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B and splitting in overloaded isocratic elution chromatography
II. New competitive adsorption isotherms
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Abstract

The equations of two new binary competitive isotherms models are derived. The first of these models assumes that the
isotherms of the two pure, single compounds have distinct monolayer capacities. Its derivation is based on kinetic arguments.
The ideal adsorbed solution (IAS) framework was applied to derive the second model that is a thermodynamically consistent
competitive isotherm. This second model predicts the competitive adsorption isotherm behavior of a mixture of two
compounds that have single-component adsorption behavior following a BET and/or a Langmuir isotherms. Both models
apply well to the binary adsorption of ethylbenzoate and 4-tert.-butylphenol on a Kromasil-C column (with methanol–18

water, 62:38, v /v, as the mobile phase). The best single-solute adsorption isotherms of these two compounds are the
liquid–solid extended multilayer BET and the Langmuir isotherms, respectively. The kinetic and thermodynamic new
competitive models were compared, regarding the accuracy of their prediction of the elution band profiles of mixtures of
these two compounds. A better agreement between experimental and calculated profiles was observed with the kinetic
model. The IAS model failed because the behavior of the ethylbenzoate/4-tert.-butylphenol adsorbed phase mixture is
probably non-ideal. The most striking result is the qualitative prediction by these models of the peak splitting of
4-tert.-butylphenol during its elution in presence of ethylbenzoate.
   2003 Elsevier B.V. All rights reserved.
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1 . Introduction [1–3]. Accordingly, the recovery yield and the
production rate of a given separation that an in-

The profiles of elution bands are largely controlled dustrial unit can achieve depend to a large extent on
by the thermodynamics of the phase equilibrium this thermodynamics, i.e., on the competitive equilib-
considered, particularly at high concentrations and rium isotherms of the feed components. For obvious
when the mass transfer kinetics is not very slow economic reasons, preparative chromatography must

be carried out at high concentrations. Not infrequent-
ly, the concentration of the injected sample is even
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matographic system are rarely linear. The stronger converse is forbidden. This first competitive model
the nonlinear behavior of the isotherm at the band leads to two possible single-component isotherms,
maximum concentration, the more skewed the band i.e., the isotherms obtained for one component when
profile and the lower the resolution of the band from the concentration of the other one is zero. The
its neighbors, hence the lower the recovery yield and extended liquid–solid Brunauer–Emmett–Teller
the production rate[1]. Accordingly, this behavior (BET) and the Langmuir isotherms are these two
affects also the resolution between bands, even at single-component isotherms. From these single-com-
high column efficiencies[1]. Strong nonlinear be- ponent isotherms, we derived the corresponding
havior is also associated with intense competition for thermodynamically consistent competitive isotherm
adsorption between components that are not re- model using the IAS theory. The thermodynamic
solved. This competition affects also the band res- consistency of this second set of competitive iso-
olution. To a lesser degree, the mass transfer kinetics therms is guaranteed by the IAS framework. Finally,
affects the precise shape of the elution bands, these two sets of competitive isotherm models are
dispersing the profiles predicted by thermodynamics compared with particular attention being paid to the
alone and smoothing its edges. For these reasons, the accuracy of their predictions of the experimental
use of computer-assisted optimization in the develop- band profiles of binary mixtures of ethylbenzoate and
ment of any new application of preparative liquid 4-tert.-butylphenol, using a packed Kromasil-C18

chromatography requires the prior determination of column and a mixture of methanol and water as the
accurate thermodynamic and kinetic data and the stationary and mobile phase, respectively. The band
proper modeling of these data, i.e., the derivation of profiles of the components of this binary mixture
the competitive isotherms of the feed components were previously described[18]. They are most
and of the rate coefficients of the various steps unusual, exhibiting an intense splitting of the band of
involved in the mass transfer kinetics across the 4-tert.-butylphenol. The ability of the new competi-
column [1–4]. tive isotherm models to describe this peak splitting

Numerous methods are available for the acquisi- effect is discussed.
tion of equilibrium isotherm data and for the deriva-
tion of single-component isotherms[1,5]. Frontal
analysis (FA)[1,5–7], elution by characteristic point

2 . Theory
(ECP) [1,8,9], and pulse methods[1,10] are the
fastest and the most convenient of them. They have
their own advantages and drawbacks which must be 2 .1. Determination of single-component isotherms
taken into account in any specific case, in order to by frontal analysis
minimize the errors of measurement and the costs
[1]. By contrast, investigations of binary or competi- Among the various chromatographic methods
tive equilibria remain far more limited[11–17]. available to determine single-component isotherms,
Because the acquisition of competitive isotherm data FA is the most accurate[1–4]. It consists in the
by FA or pulse methods is a far more ambitious step-wise replacement of a stream of mobile phase
project than that of the single-component isotherms, percolating through the column with streams of
the preferred method of derivation of competitive solutions of the studied compound of increasing
isotherms is from the single-component isotherms of concentrations, and in the recording of the break-
the components of the mixture involved through curves at the column outlet. Mass conserva-
[1,5,11,14,17].For this purpose, an assumption must tion of the solute between the times when the new
be made as to whether the adsorbed and the bulk solution enters the column and when the plateau
phases are ideal or not. concentration is reached allows the calculation of the

In this work, we first derived a new set of adsorbed amount,q*, of solute in the stationary
competitive adsorption isotherms, on the basis of phase at equilibrium with a given mobile phase
kinetic arguments, assuming that one of two com- concentration,C [1,5,14]. This amount is best mea-
ponents may adsorb on the second one but that the sured by integrating the breakthrough curve (equal
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area method)[19]. The adsorbed amountq* is given adsorbent andb is the equilibrium constant forL

by: surface adsorption–desorption over a layer of adsor-
bate molecules. This model accounts for local ad-C(V 2V )eq 0 sorption.]]]]q* 5 (1)Va

2 .3. Kinetic derivation of a binary competitivewhere V and V are the elution volumes of theeq 0
adsorption isothermequivalent area[19] and of the hold-up volume,

respectively, andV is the volume of stationary phasea
2 .3.1. Assumptions of the kinetic modelin the column.

Let A and B stand for the two compounds. The
following five assumptions are made in order to2 .2. Models of single-component isotherm
complete the isotherm derivation:
(I) The adsorption and the desorption of A and BThere are many models of single-component

follow a first order kinetics.isotherms but only two are useful in this work.
(II) Molecules of both A and B may adsorb on either

the solid surface or on adsorbed molecules of A.2 .2.1. The Langmuir isotherm
(III)Molecules of neither A nor B may adsorb on

This model is the most frequently used in studies
adsorbed molecules of B.

of liquid–solid chromatographic equilibria, in spite
(IV)The adsorbed phase is composed of a finite

of its semi-empirical nature[5]. It is written:
number,N, of layers, as shown inFig. 1.

(V) The total monolayer capacity for A and B arebC
]]q* 5 q ? (2)s not necessarily the same (q ± q ). Both are11 bC S,A S,B

independent of the number of the layer in the
In this model, q is the monolayer saturations multilayer system.

capacity of the adsorbent andb is the equilibrium
constant of adsorption. This model assumes that the2 .3.2. Definitions
surface of the adsorbent is homogeneous, that the The following parameters are used in the deriva-
adsorption is localized, and that there are no adsor- tion of the adsorption isotherm model:
bate adsorbate interactions. • q and q are the monolayer capacities ofs,A s,B

components A and B, respectively.
2 .2.2. The extended liquid–solid BET model • u is the fraction of the surface area of the0

The initial model BET model is the one derived by adsorbent that is free from adsorbate.
Brunauer, Emmett, and Teller. It is the most widely • u is the fraction of the surface area of layeriA,i
applied isotherm model in studies of gas–solid
equilibria. It assumes multilayer adsorption[5]. It

 

was developed to describe adsorption phenomena in
which successive molecular layers of adsorbate form
at pressures well below the pressure required for the
completion of the monolayer. The formulation of the
extension of this model to liquid–solid chromatog-
raphy was derived and detailed earlier[20]. Its final
equation is:

b CS
]]]]]]]]q* 5 q ? (3)s (12 b C)(12 b C 1 b C)L L S

whereq is the monolayer saturation capacity of thes Fig. 1. Scheme of the two-component adsorption model. Note the
adsorbent,b is the equilibrium constant for surface resulting structure of the adsorbed system due to the non-S

adsorption–desorption over the free surface of the adsorption on compound B.
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i5Nthat is occupied by molecules of A, and that is not
covered by any higher layer of adsorbate mole- q 5 q O iu 1 (i 21)u (4)f gA s,A A,i B,i

i51cules (with 1, i ,N).
i5N• u is the fraction of the surface area of layeriB,i

q 5 q Ou (5)that is occupied by molecules of B, and, accord- B s,B B,i
i51

ing to the assumptions of the model, cannot be
The principle of the kinetic method used now tocovered by any other molecules (with 1, i ,N).

derive the competitive equilibrium isotherms of A• C andC are the concentration of compounds AA B
and B consists in writing the 2N 1 1 surface frac-and B in the mobile phase, respectively.
tions occupied by the free surface and by com-• q andq are the concentration of compounds AA B
ponents A and B in each of the 1, i ,N layersand B in the adsorbed phase, respectively.

a d making the adsorbed phase. Then, we write equilib-• k and k are the rate constants of adsorptionS,A S,A
rium as:and desorption of compound A on the solid

surface, respectively. ≠uA,ia d ]]5 0• k and k are the rate constants of adsorptionS,B S,B ≠t (6)and desorption of compound B on the solid ≠uB,i
surface, respectively. ]]50 with 1, i ,N

≠ta d• k and k are the rate constants of adsorptionL,A L,A
Since there areN layers, this gives 2N equations.and desorption of compound A on any inter-

The normalization condition of the surface fractionsmediate local layer of compound A made on the
gives the last equation:solid surface, respectively.

a d
i5N• k and k are the rate constants of adsorptionL,B L,B

u 1O u 1u 5 1 (7)and desorption of compound B on any inter- f g0 A,i B,i
i51mediate local layer of compound A made on the

solid surface, respectively. We now derive the system of equations for each
layer. In the rest of this section, we use a separate
reference system for the equations. The equations are

2 .3.3. Combinations of parameters labeled with a double rank corresponding, the first to
a d a d• The ratiosb 5 k /k and b 5 k /k the rank of the equation systems that will be derived,S,A S,A S,A L,A L,A L,A

are the equilibrium constants of adsorption of the second to the rank of the layer considered, and
compound A onto the free solid surface and onto with a letter A or B depending on the corresponding
a layer made of molecules of A, respectively. compound for which the equation is written. Thus,

a d a d• The ratios b 5 k /k and b 5 k /k the equation labelled (2-iB) is the equation of theS,B S,B S,B L,B L,B L,B

are the equilibrium constants of adsorption of second system stating equilibrium in layeri for
compound B onto the free solid surface and onto compound B.
a layer made of molecules of A, respectively.

d d• r 5 k /k , with X5A or B. 2 .3.4.1. Development of the system of equationsX,A L,X S,A
d d Adsorption–desorption equilibrium on the first• t 5 k /k .B,A L,B L,A

layer. There are three ways for the surface fraction
u to increase:A,1

2 .3.4. Derivation of the amounts adsorbed • When A adsorbs on the free surfaceu .0

From these assumptions and definitions, one can • When A desorbs from the second layer.
calculate the amounts of compounds A and B that • When B desorbs from the second layer.
are adsorbed at equilibrium on the stationary phase. By contrast, there are three ways that the surface
If we keep in mind that the molecules of compound fraction u may decrease:A,1

B are never covered by molecules of another com- • When A adsorbs on the first layer.
pound (either A or B), it is easily demonstrated that • When B adsorbs on the first layer.
(seeFig. 1): • When A desorbs from the first layer.
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These different processes may be written as b C u 1 r u 1 r u 2 b r C uS,A A 0 A,A A,2 B,A B,2 L,A A,A A A,1

follows:
2 b r C u 2u 5 0 (2-1A)L,B B,A B A,1 A,1

a d d ak C u 1 k u 1 k u 2 k C uS,A A 0 L,A A,2 L,B B,2 L,A A A,1
b C u 2u 5 0 (2-1B)S,B B 0 B,1a d

2 k C u 2 k u 5 0 (1-1A)L,B B A,1 S,A A,1

b C u 1u 1 t u 2 b C uL,A A A,1 A,3 B,A B,3 L,A A A,2
For compound B, the situation is simpler. The

2 b t C u 2u 5 0 (2-2A)L,B B,A B A,2 A,2surface fractionu increases when B adsorbs on theB,1

free surface area,u , and it decreases when B0 b C u 2u 50 (2-2B)L,B B A,1 B,2desorbs from the first layer. According to our
assumptions, all other events do not affectu .B,1 ? ? ? ? ? ?
Hence:

b C u 1u 1 t u 2 b C uL,A A A, i21 A,i11 B,A B,i11 L,A A A, i
a dk C u 2 k u 50 (1-1B)S,B B 0 S,B B,1 2 b t C u 2u 50 (2-iA)L,B B,A B A, i A,i

Adsorption–desorption equilibrium on the second b C u 2u 5 0 (2-iB)L,B B A, i21 B,i
layer. By iteration to the second layer, we obtain a

? ? ? ? ? ?similar pair of equations for the variation of the
surface fractionsu andu :A,2 B,2 b C u 2u 5 0 (2-NA)L,A A A, N21 A,N

a d d ak C u 1 k u 1 k u 2 k C uL,A A A,1 L,A A,3 L,B B,3 L,A A A,2 b C u 2u 5 0 (2-NB)L,B B A,N21 B,N
a d

2 k C u 2 k u 50 (1-2A)L,B B A,2 L,A A,2

This system of equations must be completed with
a d the normalization condition (Eq. (7)).k C u 2 k u 5 0 (1-2B)L,B B A,1 L,B B,2

We may express the different surface fractions of
compound A as linear combinations of surfaceThis result is easily generalized to the cases of
fractions of A only, eliminating the surface fractionslayers i and N.
of compound B. Substitution of Eq. (2-2B) into Eq.Adsorption–desorption equilibrium on layer i
(2-1A) gives:The following equations are obtained:

11 b r C u 5 b C u 1 r u (3-1A)a d d a s dL,A A,A A A,1 S,A A 0 A,A A,2k C u 1 k u 1 k u 2 k C uL,A A A, i21 L,A A, i11 L,B B,i11 L,A A A, i

a d Following the same procedure for the similar2 k C u 2 k u 5 0 (1-iA)L,B B A, i L,A A, i

relationships for the third and second layers, we
a d obtain:k C u 2 k u 5 0 (1-iB)L,B B A, i21 L,B B,i

11 b C u 5 b C u 1u (3-2A)s dL,A A A,2 L,A A A,1 A,3

Adsorption–desorption equilibrium on layer N
The following equations are obtained: For the intermediate equation (layeri), we obtain:

a d 11 b C u 5 b C u 1u (3-iA)s dk C u 2 k u 5 0 (1-NA) L,A A A, i L,A A i21 A,i11L,A A A, N-1 L,A A,N

a d And finally, for layerN:k C u 2 k u 50 (1-NB)L,B B A,N21 L,B B,N

u 5 b C u (3-NA)A,N L,A A A, N21

2 .3.4.2. Resolution of the system of equation
Eqs. (2-1B)–(2-NB) contain onlyu and, to-Using the definitions and notations defined earlier, B, j

gether with Eq. (7), complete the new system ofthe system of 2N 11 equations just derived can be
equations.rewritten as follows:
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The next series of equations in the derivation of x 5 b C y 5 b CA L,A A A S,A A
the isotherm begins with Eq. (3-NA). Then, combin- x 5 b C y 5 b CB L,B B B S,B Bing Eqs. (3-NA) and (3-(N21)A), and continuing
with Eqs. (3-(i11)A) and (3-iA) until Eqs. (3-2A) Eqs. (4) and (5) combined with the equations just
and (3-1A), gives a series of simpler equations that derived lead to:
define an obvious series of equations:

i5N i5N
i21 i22u 5 b C u (4-NA) y O ix 1 x O (i 2 1)xS DA,N L,A A A, N21 A A B AqA i51 i52

] ]]]]]]]]]]5 (9)i5N i5Nqs,Au 5 b C u (4-(N-1)A) i21 i22A,N21 L,A A A, N22 11 y 1 y Ox 1 y x OxB A A A B A
i51 i52

? ? ? ? ? ?
i5N

i22u 5 b C u (4-iA)A,i L,A A A, i21 y 1 x y OxB B A AqB i52
] ]]]]]]]]]]5 (10)? ? ? ? ? ? i5N i5Nqs,B i21 i2211 y 1 y Ox 1 y x OxB A A A B Au 5 b C u (4-1A)A,1 S,A A 0 i51 i52

Eqs. (9) and (10) are the exact solutions of theNote that the parametersr and t haveX,A B,A
isotherm model if a finite numberN of layers isdisappeared. The geometric series is clear. It allows
assumed in the competitive model. If an infinitethe general solution of the system as:
number of layers is assumed in the model, the

i21u 5 b C b C u (5-iA)s dA,i L,A A S,A A 0 amounts of A and B adsorbed are easily derived by
using the classical limits of the sum of geometric

The fractional surface coverages by compound B series. So, provided thatx , 1, we have:
are now derived from Eqs. (2-1B)–(2-NB), rewritten

i5N i5Nas: 1 1i i21]] ]]]limOx 5 and limO ix 5 212 xN→` N→` (12 x)i50 i51u 5 b C u (4-B)B,1 S,B B 0

Accordingly, the limit of the isotherm model forN? ? ? ? ? ?
infinite is:

u 5 b C u (4-iB)B,i L,B B A, i21
qA
]
q? ? ? ? ? ? s,A

b C 1 b b C CS,A A S,A L,B A Bu 5 b C u (4-NB) ]]]]]]]]]]]]]]5B,N L,B B A,N21
12 b C 12 b C 1 b C 1 b C 1 b b 2 b b C Cs df s d gL,A A L,A A S,A A S,B B S,A L,B S,B L,A A B

(11)Hence, the general solution fori ±1:

i22 b C 1 b b 2 b b C Cq s du 5 b C b C b C u (5-iB) S,B B S,A L,B S,B L,A A BBs dB,i L,B B L,A A S,A A 0 ] ]]]]]]]]]]]]5 (12)
q 12 b C 1 b C 1 b C 1 b b 2 b b C Cs ds,B L,A A S,A A S,B B S,A L,B S,B L,A A B

The last fractional surface coverage is derived
2 .3.4.3. From competitive isotherms to single iso-from the normalization condition (Eq. (7)). It is:
therms

1 The single component isotherms of A and B can]]]]]]]]]]]]]u 50 i5N i5N

be derived from the competitive isotherms, Eqs. (11)i21 i2211 b C 1 b C O b C 1 b C b C O b Cs d s dS,B B S,A A L,A A S,A A L,B B L,A A
i51 i52 and (12), by lettingC 5 0 in Eq. (11) andC 50 inB A

(8) Eq. (12). Then, the isotherm equation for A becomes
that of the extended liquid–solid BET isotherm[20]

We can now derive the amounts of A and B (Eq. (3)), which is consistent with the strictures of
adsorbed at equilibrium. For the sake of simplicity in our multilayer adsorption isotherm model for A.
the equations, let: Similarly, the isotherm equation for compound B
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becomes that of the Langmuir model, which is also component gas–solid adsorption under the following
consistent with the model of adsorption isotherm two conditions[21]: (1) the concentrations of the
selected for B, which can form only a monolayer. two mixture components are much lower than that of

We note, however, that this model of competitive the solvent (dilute solutions). (2) The adsorption of
isotherm is not thermodynamically consistent. In the the solute must be strong.
next section we derive a thermodynamically con- Eq. (13) becomes:
sistent model of competitive isotherm using the IAS

a aframework. dp 5G dm 1G dmA A B B
an (14)i
]G 5 (at constantT )i Sf2 .4. Derivation of a thermodynamically consistent

binary adsorption isotherm from the single- whereG is the number of mole of solutei adsorbedicomponent isotherms per unit area of adsorbent. It is related to the number
of molesq adsorbed at equilibrium in the mixture byiUnder certain conditions, a competitive binary a volumeV by:adsisotherm can be derived from the single-component

adsorption isotherms of the two compounds studied. 1
]G 5 q V (15)i i adsThe thermodynamics of solid–liquid equilibrium for Sf

ideal, dilute solutions was derived by Radke and
Prausnitz[21], following the approach proposed by In the case of an ideal adsorbed solution, a simple
Myers and Prausnitz[22] for the competitive ad- relationship can be derived[21] between the molar
sorption of gas mixtures onto solids. This method is fractionsz of the mixture components adsorbed andi
applied here to derive the binary adsorption equilib- the adsorbed amounts of the single componentsq* ,i
rium isotherm of a mixture in reversed-phase liquid leading to the same spreading pressure as in the
chromatography (RPLC) from the single-component mixture:
isotherms obtained in the previous section. The

z z1framework of this theory is briefly recalled. A B
]]] ]] ]]5 1 or
G 1G G * G *A B A B

z z1 A B2 .4.1. Ideal adsorbed solution theory ]]] ] ]5 1 (16)*q 1 q q* qA B A BAssuming thermodynamic equilibrium between
the solution–solid interfacial region and the bulk

The thermodynamic condition of equilibrium be-liquid phase, the Gibbs adsorption isotherm relates
tween the adsorbed and the liquid phases provides anthe spreading pressure,p, applied by the adsorbed
additional relationship between the actual concen-phase onto the adsorbent surfaceS , and the excessf trationsC andC in the bulk solution and the molarA Badsorbed amounts of the components of a three-
compositionz of the adsorbed phase:icomponent system (solute A, solute B, and solvent

S) through the following equation: *C 5C (p)z theni i i

m a m a C CS dp 5 n dm 1 n dm (13) A Bf A A B B ]] ]]15 1 constant atT andp (17)C* C*A B
awherem is the chemical potential of componenti ini

mthe adsorbed phase andn is the invariant adsorption whereC* and C* are two functions ofC andC .i A B A B

amount of solutei that can be derived from the They are derived from the condition that the single-
variation of the bulk liquid phase that take place component spreading pressures are identical to that
upon its contact with the adsorbent[21]. of the mixture. The integration of the Gibbs ad-

The Gibbs adsorption isotherm derived for liquid– sorption isotherm (Eq. (14) applied for a single
solid adsorption is equivalent to the one for multi- compound) gives these relationships:
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C* i
a A when the concentration in the bulk mobile phase is*n (C )RT i i

] ]]]p(C* ) 5 E dC C :i i AS Cf i
0

p* Cs dA AC* C*i A

CRTV q* (C ) q* (C ) Aads i i A A
]] ]] ]]]5 E ?dC ⇒ E q bRTVi S,A S,AadsS C Cf i A ]] ]]]]]]]]]]5 E ? dCA0 0 S 12 b C 12 b C 1 b Cs ds df L,A A L,A A S,A A

0C* B

q* (C ) 12 b C 1 b CB B RTV L,A A S,A Aads]]]?dC 5 E ? dC (18) ]] ]]]]]]A B 5 ? q ln (20a)S,ACB S 12 b Cf LA A0

For compound B, we obtain:The mole fractions,z in the ideal adsorbed phasei

are derived from Eq. (17). Finally, from Eq. (16), the CB

amounts adsorbedq and q are obtained as func- q bRTVA B S,B S,Bads
]] ]]]]p* (C )5 E ?dCtions of C and C . B B BA B S 11 b Cs df S,B B

0As a conclusion, the IAS theory is a simple
method for the calculation of adsorption equilibrium RTVads

]]5 q ln 11 b C (20b)s dS,B S,B Bconcentrations for dilute solutions of strongly ad- Sf
sorbed components, using only data obtained from

Assume that the adsorbed phase layer is a threethe single-component adsorption equilibria at the
dimensional lattice with a fixed number of adsorptionsame temperature. This method will now be applied
sites for each layer. Letq be the maximum con-to the case when the single-component isotherms of S

centration of adsorption sites available for onecompounds A and B are the BET and the Langmuir
monolayer. Then:isotherms, respectively.

q 5 q 5 qS,A S,B S2 .4.2. Derivation of the competitive isotherms from
an extended liquid–solid BET and a Langmuir Eq. (18) (or the equality between the spreading
single-component isotherms pressures of the single-components A and B) and Eq.

The single-component BET isotherm for solute A (16) give a simple system of two equations with two
is:

unknowns,C* and C* . If the saturation capacitiesA B
b C had been different, a more complex system would beS,A A

]]]]]]]]]]q 5 q (19a)A S,A derived and only a numerical solution could be12 b C 12 b C 1 b Cs ds dL,A A L,A A S,A A

given. An analytical solution will be here derived by
The Langmuir single-component isotherm for solving the system:

solute B is:
12 b C* 1 b C*L,A A S,A Ab CS,B B ]]]]]]]212 b C* 5 0S,B B]]]q 5 q ? (19b) 12 b C*B S,B L,A A11 bS,B (21)

C CA B
]] ]]1 5 1Although these equations are not derived from C* C*A Bthermodynamic considerations but from a simple

This system is equivalent to:kinetic model assuming multilayer and monolayer
adsorption, respectively, we may apply them within

b C 1 b CS,A A S,B Bthe framework of the IAS theory and use them to ]]]]]C* 5A b 1 b b CS,A L,A S,B Bbuild up a binary isotherm model. The equations of
(22)this binary isotherm model,q C ,C andq C ,C b C 1 b Cs d s dA A B B A B S,A A S,B B

]]]]]C* 5Bwill be thermodynamically consistent with regards to b 2 b b CS,B L,A S,B A
the Gibbs isotherm equation (Eq. (14)).

Finally, from Eq. (17), the concentrations ofFrom Eq. (18), with a simple integration, we
derive the spreading pressure of the pure componentcomponent 1 and 2 adsorbed at equilibrium with the
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bulk liquid phase are: The Schwarz’s condition is satisfied which was
guaranteed by the framework of the IAS theory.

b 1b b C Cq C ,C f gs d S,A L,A S,B B AA A B As a result, Eq. (23) provides a thermodynamical-]] ]]]]]]]]]5
q 12b C 12b C 1b C 1b Cs ds dS L,A A L,A A S,A A S,B B ly consistent competitive isotherm for a dilute binary(23)

b 2b b C Cq C ,C f gs d S,B L,A S,B A BB A B mixture in a given solvent, assuming an extended]] ]]]]]]]]]5
q 12b C 12b C 1b C 1b Cs ds dS L,A A L,A A S,A A S,B B liquid–solid BET and a Langmuir isotherms for the

first and second single-components, respectively, andThe competitive isotherm must be thermody-
equal saturation capacities.namically consistent because the spreading pressure

Eq. (23) is not equivalent to Eqs. (11) and (12), asis a state function, since its differential is a total
could have been expected. The assumptions made indifferential. For a dilute ideal solution of two com-
the kinetic model are not consistent with the idea ofponents A and B in a solvent, the Gibbs adsorption
an ideal solution since the interaction of B over Aisotherm gives this differential. Assume an infini-
was allowed but the interaction of A over B wastesimal change in the concentrationsC and CA B

forbidden. In the IAS derived model, all the parame-during which the system remains at equilibrium
a b ters in the competitive isotherm are those from the(m 5m ), Then, at constant temperatureT, usingi i

two single-component isotherms, while in the kineticEq. (18), the differentialp95p /RT, is also a total
model, an additional independent constant is intro-differential:
duced representing the interaction between B over A.

dp 5G d(RT ln C )1G d(RT ln C )⇔dp9A A B B Furthermore, in the kinetic model, the saturation
G G ≠p9 capacities can be taken different.A B
] ] ]]5 ? dC 1 ? dC 5 ?dCS DA B AC C ≠C CA B A B

≠p9
]] 2 .5. Modeling of band profiles in high-performance1 ? dC (24)S D B≠C CB A liquid chromatography (HPLC)

The Schwarz theorem states that the mixed second
The profiles of the overloaded elution bandspartial derivatives of the functionp /RT must be

recorded experimentally were calculated using theequal to:
equilibrium-dispersive (ED) model of chromatog-

≠ ≠p9 ≠ ≠p9
raphy [1,5,23]. This model assumes instantaneous]] ]] ]] ]]? 5 ? ;S D S D≠C ≠C ≠C ≠CB A A B equilibrium between the mobile and the stationary

q V q (C ,C )≠ phases and a finite column efficiency, originatingi ads A A B
]] ]] ]]]G 5 ⇔ ?S Di S ≠C C from an apparent axial dispersion coefficient,D ,f B A a

that accounts for the dispersive phenomena (molecu-q (C ,C )≠ B A B
]] ]]]5 ? (25) lar and eddy diffusion) and for the non-equilibriumS D≠C CA B effects that take place in a chromatographic column.

The axial dispersion coefficient is:The calculation of the mixed second partial deriva-
tives of Eq. (25) gives after simplification:

uL
]D 5 (27)G G a≠ ≠A B 2N]] ] ]] ]? 5 ?S D S D≠C C ≠C CB A A B

where u is the mobile phase linear velocity,L the
G≠ 1A column length, andN the number of theoretical]] ] ]]]? 5S D 2≠C C D (C ,C )B A A B plates or apparent efficiency of the column.

2 In this model, the mass balance equation for a? b C (b 2 b )b b 1Cs f gA L,A S,A L,A L,A S,B A
single component is expressed as follows:

? 2b b b 2 b 1 b b 2 b bf s d g f gdL,A S,B L,A S,A L,A S,B S,B S,A

2D C ,C 5 12 b Cs d s d ≠C ≠C ≠q* ≠ CA B L,A A
] ] ]] ]]1 u 1F 2D 50 (28)a 2≠t ≠z ≠t ≠z? 12 b C 1 b C 1 b C (26)s dL,A A S,A A S,B B
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where q* and C are the stationary and the mobile Kele and Guiochon[25] and Gritti and Guiochon
phase concentrations of the adsorbate, respectively,t [26] (columns E6019, E6103 to E6106, E6021 to
is the time, z the distance along the column and E6024 and E6436) for their study of the repro-
F 5 (12´) /´ is the phase ratio at the solute con- ducibility of the chromatographic properties of
centration, with´ the total column porosity. The RPLC columns under linear and non-linear con-
concentrationsq* and C are related through the ditions, respectively. The main characteristics of the
isotherm equation,q* 5 f(C). bare porous silica and of the packing material used

are summarized inTable 1.
2 .5.1. Initial and boundary conditions for the ED The hold-up time of this column was derived from
model the retention time of uracil injections. With a mobile

At t 50, the concentrations of the solute and the phase composition of 62:38, the elution time of
adsorbate in the column are uniformly equal to zero, uracil is nearly the same as that of pure methanol or
and the stationary phase is in equilibrium with the sodium nitrate. The product of this time and the
pure mobile phase. The boundary conditions used are mobile phase flow-rate gives an excellent estimate of
the classical Dankwerts-type boundary conditions the column void volume. The void volume of the
[24] at the inlet and outlet of the column. column and its total porositye in methanol–waterT

(62:38, v /v) mobile phase are 2.40 ml and 0.5769,
2 .5.2. Numerical solutions of the ED model respectively.

The ED model was solved using the Rouchon
program based on the finite difference method[1]. 3 .3. Apparatus

The isotherm data were acquired using a Hewlett-
3 . Experimental Packard (Palo Alto, CA, USA) HP 1090 liquid

chromatograph. This instrument includes a multi-
3 .1. Chemicals solvent delivery system (tank volume, 1 l each), an

autosampler with a 25ml loop, a diode-array UV
The mobile phase used in this work was a mixture detector, a column thermostat and a computer data

of HPLC-grade water–methanol (62:38, v /v), both acquisition station. Compressed nitrogen and helium
purchased from Fisher Scientific (Fair Lawn, NJ, bottles (National Welders, Charlotte, NC, USA) are
USA). The same mobile phase was used for the connected to the instrument to allow the continuous
determination of the single-component adsorption operation of the pump and autosampler and solvent
isotherm data and for the recording of large size sparging. The extra-column volumes are 0.058 and
band profiles of the two single components and of 0.90 ml as measured from the autosampler and from
binary mixtures. The solvents used to prepare the the pump system, respectively, to the column inlet.
mobile phase were filtered before use on an SFCA
filter membrane, 0.2mm pore size (Suwannee, GA, T able 1
USA). Physico-chemical properties of the packed Kromasil-C (Eka)18

The solutes used were uracil, 4-tert.-butylphenol E6021 column

and ethylbenzoate. All were obtained from Aldrich Particle size 5.98mm
(Milwaukee, WI, USA). Particle size distribution 1.44

(90:10, % ratio)
˚Pore size 112 A3 .2. Materials

Pore volume 0.88 ml /g
2Surface area 314 m /g

A manufacturer-packed, 2503 4.6 mm Kromasil Na, Al, Fe content 11;,10; ,10 ppm
column was used (Eka Nobel, Bohus, Sweden, EU). Particle shape Spherical

Total carbon 20.0%This column was packed with a C -bonded, end-18 2Surface coverage 3.59mmol/mcapped, porous silica. This column (column E6021)
Endcapping Yeswas one of the lot of 10 columns previously used by
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All the retention data were corrected for this contri- One pump of the HPLC instrument was used to
bution. The flow-rate accuracy was controlled by deliver a stream of the pure mobile phase, the second
pumping the pure mobile phase at 238C and 1 ml / pump, a stream of the concentrated sample solution.
min during 50 min, from each pump head, succes- The concentration of the studied compound in each
sively, into a 50-ml volumetric glass. A relative error FA run is determined by the concentration of the
of less than 0.4% was obtained so that we can mother sample solution and the flow-rate fractions
estimate the long-term accuracy of the flow-rate at delivered by the two pumps. The breakthrough
4 ml /min at flow-rates around 1 ml /min. All mea- curves are recorded successively, at a flow-rate of

3surements were carried out at a constant temperature 1 ml /min, with a sufficiently long time delay be-
of 23 8C, fixed by the laboratory air-conditioner. The tween each breakthrough curve to allow for the
daily variation of the ambient temperature never reequilibration of the column with the pure mobile
exceeded 18C. phase. The injection time of the sample was kept

constant at 6 min for 4-tert.-butylphenol in order to
3 .4. Isotherm measurements by frontal analysis reach a stable plateau at the column outlet. For

ethylbenzoate, the injection time of the sample
The mobile phase composition at which single- depends on the time required to reach the plateau

component FA measurements are performed is first concentration and is progressively increased from 5
chosen depending on the retention factor of the to 8 min. To avoid any UV-absorption superior to
solutes at infinite dilution. In order to be able to 1500 mAU and increasing noise for each individual
acquire a sufficient number of data points and to solutes, the signals of 4-tert.-butylphenol and
achieve measurements of a satisfactory accuracy, the ethylbenzoate were both detected with the UV
retention factor should be neither too high nor too detector at 295 nm. The overloaded profiles needed
low. Values between 1and 5 are usually ideal. In this for the validation of the fitted isotherms were
study, the mobile phase composition will be also recorded after all the frontal analysis experiments
constrained by the nature of the isotherm of the two were done.
solutes involved, as we expect them to be for the
competitive models. As it will be shown later, for the 3 .5. Recording of the single-component injections
methanol–water composition of 62:32 selected in
this work, the isotherm of ethylbenzoate is well We recorded three types of profiles. The corre-
described by the extended BET model. The limit sponding injections lasted 0.30 min at 10% of the
retention factor at infinite dilution is between 4 and maximum concentration applied in the FA measure-
5, which is an ideal situation for FA measurements. ment, 1.00 min at 50%, and 2.00 min at 90% of this
Too high a methanol concentration would have given concentration. The boundary conditions used for the
a nearly linear isotherm, with which competitive calculation of the chromatograms of 4-tert.-
behavior would not have been easily modeled. The butylphenol and ethylbenzoate were assimilated to
isotherm of 4-tert.-butylphenol is well accounted for rectangular profiles.
by a Langmuir isotherm model. Because the re-
tention factor is rather high at of about 7, only 26 3 .6. Recording of the two-solute mixture band
data points were acquired instead of at least 30 as profile
usually done. Prior to the isotherm determinations,
approximate values of the solubilities of 4-tert.- A mixture of 4-tert.-butylphenol and ethylben-
butylphenol and ethylbenzoate in the mobile phase at zoate (40 g/ l each) was injected into the column,
23 8C were determined by stepwise additions of using the solvent delivery system. The time of
0.5 ml of the pure mobile phase into a volume of injection (120 s) was chosen long enough to maxi-
25 ml of a saturated solution, until complete dissolu- mize the competition between the two solutes in the
tion. Accordingly, the maximum concentrations used column. The corresponding band profile was mea-
in the FA measurements were 50 and 40 g/ l for sured accurately by collecting 43 fractions of 300ml
4-tert.-butylphenol and ethylbenzoate, respectively. (i.e., 22 droplets each), at a constant flow-rate of
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1 ml /min, between the elution time of 11 min to that
of 24 min. Aliquots of 10ml of the 43 fractions were
injected into the column using a methanol–water
(70:30, v /v) mixture as the mobile phase. After
preliminary calibration, the measurement of the areas
of the two separated peaks allowed the determination
of the concentration of each individual component in
the corresponding collected fraction. The individual
and total band profiles in the mixed zone are
reconstituted by assigning a time to each fraction.
This time is determined by the actual collection time
minus the time needed for the mobile phase to
percolate through the capillary joining the detector
cell and the collector vials (10 s at 1 ml /min).

The boundary condition used for the calculation of
the chromatograms of the mixtures of 4-tert.-
butylphenol and ethylbenzoate was assimilated to a
rectangular profile.

4 . Results and discussion

4 .1. Measurement and validation of the two single
isotherms

Fig. 2A shows the experimental adsorption iso-
therm data acquired by frontal analysis for 4-tert.-
butylphenol and ethylbenzoate (symbols). These data
were measured on the C -Kromasil column phase18

using a methanol–water (62:38, v /v) mixture as the
mobile phase. These two isotherms have very differ-
ent shapes. The isotherm of ethylbenzoate is an
anti-Langmuirian isotherm while that of 4-tert.-
butylphenol is langmuirian.Fig. 2B demonstrates
that, under linear conditions, 4-tert.-butylphenol is
more retained than ethylbenzoate at infinite dilution.
The initial slope of the former isotherm (i.e., its
Henry constant) is higher than that of the later. In the
low concentration range, the isotherm of 4-tert.-

Fig. 2. (A) Experimental single-component isotherm data (sym-butylphenol is above that of ethylbenzoate. However,
bols) of ethylbenzoate (connected stars) and 4-tert.-butylphenol

a clear reversal of the elution order takes place at (connected circles) on the packed Kromasil-C column with18
some intermediate concentration close to 5.5 g/ l. methanol–water (62:38, v /v) as the mobile phase. The solid lines

The isotherm data of 4-tert.-butylphenol are well are the best fitting isotherms using the extended liquid–solid BET
and Langmuir isotherm models.T5295 K. (B) Zoom of the initialaccounted for by a simple Langmuir model (Fisher
part of the experimental isotherm plots. Note the higher Henrynumber54022). The continuous line onFig. 2
constant for the langmuirian compound. (C) Adsorption energy

represents the best Langmuir isotherm. However, a distribution derived from the FA data of 4-tert.-butylphenol. Note
Toth isotherm[27,28] leads to a still better fit (Fisher the unimodal distribution slightly skewed toward the lower
number538 320), an improvement that is significant energies.
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 despite the higher number of parameters in the model
(3 instead of 2). The validity of this model is
confirmed by the adsorption energy distribution
calculated directly from the raw adsorption data (Fig.
2C): the energy distribution is unimodal but un-
symmetrical. It tails slightly toward the low energies
(as expected for a Toth isotherm) but is clearly not a
bimodal distribution (eliminating the Bi-Langmuir
isotherm as a model of the isotherm data). In the
context of our purpose, the study of the competitive
isotherm behavior of the two compounds and the
calculation of their band profiles, we will assume a
langmuirian adsorption behavior. Note that the val-
ues of the two parameters of the Langmuir model
(q 5164 g/ l and b50.05613 l /g) are consistentS

with those measured on a packed C Symmetry18

column eluted with a methanol–water (60:40, v /v)
mixture as the mobile phase (q 5141 g/ l andb5S

0.0619 l /g)[29]. The use of the Langmuir model to
calculate the profiles of three large bands gives
results in excellent agreement with the experimental
profiles (Fig. 3A).

The isotherm of ethylbenzoate is well accounted
for by a liquid–solid extended BET isotherm model.
The excellent agreement is characterized by a high
Fisher number of 46 850. This result was expected
since two homologous analytes, butyl- and pro-
pylbenzoates, exhibit this same adsorption isotherm
behavior in a most similar mobile phase, containing
65% of methanol[29,30]. The effects of a decrease
of the length of the alkyl chain compensates that of a
decrease of the methanol content of the mobile phaseFig. 3. Comparison between calculated (thick solid line) and
and their balance avoids a ‘‘linearization’’ or a experimental (symbols) band profiles of 4-tert.-butylphenol and
‘‘Langmuirization’’ of the isotherm[29]. Attempts to ethylbenzoate on the Kromasil-C column with methanol–water18

(62:38, v /v) as the mobile phase. (A) Injection of three solutionsfit the adsorption data to an anti-Langmuir or a
3of 4-tert.-butylphenol at 5.0, 27.5 and 50.0 g/dm during 18 s (Lfquadratic model failed because, giving low Fisher

0.5%), 60 s (L 9%) and 120 s (L 33%), respectively. (B)f fnumbers and isotherm parameters that have no Injection of a solution of ethylbenzoate at 4.0, 22.0 and 40.0
3physical sense. The best parameters found forq , b , g /dm during 18 s (L 0.3%), 90 s (L 8%) and 180 s (L 29%).S S f f f

3and b were 237.7 g/ l, 0.03136 l /g and 0.0111 l /g, Flow-rate 1 cm /min,T5295 K.L

respectively. Again, a comparison can be made with
the results obtained with butylbenzoate on the Sym-
metry column eluted with a solution of methanol– more carbon atoms in the alkyl chain, is more
water (65:35, v /v)[29]. The lower saturation capaci- hydrophobic than ethylbenzoate. Both adsorption
ty (164 g/ l) may be explained, in part, by the larger constants were about three times larger (0.0980 and
size of the molecule of butylbenzoate, which cannot 0.0396 l /g forb and b , instead of 0.03136 andS L

penetrate as deeply as ethylbenzoate amidst the 0.0111 l /g, respectively) than those found for
octadecyl chains. As expected, the adsorption con- ethylbenzoate. Finally, a good agreement is obtained
stants are larger because butylbenzoate, having two between the experimental and the calculated band
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 profiles (Fig. 3B). However, this agreement is not
excellent, as it often is, probably because the ED
model assumes a constant efficiency and a constant
column porosity. Thus, the model of chromatograph-
ic behavior used does not accurately predict the
experimental band profiles of ethylbenzoate at the
highest concentrations, e.g., beyond 15 g/ l. It is also
probable that the mass transfer kinetics depends on
the local solute concentration, as was already ob-
served for butylbenzoate beyond 5 g/ l on a C -18

bonded monolithic column[31]. The mass transfer
kinetics actually slows down at high concentrations
so that the ED model predicts too short retention
times and too high concentrations in the upper part
of the band (Fig. 3B). This explanation compounds
with the consequences of a decrease of the particle
porosity when multilayer adsorption takes place, an
effect which has also some impact on the isotherm
calculation [31]. Fig. 4B shows that, at a concen-
tration of ethylbenzoate of 40 g/ l in the mobile
phase, the equilibrium solid-phase concentration is
300 g/ l. As a first approximation, assuming a density
of 1 g/ l for the adsorbed analyte (the density of the
pure liquid is 1.051), the adsorbed ethylbenzoate
occupies 22% of the total void volume, a non-
negligible volume fraction.

Thus, the adsorption behavior of the compounds
selected in the chromatographic system studied here
follows a Langmuir model for the first one, an
extended liquid–solid BET model for the second.
This makes the binary adsorption behavior of their
mixtures most suitable for the application of the

Fig. 4. Comparison between the experimental isotherms (con-model of competitive isotherms developed earlier.
nected squares) of 4-tert.-butylphenol (A) and ethylbenzoatene (B)

The comparison of the band profiles measured and and the best fitting isotherms (solid lines) assuming distinct (q forS
calculated with this model will provide a test of the 4-tert.-butylphenol5164 g/ l, q for ethylbenzoate5237 g/ l) orS

validity of this model. the same saturation capacities for the two compounds (q forS

4-tert.-butylphenol5q for ethylbenzoate5170 g/ l). Note, still,S

the very good agreement between the experiment and the model.4 .2. Individual band profiles and the IAS
competitive model

A sample solution of 4-tert.-butylphenol and
ethylbenzoate containing 40 g/ l of each compound therm, is split into two parts. The larger mass
was injected into the column for 120 s. Fractions fraction (ca. 95% in this case) is eluted first, between
were collected as explained earlier and analyzed. The 8.6 and 17.0 min, as a large band with a front shock
individual band profiles of the two components were and a rear diffuse boundary. Then, the concentration
derived from these analyses (Fig. 5A and B,sym- remains very close to zero for about 2 min and,
bols). The concentration distribution of 4-tert.- finally, the smaller mass fraction (5%) is eluted as a
butylphenol, the compound with a Langmuir iso- small langmuirian band, with a front shock and a
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Fig. 5. Upper graphs: Comparison between simulated (solid lines) and experimental individual band profiles (star plots: ethylbenzoate; circle
plots: 4-tert.-butylphenol). On the left (A), the simulation is using the competitive isotherm model derived by the ideal adsorbed solution
(IAS) framework in Eq. (23). On the right (B), the competitive isotherm derived from kinetic argument, whose final result is summarized in
Eqs. (11) and (12), is used in the simulation. Note the qualitatively rather better agreement in B. Lower graphs: Zoom at very low outlet
concentrations (C , 0.20 g/ l) of the individual simulated profiles of 4-tert.-butylphenol (solid line) and ethylbenzoate (dotted line) using the
thermodynamically consistent (C) and the kinetically derived (D) models of competitive isotherms. Note that both models predict the band
splitting of 4-tert.-butylphenol.

regular rear diffuse boundary. The front of this ters are directly derived from those of the corre-
second band elutes just after completion of the sponding single-component isotherms. However, to
elution of the large band of ethylbenzoate. Such a be consistent with the IAS approach, the saturation
split band profile is extremely rare and must be capacities of both solutes must be the same, yet, they
related to the unusual reversal of the elution order of must also give single-component isotherms that are
the low and the high concentrations. This mirrors the in satisfactory agreement with the experimental
existence of the crossing of the two single-com- isotherm data.Fig. 4 shows that, for both com-
ponent isotherms as it is observed inFig. 2. pounds, there is a good agreement between the FA

The validity of the thermodynamically consistent data (symbols) and the best isotherms assuming that
model of competitive isotherms derived earlier (Eq. the two saturation capacities are equal to 170 g/ l.
(23)), using the IAS framework, was first tested. The Theb value of the Langmuir isotherm becomes
main advantage of this model is that all its parame- 0.05163 g/ l, theb and b constants of the BETS L



38 F. Gritti, G. Guiochon / J. Chromatogr. A 1008 (2003) 23–41

isotherm become 0.05012 and 0.01353 g/ l, respec- inFig. 6, however, none can represent correctly the
tively. The figure illustrates also that the compelling experimental results that we observed. We need a
need to modify the parameters of the best single- better way to account for the peak splitting.
component isotherms is the major drawback of the
use of a thermodynamically consistent model be- 4 .3. Individual band profiles and the kinetic
cause the saturation capacities of two solutes are competitive model
actually rarely close.

The results of the band profile calculations carried Two major differences exist between the IAS
out within this limitation are shown inFig. 5A that model just discussed and the kinetic competitive
compares the calculated (solid lines) and the ex- model initially derived. These are: (1) the two
perimental (symbols) individual band profiles. The saturation capacities are not supposed to be the same
general aspects of the two band systems are in good in the kinetic model, so that the parameters of the
global agreement, in spite of some serious local single component isotherms can be conserved; and
differences. The IAS competitive model fails proper- (2) one more degree of freedom is available since it
ly to describe the composition of the mixed elution is possible to select arbitrarily the value of the
zone eluted between 650 and 1000 s. Also the front constantb of adsorption–desorption of the lang-L,B

of the band of 4-tert.-butylphenol is eluted too early muirian compound (4-tert.-butylphenol) over a layer
and the model does not seem to account for the band of adsorbed molecules of the anti-langmuirian com-
splitting of the phenol. Finally, the profile of the pound (ethylbenzoate).
ester band is very different from the one measured The best agreement between the experimental and
by fraction collection. The reversal of the elution calculated profiles was obtained forb 5 0.026 l /g.L,B

order of the two components at high and low This value is more than twice the one of ethylben-
concentrations does not seem to have practical zoate (0.0111 l /g), which might be explained by the
consequences inFig. 5A. Yet, the competitive iso- higher hydrophobicity of thetert.-butyl group at-
therms predict some degree of band splitting, but a tached to the phenol ring. The isotherms of the two
large magnification of the concentrations is needed to compounds calculated with the IAS theory and with
visualize the second part of the band (Fig. 5C). the kinetic model are compared inFig. 7. The
Instead of accounting for 5% of the total mass calculated and experimental band profiles are com-
injected, as in the experimental profile, the second pared inFig. 5B. The individual profile of ethylben-
part of the calculated band represents only 0.01% of zoate is far more accurately accounted for with the
the mass injected. kinetic model than with the IAS model. The only

To better understand the formation of the second significant difference between calculated and ex-
peak of the phenol band, we calculated the band perimental profiles of the band of ethylbenzoate is at
profiles obtained for different values of the constant the band top. It mirrors the difference found for the
b of the Langmuir isotherm, keeping constant the single-component profiles (Fig. 3B). The kinetic
isotherm parameters of the ester and the injection model predicts the split of the band profile oftert.-
conditions (t 5 120 s,C 5 40 g/ l, Fig. 6). Whenb butylphenol. However, the significant improvementp 1,2

is smaller thanb (that is when the langmuirian observed is insufficient. The mass fraction of theS

compound is eluted before the BET compound under second part of the calculated band, at 0.20% of the
linear conditions, i.e.,Fig. 6A, b 5 0.03 l /g), no total amount injected, is still thirty times smaller than
peak splitting is observed. By contrast, forb 5 0.06 the 5% observed experimentally. Numerous attempts
l /g, a value barely larger thanb 5 0.05012 l /g, we at estimating the best model parameters that wouldS

observe the apparition of a second peak in the band predict a second peak having 5% of the injected
of the langmuirian compound. The mass under this amount remained unsuccessful. This shows that the
peak is small and represents less than 1% of the total kinetic model used here is too simple and must be
amount injected. Whenb is increased further, this improved. An obvious improvement could consist in
second peak increases and the two split peaks begin allowing the adsorption of molecules of the anti-
to overlap each other. Among the six cases presented langmuirian compound on any layer of molecules of
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Fig. 6. Influence of the adsorption–desorption constantb of the langmuirian compound (solid line) on the existence of the band splitting
during the mixture elution with an anti-langmuirian compound (dotted line). The simulation was carried out with the thermodynamically
consistent model described in Eq. (23).

the langmuirian one. The derivation of the corres- rived. The first model uses the ideal adsorbed
ponding model of binary adsorption is more complex solution theory to combine the extended liquid–solid
and will be investigated later. BET and the Langmuir single-component isotherms

into a binary isotherm model. This competitive
model is thermodynamically consistent. The second

5 . Conclusion model was derived from a simple kinetic argument.
It is also consistent with the extended liquid–solid

Two new competitive isotherm models were de- BET and the Langmuir isotherms as single-com-
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 ences for the profiles of the former compound at high
concentrations. The kinetic model predicts globally
better than the IAS-derived model the individual
band profiles of large amounts of the binary mixture
of these two compounds.

Both models predict the peak splitting that is
observed for the langmuirian compound and that
arises from their different elution order at low and
high concentrations. However, the calculated profiles
are not accurate. The size calculated for the second
peak of the band of 4-tert.-butylphenol is only 0.01%
with the IAS model, 0.20% with the kinetic model
instead of 5% observed experimentally. Work con-
tinues to investigate more complex models that could
account for the profiles observed. On a more practi-
cal viewpoint, the simplicity of the competitive
models derived allows fast calculations of band
profiles because the time consuming numerical solu-
tion of the IAS problem is not necessary.
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Fig. 7. Comparison of the two calculated competitive isotherms. sions.
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