 g/l solution) at high column loading for different concentrations
front shock and a diffuse rear boundary. As showFim 8, of potassium chloride salt in the mobile phage= 296K, flow rate
the f|tt|ng procedure gives a near|y perfect agreement for the 1.mI/min. The bi-Moreau mpdel was US?d in the IM. Notg that the S|mple
high concentrations parts of the bands. The prediction of theb|-LangmU|r V\_/ould have failed to describe the band profiles at. low ionic

. . . strength solution { = 0.05M). However, note that the best profile found
low concentration part of the band profile and particularly by the program lead to a certain disagreement between the calculated
that of its rear boundary is somewhat less satisfactory. ThiSand experimental profile for the lowest concentrations (overestimations
confirms that the parameters of the low-energy sites (i.e., compensate further underestimations).
gs.1, b1 andly) are assessed with more accuracy than those of
the high-energy siteg;§ 2, b» andI2). The latter parameters
are better derived from the profiles obtained with a second
injection, performed with a less concentrated solutkig. 9
shows the agreement achieved between the best band profileé A significant increase of the saturation capacity (by
derived from the IM procedure and the experimental band a factor 2 when [KCI] increases from 0 to 0.2M). A
profiles obtained for a 20 times lower loading. The new set  quasi-linear relationship is observed betwgen and the
of isotherm parameters is compared to those derived from solution ionic strength.
the high loading-factor injection iRigs. 10-15 e A significant increase of the equilibrium constant It is

Interesting conclusions can be drawn from the combina- reasonable to associate this result with the formation of
tion of these two series of isotherm parameters. First, the an ion pair complex between the propranolol cation and
evolution of all six parameters with increasing salt con-  the chloride anion. A quasi-linear relationship is observed
centration is the same, whether they were derived by IM  between the reciprocal af; and the logarithm of the
from the low or from the high concentration band profiles.  solution ionic strength (graph not shown).

The results inFigs. 10-15lead to some meaningful con- e A significant decrease of the adsorbate—adsorbate inter-
clusions regarding the adsorption of the propranolol cation actions on these sites (parametgj. This interaction
on the Gg-bonded XTerra column. Regarding the denser energy tends toward zero with increasing solution ionic

C[g/L]

10

T T T T T T T
150 180 210 240
Time [s]

J=01M

C [g/L]

Fig. 8. Comparison between the experimental profiles of propranolol

low-energy sites, we can conclude that increasing the ionic
strength solution leads to:
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024 Fig. 11. Best equilibrium constat, of the low energy sites found by
. using the IM procedure with the high and low loaded band profiles. Note
% the increase of the energy of adsorption with the salt concentration.
O . . .

strength, meaning that the bi-Moreau isotherm morphs
0.1

into a bi-Langmuir isotherm.

As for the less frequent high-energy sites, the increase of
the ionic strength solution leads to:

e A large increase of the saturation capacity (by a factor 4

500 600 700 800 when [KCI] increases from 0 to 0.2 M). The density of
Time [s] these sites tends toward a finite limit at high ionic strength.
e A strong decrease of the equilibrium constantBy con-
Fig. 9. Same as iifrig. 8 except the injection of a 1.5g/l solution. trast with what happens withy, a sharp discontinuity is

observed when the lowest amount of salt is added to the
pure methanol:water solution. A quasi-linear relationship
is observed between the reciprocabefind the logarithm

of the solution ionic strength.
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Fig. 10. Best saturation capaciy 1 of the low energy sites found by Fig. 12. Best adsorbate—adsorbate interaction paranigten the low
using the IM procedure with the high and low loaded band profiles. Note energy sites found by using the IM procedure with the high and low loaded
that the quasi-linear increase of this isotherm parameter with the salt band profiles. Note that the fast decrease of the propranolol-propranolol
concentration in the mobile phase. interactions when the salt concentration increases.



F. Gritti, G. Guiochon/J. Chromatogr. A 1033 (2004) 43-55

e
8 e -
Fa *
<' 6- /
=2
N K
) S
o ¥
i
i L
H —%— Low concentration injected
¥ ----- High concentration injected
24 f
0 T T T T T
0.00 0.05 0.10 0.15 0.20

lonic strength [mol/L]
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Fig. 15. Same as ifig. 12 regarding the isotherm parameter

o A decrease of the adsorbate—adsorbate interactions oringly, the nature of the salt was changed while keeping the
these sites. Molecular interactions between propranolol ionic strength of the solution constaffiig. 16 summarizes

cations are possible because these cations are actually adNe overloaded band profiles recorded after injection of the
sorbed as neutral ion pair complexes. The electrostatic S&me low and high concentration solutions of propranolol

repulsion between two propranolol cations is then essen-

as used in the experiments reported in the precedent sec-

tially canceled. This interaction energy becomes close to tions. The ionic strength of the solution was kept constant,
zero as soon as some salt is added to the mobile phase@t 0-2M. Obviously, the ionic strength of the solution does

However, the high ionic strength limit d does not seem
to be 0 (by contrast with the limit ofy).

4.3. Influence of the valence of the salt of the overloaded
profiles at constant ionic strength

A last important issue is whether or not the ionic strength
is the fundamental factor controlling the adsorption of
propranolol from an agueous solution of methanol. Accord-
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Fig. 14. Same as ifrig. 11 regarding the isotherm parametgr. Note
that the rupture found between 0 and 0.002 M.

not explain the whole variation of the retention time and
of the shape of the bands. The nature of the ions used is
important.

When the monovalent cation potassium was replaced
with the smaller monovalent cation sodium, we observed
no significant variation of the equilibrium constanis
and b2 (about 0.042 and 1.321/g, respectively) and only
relatively small variations of the saturation capacities; q
increasing from 190 to 208 g/l and; g decreasing from 8
to 6 g/l. The adsorbate—adsorbate interactions are still neg-
ligible on the first type of sites/{ = 0.076) and weak on
the second typelf ~ 1) as was observed with potassium
chloride.

When a bivalent cation like calcium (0.0667 M CacCl
J = 0.2) was used, we observed a significative decrease
of the equilibrium constanb; (from 0.042 to 0.0351/g).
Thus, it seems that, rather than the ionic strength, the total
ion concentration (i.e. ¥ 0.0667= 0.2 M) determines the
value of the adsorption constant on the sites of typé;1.
was equal to 0.037 I/g with a solution of KCl at 0.1 M &

0.1 M). None of the other isotherm parameters is markedly
changed.

Finally when a bivalent anion like SZO (0.0667 NaSQy,

J = 0.2M) was used, the shape and position of the bands
are drastically modified. Strong adsorbate—adsorbate inter-
actions (witheaa increasing from~0 to about two times
RT) now take place on the low-energy sites whose adsorp-
tion energy is markedly increased (from 0.042 to 0.0751/g).
The saturation capacitysg decreases by 20% of its value,
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Fig. 16. Evolution of the band profiles of propranolol on the XTerra
column at constant ionic strength= 0.2M (J = (1/2) ZC,-ziz) in the
mobile phase (methanol/water, 40/60, v/v) as a function of the size of the
cation (NaCl and KCl), the valence of the cation (Ca@hd KCI) and the
valence of the anion (NaCl and d&Qy). (Top graph) Injection during
15s of a 30 g/l propranolol solution. (Bottom graph) Injection during 15s
of a 1.5/l propranolol solution. Note in the insert of the lower figure,
the long tailing of extra-thermodynamic origin when sodium sulfate is
used as the salt.
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Fig. 17. Band profile recorded with Kromasilj&£when sodium sulfate

is present in the mobile phasé £ 0.2 M). The band profile is split into

two overlapped bands, suggesting a very slow desorption kinetics on the
high-energy sites 2.

origin puzzling. It deserves further investigations, now in
progress.

5. Conclusion

Our results demonstrate clearly that salts have a strong
influence on the characteristics of solid—liquid equilib-
ria, at least in the case of ionic compounds. The ionic
strength of the solution has a critical impact on the ad-
sorption behavior of ionic species on apolar solid surfaces.
Even on a completely apolar chromatographic adsorbent
(C1s-bonded XTerra column), the concentration of potas-
sium chloride in a methanol:water solution drastically mod-
ifies all the isotherm parameters of propranolol. However,
the best isotherm model remains the same, whatever the
ionic strength of the solution. The adsorption of propra-
nolol is accounted for by a model of the adsorbent surface
having two types of adsorption sites, with different ad-
sorption constants and saturation capacities, and on which
adsorbate—adsorbate interactions of different energies take

to 145 g/l. Regarding the high-energy sites, it seems that theplace. Adsorbate—adsorbate interactions are possible due to

desorption kinetics is very slow on these sites. It was impos-

sible for the program to fit correctly the band profiles at low
loading. The band tails for as long as 2.5 min. The kinetic
origin of this tail was confirmed by repeating the same ex-
periment on a Kromasil-{g column.Fig. 17looks as if the

band of propranolol were split into two overlapping bands.
The ED model could not predict this experimental band
profiles with any isotherm model. Experiments (not shown)

the formation of neutral ion pair complexes in the mobile
phase, between the propranolol cation and the chloride an-
ion. This model predicts accurately the low and the high
concentration band profiles recorded. The relative values of
the parameters of the model change significantly with the
salt concentration and this explains the important changes
in the band profiles.

Increasing the salt concentration from 0.002t0 0.2 M (i.e.,

demonstrate that the profile changes significantly with an by a factor 100) causes the saturation capacities of the low-
increase or decrease of the mobile phase velocity, confirm-and high-energy sites to increase approximately two- and
ing that the effect has, at least in large part, a kinetic origin. five-fold, respectively; the equilibrium constants of the low-

We have never seen such a profile yet and find its physicaland high-energy sites to increase four-fold and to decrease
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