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Abstract

Overloaded band profiles of phenol were measured on a C18-Kromasil column in gradient elution conditions. The mobile
phase used was a mixture of methanol and water. The volume fraction of methanol was allowed to vary between 0 and 0.5.
A general adsorption model, which expresses the amount of phenol adsorbedq∗ as a function of both its concentrationC and
the compositionϕ of the organic modifier (methanol) in the mobile phase, was empirically derived from previous independent
adsorption experiments based on frontal analysis (FA) and frontal analysis by the characteristic point (FACP). Accordingly, the
general model was an extension of the simplest heterogeneous model, the Bilangmuir model, to non-isocratic conditions. The
low-energy sites followed the classical linear solvent strength model (LSSM), but not the high-energy sites whose saturation
capacity linearly decreased withϕ. The general model was validated by comparing the experimental and simulated band profiles
in gradient elution conditions, in linear and non-linear conditions, as well. The band profiles were calculated by means of the
equilibrium-dispersive model of chromatography with a finite difference algorithm. A very good agreement was observed using
steps gradient (�ϕ) from 0 to 50% methanol and gradient timestg of 20, 25, 30, 40, 60, 80 and 100 min. The agreement was
still excellent for steps gradient from 5 to 45% (tg = 25 min), 5 to 35% (tg = 50 min), 5 to 25% (tg = 50 min) and 5 to 15%
(tg = 50 min). Significative differences appeared between experience and simulation when the slope of the gradient (�ϕ/tg)
became too strong beyond 3.3% methanol per minute. This threshold value probably mirrored the kinetic of arrangement of the
G18-bonded chains when the methanol content increased in the mobile phase. It suggested that the chromatographic system was
not in a full thermodynamic equilibrium state when very steep mobile phase gradients were applied.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The accurate modeling of band profiles in chro-
matography requires a priori fundamental knowledge
of the thermodynamics and kinetics of the phase equi-
librium involved in the separation studied[1–3]. When
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the solute mass transfer between the stationary and the
mobile phases across the column is not too slow, elu-
tion band profiles are largely controlled by the ther-
modynamics of phase equilibrium. So, for single com-
ponent bands, the relationship between the amount of
solute adsorbed on the stationary phase and its con-
centration in the mobile phase must be known. For the
separation of mixtures, the competitive isotherms of
their components are necessary. Knowledge of these
isotherms is required in the whole range of composi-
tion of the mobile phase used in the separation. Nu-
merous models of adsorption isotherms are available
to account for these adsorption data[1]. The modeling
of band profiles[3] and the optimization of prepara-
tive separations[4–6] have largely been studied under
isocratic conditions.

However, preparative separations are sometimes
performed in displacement or gradient elution chro-
matography. Although, for reasons related to the
difficulties and cost of the recycling of the mobile
phase, this mode is less favored than the isocratic
one for industrial separations, it would be useful to
have solid information comparing the performance
of gradient and isocratic elution chromatography for
some typical separations. This work could be used as
the technical basis of sound economical calculations.
Attempts have been made to calculate the elution pro-
files of high-concentration bands in gradient elution
[7–9]. The prediction of experimental band profiles
under gradient elution conditions was investigated
by El Fallah and Guiochon for low molecular-mass
compounds[10,11] and for moderate molecular-mass
biomolecules[12]. Recent works have investigated
the optimization by numerical methods of prepar-
ative separations in overloaded gradient elution
chromatography[13] and compared the optimum
performance of the different modes of preparative
liquid chromatography (elution, gradient and dis-
placement)[14].

For the sake of simplicity, these studies have
assumed that the Linear Solvent Strength Model
(LSSM) applies to the description of the variation of
the Henry constant with the organic modifier fraction
(ϕ). Also, a simple Langmuir isotherm model is most
often considered in theoretical studies to describe the
solute adsorption. Accordingly, the saturation capac-
ities of all the components are assumed to be equal
(to achieve thermodynamical consistency of the com-

petitive Langmuir isotherms) and are kept constant
over the gradient range (LSSM). The former assump-
tion is often reasonable for the separation of closely
related compounds which are structurally similar.
The latter one is probably valid as long as the am-
plitude of the gradient remains small, as is the case
for gradient elution chromatography of proteins like
lysozyme[12]. As the retention of proteins decreases
extremely fast with increasing organic content of the
mobile phase, the range of mobile phase compo-
sition experienced in their gradient elution is quite
narrow.

However, these approximations are incorrect in
many practical cases. Then, profile modeling based on
these assumptions would fail. We recently derived a
general isotherm model for phenol in water–methanol
solutions[15]. We demonstrated that the adsorption
of phenol on classical RPLC columns, from solutions
of methanol and water (ϕ = 0% [15], ϕ = 30 to 60%
[16]) [17] is controlled by the coexistence of two
types of adsorption sites. The low-energy sites follow
accurately the LSSM and their saturation capacity
is practically independent ofϕ. In other words, the
Henry constant of these sites is essentially governed
by the solubility of phenol in the mobile phase. As for
the high-energy sites, their Henry constant depends
in both the solubility of phenol in the mobile phase
and the number of these sites which increases with
decreasingϕ. We showed that this increase of the
number of high-energy adsorption sites is probably
related to the formation of new sites within the C18
bonded layer at low methanol content rather than with
the liberation of sites occupied by methanol, i.e. with
the competition for adsorption between methanol and
phenol [15]. Such a competition is improbable be-
cause of the very weak adsorption of methanol on the
C18-Kromasil column in pure water.

In this work, we investigate the use of our general
isotherm model[15] and show how the agreement
between calculated and experimental band profiles
validates it. We measured various overloaded band
profiles in gradient elution chromatography and
compare them to those calculated by means of the
equilibrium-dispersive model of chromatography
[1,3]. Finally, we discuss the validity of the model
under linear conditions and the effect of the slope of
the gradient on the agreement between experience
and calculation results.
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2. Theory

2.1. General model of isotherm for
gradient elution

The model used to describe the general adsorption
of phenol on a C18-Kromasil column was derived from
previous adsorption results[16,17]. Adsorption data
were acquired by FA using various solutions of water
and methanol, with a methanol volume fraction,ϕ,
between 0.30 and 0.60 and by FACP in pure water
(ϕ = 0). According to these two independent sets
of results, the following empirical model was derived
(seeFig. 1).

q∗(C, ϕ)= q1,0
b1,0 exp(−Sb1ϕ)C

1 + b1,0 exp(−Sb1ϕ)C

+ (q2,0 − Sq2ϕ)
b2,0 exp(−Sb2ϕ)C

1 + b2,0 exp(−Sb2ϕ)C

(1)

where the subscripts 1 and 2 refer to the low- and
high-energy sites, respectively,q1,0 is a constant,b1,0
andSb1 are the intercept and the slope of the plot of
ln(b1) versus the methanol fraction,ϕ, respectively,
q2,0 andSq2 are the intercept and the slope of the plot
of qS,2 versusϕ, respectively, andb2,0 andSb2 are the
intercept and the slope of the plot of ln(b2) versusϕ,
respectively. The best values of the numerical param-
eters of this general isotherm are given inTable 1.

This empirical model is based on the Bilangmuir
model which was shown to be the model that ac-
counts best for the adsorption isotherm data of phe-
nol in equilibrium with methanol–water solutions on
the RPLC Kromasil column. It is the simplest model
for a non-homogeneous surface, which it assumed to
be paved with only two types of homogeneous chem-

Table 1
Best empirical parameters coefficients of the general adsorption
isotherm

q1,0 123.3 g/l
b1,0 0.0464 l/g
Sb1 2.840

q2,0 111.3 g/l
Sq2 171.7 g/l
b2,0 0.5753 l/g
Sb2 4.558

ical domains, behaving independently[18]. Two fur-
ther remarks must be made: (1) the low-energy sites
follow the LSSM (their saturation capacity,qS,1, is
independent ofϕ); and (2) the saturation capacity of
the high-energy sites,qS,2, depends strongly on the
mobile phase composition, it increases linearly with
decreasingϕ.

2.2. Modeling of band profiles in overloaded
gradient elution chromatography

The overloaded band profiles recorded under var-
ious experimental conditions were compared with
profiles calculated using the general isotherm de-
scribed earlier and the equilibrium-dispersive model
(ED) of chromatography[1,3,19,20]. The ED model
assumes instantaneous equilibrium between the mo-
bile and the stationary phases and a finite column
efficiency originating from an apparent axial disper-
sion coefficient,Da, that accounts for the dispersive
phenomena (molecular and eddy diffusion) and for
the non-equilibrium effects that take place in a chro-
matographic column. The axial dispersion coefficient
is:

Da = uL

2N
(2)

whereu is the mobile phase linear velocity,L the col-
umn length, andN the number of theoretical plates or
apparent efficiency of the column.

In this model, the mass balance equation for a single
component is written:

∂C

∂t
+ u

∂C

∂z
+ F

∂q∗

∂t
= Da

∂2C

∂z2
(3)

whereq∗ andC are the stationary and the mobile phase
concentrations of the adsorbate, respectively,t is the
time, z the distance along the column, andF = (1 −
εt)/εt is the local phase ratio, withεt the total column
porosity at timet and distancez. q∗ is related toC
through the isotherm equation,q∗ = f(C). Eq. (3) is
a local equation, valid everywhere in the column.

2.2.1. Numerical solutions of the ED model
The mass balance equation was integrated nu-

merically using a finite difference method[13,21].
The algorithm replaces the right hand side of the
mass balance equation (dispersion term) with zero,
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Fig. 1. Influence of the methanol volume fractionϕ in an aqueous mobile phase on the saturation capacity and the equilibrium constant of
both types of sites which describe the retention of phenol on the Kromasil-C18 column (Bilangmuir isotherm) betweenϕ = 0 and 0.65.
The first graph is the plots of the saturation capacities of each type of sites (i = 1 low-energy sites;i = 2 high-energy sites) vs. the
methanol concentration in the mobile phase. Note the constant value ofqS,1 and the linear decrease ofqS,2. Plots of the logarithm of the
adsorption constant vs. the methanol concentration in the mobile phase. Note the same effect of the methanol fraction on both adsorption
constants (solubility effect).
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and the length and time increments of the numerical
integration are chosen so that the numerical disper-
sion balances the dispersion effect caused by the
apparent diffusion coefficientDa. In gradient elution
chromatography, only the backwardt−1—backward
calculation scheme is preferred for reasons explained
elsewhere[1]. Eq. (3) is then discretized as follows:

Cz,t − Cz,t−�t
�t

+ u
Cz,t−�t − Cz−�z,t−�t

�z

+ F
q∗
z,t − q∗

z,t−�t
�t

= 0 (4)

where�z and�t are the space and the time incre-
ments, respectively.Eq. (4)rearranges into:

Cz,t + Fq∗
z,t =Cz,t−�t + Fq∗

z,t−�t

− u
�t

�z
(Cz,t−�t − Cz−�z,t−�t) (5)

The algorithm becomes identical to that of the Craig
machine when the length increment is�z = L/nc,
wherenc is the number of cells in the Craig machine
equivalent to the column, that isnc = Nk/(k+ 1) [1],
and the time increment is�t = �z/u. This means that
the mobile phase moves exactly by one cell for each
time unit,�t. However, the integration carried out as
described above does not provide directly the axial dis-
tributions of the mobile and the stationary phase con-
centrations.Eq. (5)gives only, once the concentration
distribution in the column is known in the cellz at the
time t −�t, the total amount,Cz,t + Fq∗

z,t , present in
the cellz at time t. Hence,Cz,t andq∗

z,t must be cal-
culated individually to continue the iteration process
given by Eq. (5). This is numerically done by using
the expression ofq∗ versusC (Eq. (1)).

The local value of the phase ratioF (and conse-
quently that ofu, the interstitial velocity) is actu-
ally not uniform along the column but it varies as
the front ramp of the gradient moves along the col-
umn because the local porosity depends on the mobile
phase composition. As the variation is small, how-
ever, the total porosity will be kept constant in the nu-
merical solutions of the ED model. Later, we discuss
the choice of the value of this parameter used in the
calculation.

2.2.2. Initial and boundary conditions
for the ED model

At t = 0, the concentrations of the compound stud-
ied (i.e. of the solute and the adsorbate) in the column
are uniformly equal to zero, and the stationary phase is
in equilibrium with the pure mobile phase containing
the initial volume fractionϕ0 of methanol. The bound-
ary conditions used are the classical Danckwerts-type
boundary conditions[1,22] at the inlet and outlet of
the column. In all the calculations, the inlet profiles
are assumed to be rectangular profiles of widthtp The
injection is followed by the programming of a linear
solvent gradient atz = 0, thus:

ϕ(t,0) =




0, 0 ≤ t ≤ tp

ϕ0 + �ϕ

tg
(t − tp), tp ≤ t ≤ tp + tg

ϕ0 +�ϕ, t ≥ tp + tg

whereϕ0 and�ϕ are the initial methanol fraction and
the height of the linear gradient procedure andtg is the
time duration of the gradient. The ramp is assumed to
move through the column with the interstitial velocity
u. We defineβ as the slope of the gradient,β = �ϕ/tg.

3. Experimental

3.1. Chemicals

The mobile phase used in this work consists in so-
lutions of methanol and water of variable composi-
tion. Both solvents were of HPLC grade and purchased
from Fisher Scientific (Fair Lawn, NJ, USA). The mo-
bile phase was filtered before use on an surfactant free
cellulose acetate filter membrane, 0.2�m pore size
(Suwannee, GA, USA). Thiourea was chosen to mea-
sure the column hold-up volume at different methanol
contents in the mobile phase. Phenol was used as the
sample in this work. Thiourea and phenol were ob-
tained from Aldrich (Milwaukee, WI, USA).

3.2. Materials

A manufacturer-packed, 250 mm× 4.6 mm Kro-
masil column was used (Eka Nobel, Bohus, Swe-
den, EU). This column was packed with particles of
C18-bonded, endcapped, porous silica. This column
(Column #E6022) was one of the lot of 10 columns
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Table 2
Physico-chemical properties of the packed Kromasil-C18 (Eka)
Column #E6022

Particle size 5.98�m
Particle size distribution (90:10, % ratio) 1.44
Pore size; pore volume 112 Å; 0.88 ml/g
Surface area 314 m2/g
Na, Al, Fe content (ppm) 11;<10; <10
Particule shape Spherical
Total carbon 20.0%
Surface coverage 3.59�mol/m2

Endcapping Yes

previously used by Kele and Guiochon[23] and Gritti
and Guiochon[24] (Columns E6019, #E6103–E6106,
#E6021–E6024 and #E6436 for their study of the
reproducibility of the chromatographic properties of
RPLC columns under linear and non-linear condi-
tions, respectively. The main characteristics of the
bare porous silica and of the packing material used
are summarized inTable 2.

The hold-up time of this column was derived from
the retention times of two consecutive injections of
thiourea at variable methanol contents after the col-
umn was let to equilibrate for an hour at a given mo-
bile phase composition. Thiourea is a suitable organic
marker for the determination of the hold-up volume,
because it gives the same value of the hold-up time as
the one determined from the retention times of a few
components belonging to the same homologous se-
ries. The increase of the elution time of thiourea with
decreasing methanol concentration is due to the larger
accessible pore volume, not to a significant adsorption
of thiourea on the C15-bonded adsorbent[25,26].

3.3. Apparatus

The overloaded band profiles of phenol were
acquired using a Hewlett-Packard (now Agilent Tech-
nologies, Palo Alto, CA, USA) HP 1090 liquid chro-
matograph. This instrument was preferred to others
available because it has a very small volume between
the mixing chamber and the column inlet. This in-
strument includes a multi-solvent delivery system
containing three solvent tanks of volume 1 l each.
The tanks were filled, tank A with pure water, tank
B with the phenol solution in pure water, and tank C
with pure methanol. The instruments includes also an

auto-sampler with a 250�l sample loop, a diode-array
UV-detector, a column thermostat and a data station.
Compressed nitrogen and helium bottles (National
Welders, Charlotte, NC, USA) are connected to the
instrument to allow the continuous operation of the
pump, the auto-sampler, and the solvent sparging.

The extra-column volumes are 0.058 and 0.93 ml as
measured from the auto-sampler and from the pump
mixer system, respectively, to the column inlet. All the
retention data were corrected for this contribution. The
flow-rate accuracy was checked by pumping the pure
mobile phase at 23◦C and 1 ml/min during 50 min,
from each pump head, successively, into a volumet-
ric glass of 50 ml. The relative error was<0.4%, so
that we can estimate the long-term accuracy of the
flow-rate at 4�l/min at flow rates around 1 ml/min. All
measurements were carried out at a constant tempera-
ture of 23◦C, fixed by the laboratory air-conditioner.
The daily variation of the ambient temperature never
exceeded±1◦C.

3.4. Detector calibration

The comparison between experimental and calcu-
lated band profiles requires the conversion of the ex-
perimental band profiles from the recorded absorbance
profiles into concentration profiles. By comparison to
the simple isocratic mode of chromatography, an addi-
tional complication arises in overloaded gradient elu-
tion experiments from the fact that, as soon as the
detector response ceases to be linear, the calibration
curves depend, at least to some extent, on the concen-
tration of the organic modifier (methanol in this work).
This phenomenon must be taken into account, espe-
cially at high loading factors, because the chromato-
graphic band width is large enough for the methanol
concentration to vary significantly between the be-
ginning and the end of the band. This means that a
two-dimension regression is necessary in order to de-
termine the exact concentration profiles.

Fig. 2 illustrates the change in the calibration curve
parameters as a function of the methanol fraction in
the mobile phase. It makes obvious that, for a given
concentration,C, the UV-absorbance increases with
increasing methanol content.Fig. 3 shows a plot of
the difference between the mass expected for the
sample (i.e. the mass actually injected) and the mass
converted (i.e. the outlet mass recalculated with the
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calibration curves) versus the gradient timetg in two
different cases, the first, when a simple one-dimension
regression is used and the second, when the more
accurate two-dimension regression is used. In the
first case, the one-dimension curve was calculated
with pure waterC(Abs, ϕ = 0). Accordingly, the
calculated mass is overestimated at high gradient
steepness, because the methanol concentration varies
significantly from the beginning to the end of the band
profile and the absorbance of phenol increases. Ac-
cording to the variation ofC versusϕ for a few fixed
absorbance levels, the two-dimensional regression
was well approximated by the following correlation:

C(Abs, ϕ) = [AAbs+ BAbs2 + CAbs3](1 − 1.03ϕ)

(7)

In this equation, Abs is the absorbance recorded at
291 nm for a given concentrationC of phenol in a
mobile phase containing aϕ methanol fraction, while
A, B andC are the best parameters of the calibration
curve measured in pure water. This equation was used
to transform all the absorbance profiles of the eluent
recorded in overloaded gradient chromatography into
concentration profiles, knowingϕ as a function of time
at the outlet of the column (z = L). Since we assumed,
in agreement with previous measurements[16], that
the strong solvent methanol is not adsorbed on the sta-
tionary phase, the gradient ramp is simply translated
along the column, propagating with the interstitial
velocity u. Then, the methanol fraction in the mobile
phaseϕ(t, L) at the outlet of the column is given by:

ϕ(t, L) = ϕ0, 0 ≤ t ≤ L

u
(8a)

ϕ(t, L) = 0,
L

u
≤ t ≤ L

u
+ tp (8b)

ϕ(t, L) = ϕ0 + β

(
t − tp − L

u

)
,

L

u
+ tp ≤ t ≤ L

u
+ tp + tg (8c)

ϕ(t, L) = ϕ0 +�ϕ, t ≥ L

u
+ tp + tg (8d)

where L/u is the hold-up time of the column when
equilibrated with the initial methanol content in the
mobile phase,ϕ0. As a result of this calibration exer-
cise, the mass of phenol eluting from the column, cal-
culated usingEq. (7), is more accurate than if derived

from the simple on dimension regression (seeFig. 3)
and it agrees very well with the injected mass.

3.5. Overloaded gradient elution profiles

Two series of gradient elution measurements were
made. The first one was carried out with a 40 g/l solu-
tion of phenol dissolved in pure water. At the begin-
ning of all these gradient programs, the column was
equilibrated with pure water. The methanol fraction,
ϕ, was increased linearly, at a rate between 0.5 and
5%/min, with nine different gradient timestg equal to
10, 15, 20, 25, 30, 40, 60, 80, and 100 min. The second
series of measurements was carried out with a solution
of 15 g/l of phenol dissolved in pure water. At the be-
ginning of all these gradient elutions, the column was
equilibrated with a solution of methanol and water at
ϕ = 0.05. Various gradient heights were performed
(�ϕ = 0.1, 0.2, 0.3 and 0.4) within two different time
durations (tg = 25 min for�ϕ = 0.4 andtg = 50 min
for �ϕ = 0.1, 0.2 and 0.3).

4. Results and discussion

4.1. Importance of the local porosities of
the C18-bonded column in gradient elution
chromatography

Conventional numerical calculations of overloaded
band profiles assume that the column porosity is con-
stant [1,3]. This is not necessarily true in gradient
elution because the internal porosity of the particles
depends usually on the organic modifier content,
which varies along the column during the elution of
the band profile. The porosity distribution along the
column depends on the slope of the gradient. So, the
local porosityεt at the distancez along the column
is actually not constant but varies with time. So, does
the phase ratioF.

The true column porosity was derived from mea-
surements of the column hold-up volume as a function
of the methanol concentration in the mobile phase.
The methanol volume fraction was decreased step-
wise (�ϕ = −0.05) from 0.5 to 0. For each step, the
retention time of thiourea was measured twice. The
results are reported inFig. 4. They show a significant
increase of the local porosity, due to the folding and/or
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collapsing of the C18 chains when the methanol
concentration of the mobile phase decreases. The ex-
perimental total porosity was fitted to a third order
polynomial, as follows:

ε(ϕ) = ε(0)+ aϕ + bϕ2 + cϕ3 (9)

The non-linear regression of the experimental data to
this model gave as best estimates for the parameters
ε(0), a, b andc the values 0.722,−0.530, 1.116 and
−0.921, respectively.Eq. (9) was used to determine
the best physically acceptable value of the constant
and time average column porosity,εexp required for
the numerical calculation of band profiles in gradient
elution. Two definitions ofεexp were used.

First, it was assumed that the column porosity was
equal to the arithmetic average of the initial column
porosity, just before the sample injection, and the
porosity at the time,tshock, when the front shock is
eluted. This gives:

εexp,1 = ε(0, L)+ ε(tshock, L)

2
(10)

This first estimate lacks physical meaning because it
does not follow the migration of the front shock along
the column.

A second estimate of the column porosity was made,
based on the realization that the ED program calculates
the band profile along the column at successive times
tj = j�t (j is an integer). The local column porosity
was calculated in the simulation program by using
Eq. (9), at the location of the shock in the column (0≤
zshock ≤ L) at each timetj between the beginning
of the injection (t = 0) and the outlet detection of
the shock (t = tshock). For each time increment in
the calculation, the position of the maximum of the
band profile was taken as the position of the shock.
εexp,2 resulted in the arithmetic average of all these
porosities. Whatever the constant porosity required in
the simulation, the result converged toward the same
and unique value. Theεexp,2 should mirror better the
actual average column porosity at the shock location
thanεexp,1 does.

εexp,2 = 1

N

i=N∑
i=1

εshock(i) (11)

whereN = tshock/�t.
The relative value of these two choices of handling

the variations of the column porosity during gradient
elution is discussed later, with the comparison between



54 F. Gritti et al. / J. Chromatogr. A 1017 (2003) 45–61

calculated and experimental band profiles and, more
specifically, the position of the front shocks.

4.2. Retention time in gradient elution
under linear conditions

The fundamental equation for retention in gradient
elution is[7,9]:
∫ VS

0

dV

Va
= 1 (12)

whereVS is the corrected retention volume of the band
center, withVS = VR − V0, whereVR is the reten-
tion volume,V0 the volume of mobile phase initially
present in the column, that always precedes the band
center. dV refers to a differential volume of mobile
phase that passes through the band center during its
migration along the column, andVa = Va(t) is the
instantaneous or “actual” value of the corrected reten-
tion volume at any given time. Letka = ka(t) be the
instantaneous value ofk for the band (function ofϕ at
the band center), then
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Fig. 5. Plots of the convergent average porositiesεexp,2 (located at the shock position) andεexp,3 (located at the peak end tail) calculated
during the simulation from the experimental data fitted inFig. 4 (see text) vs. the gradient time required to jump from 0 to 50% methanol
in the mobile phase.

Va = kaV0 (13)

Eq. (12)can be simply rewritten with time as the vari-
able, since the flow rate,Fv, is constant during elution
(V = Fvt). Then∫ tS

0

dt

ka
= t0 (14)

Note that, in this equation, the hold-up time of the col-
umn,t0, is assumed to be constant, independent of the
gradient parameters, which is an approximation. The
instantaneous retention factorka is derived from the
initial slope of the general isotherm equation (Eq. (1),
where the concentrationC tends toward 0) and from
the constant phase ratioF. ka depends onϕ, which is
a function of timet:
ka

F
= (q2,0 − Sq2ϕ0 − Sq2βt)b2,0

exp(−Sb2ϕ0)exp(−Sb2βt)

+ q1,0 b1,0 exp(−Sb1ϕ0)exp(−Sb1βt) (15)

There are no algebraic solutions for a combination
of Eqs. (13) and (14)and tS can only be determined
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numerically. Since actuallyt0 is not constant, it will
also be derived from independent experimental poros-
ity data. Obviously, this porosity estimate should be
different fromεexp,1 or εexp,2 because (with a Bilang-
muir isotherm) the low concentrations of a band move
under linear or quasi-linear conditions, are more re-
tained than the high concentrations, and spend a longer
time inside the column. A third empirical average
porosityεexp,3 was defined as the average of the local
porosities along the trajectory of the maximum con-
centration of a band migrating at the limit velocity of
the concentrationC = 0, i.e. at the velocity of the
center of an analytical band (retention time,t = tR,0).

εexp,3 = 1

N ′

j=N ′∑
j=1

εR,0(j) (16)

whereN ′ = tR,0/�t.
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Fig. 6. Comparison between the calculated analytical peak and the experimental end tail profile corrected by the injection timetp.

Fig. 5compares the two calculated porosities,εexp,2
andεexp,3 The latter is markedly smaller than the for-
mer since: (1) the column porosity decreases with in-
creasing methanol content; (2) the average methanol
content of the column increases with increasing time;
and (3) high phenol concentrations migrate faster than
low concentrations.Fig. 6demonstrates the validity of
the variation of the Henry constant with the methanol
fraction given byEq. (15). The band profiles calcu-
lated for an analytical injection match very well with
the tail end of all the overloaded bands (only the case
corresponding to a gradient time of 40 min is shown).
For the sake of consistency, each experimental over-
loaded peak should be corrected by the time widthtp
of the injection band (i.e. 2 min). The correct predicted
retention timetR,pred is exactly:

tR,pred = tR,sim − VC

Fv
(εexp,3 − ε(0)) (17)
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where the second term of the RHS takes into account
the fact that the column is initially filled and equili-
brated with pure water, for which the column poros-
ity is ε(0), notεexp,3 as used in the calculation of the
profile obtained for an analytical injection.VC is the
column tube volume. For all analytical injections, this
correction is smaller than 1% of the retention time
(seeFig. 6). Note also that the tail of the overloaded
profile calculated with the best value of the poros-
ity for the migration of high-concentrations (the one
that gives calculated front shocks matching well ex-
perimental ones) is eluted earlier becauseεexp,2 is an
erroneous estimate of the total porosity for the migra-
tion of analytical concentrations. It is markedly larger
than εexp,3, i.e. 0.721 instead of 0.658. The experi-
mental overloaded band profile extends well beyond
the time predicted probably because of the slow mass
transfer kinetics that probably takes place at very low
methanol concentration.

Since the complete model of retention in gradient
elution chromatography has been validated under lin-
ear conditions, it can be applied now to chromatogra-
phy under non-linear conditions.
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Fig. 7. Comparison between the best porosities arbitrary chosen in the simulation of overloaded profiles and those determined independently,
εexp,2 and εexp,1 plotted in Fig. 5. Note the very good agreement betweenεexp,2 and the simulated porosity with a shift of only−0.01
(≤1.5%).

4.3. Comparison between experimental and
simulated overloaded profiles

In the first series of experiments, the amplitude of
the change of the concentration of methanol at the
end of the gradient was kept constant. This concentra-
tion increased linearly from 0 to 50% during differ-
ent gradient times (10, 15, 20, 25, 30, 40, 60, 80 and
100 min). Accordingly, the rate of variation of the rel-
ative concentration of methanol in the mobile phase
varies between 0.5 and 5%/min. The injection of the
same amount of phenol (a 40 g/l solution of phenol in
pure water during 2 min) was performed in the nine ex-
periments. All profiles were calculated using different
values of the porosity and the one that gives the best
match between the experimental and the calculated
front shock was selected as the best empirical value
of the porosity.Fig. 7 shows the excellent agreement
between these empirical estimates of the porosity and
those suggested earlier. There is a strong correlation
between these empirical values on the one hand and
εexp,1 andεexp,2 defined inSection 4.1, earlier, and di-
rectly derived from the dependence of the porosity on
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Fig. 8. Comparison between the experimental (dotted lines) and calculated band profiles (solid lines) for nine different gradient timestg at
high column loading (80 mg injected). Injection of a 40 g/l solution of phenol dissolved in pure water during 2 min. Flow rate, 1 ml/min;
gradient step, 0–50% methanol.
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Fig. 8. (Continued).

the methanol concentration. As expected,εexp,2 is a
more accurate estimate thanεexp,1, especially at high
gradient steepness, for which the porosity is the low-
est. However, there is still a small but significant and

systematic difference of approximately 0.01, i.e. 1.5%
betweenεexp,2 and the best average porosity. This ex-
ercise demonstrates that the best choice of the constant
porosity used in the calculations is consistent with the
actual variation of the porosity inside the column. The
ideal situation would be to calculate the overloaded
band profiles by using a variable local porosity,εz,t ,
in the mass balance equation of the ED model. Then,
however,Eq. (3) is no longer valid and the numerical
solution used here (Eqs. (4) and (5)) must be recon-
sidered. Our results show that it is not necessary to do
so in order to achieve satisfactory predictions of band
profiles.

The agreement between the experimental and cal-
culated rear part of the band profiles is always ex-
cellent (Fig. 8). There are significant differences be-
tween the top part of these profiles only whenβ is
larger than 3% methanol/min. This disagreement may
possibly stem from a slow rate of equilibration be-
tween the stationary and the mobile phases in contact.
The chromatographic system remains at equilibrium
only if the kinetics of the C18 chains rearrangement is
sufficiently fast to “follow” the variation of the mo-
bile phase composition in the interfacial region. This
effect explains probably the obvious differences ob-
served between calculated and experimental profiles
for the two steepest gradients (3.33 and 5.0%). Similar
deviations were observed by El Fallah and Guiochon
[10,11] at very steep gradients for the elution pro-
files of 2-phenyethanol with acetonitrile as the organic
modifier. They found good agreement between calcu-
lated and experimental profiles for shallow and moder-
ate gradient steepness (1 or 2% ACN/min) but strong
discrepancies appeared at 4% ACN/min. The kinetics
of wetting of a solid surface by a liquid phase and that
of the reorganization of the bonded chains in a liquid
of changing compositions are still not sufficiently well
understood. We recently showed[16] that the slow
rate at which the bonded alkyl chains that were col-
lapsed in pure water dissolve into the organic solution
during frontal analysis controls the shape of the break-
through curves. This phenomenon makes difficult the
accurate modeling of band profiles under steep gra-
dient conditions. The simple equilibrium-dispersive
model of chromatography cannot describe accurately
their shapes. The proper kinetic equations should be
introduced in the general model but the kinetics of the
chain dissolution should first be unraveled.
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In the second series of measurements performed in
this work, the initial concentration of methanol in the
mobile phase was low but finite, the column being
first equilibrated with a 5% methanol mobile phase.

Fig. 9. Comparison between experimental and calculated band profiles at low column loading (15 mg injected). Injection of a 15 g/l solution
of phenol dissolved in pure water during 1 min. Flow rate, 1 ml/min.

The loading factor was divided by a factor of about
5 compared to the previous series of experiments, by
injecting a 15 g/l solution of phenol in pure water, dur-
ing only 1 min. The methanol content was increased
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Fig. 9. (Continued).

from 5 to 45, 35, 25 and 15% with gradient times of
25 min in the former case and 50 min in the other three
experiments. Hence, the values of� were relatively
low, at 1.6, 0.6, 0.4 and 0.2% MeOH/min, respec-
tively. Under these different experimental conditions,

a very good agreement between experimental and cal-
culated profiles is observed (Fig. 9). This is so mostly
because� is small, well below 3% MeOH/min and
the mobile and stationary phases remain constantly in
equilibrium.
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5. Conclusion

Our results confirm that the adsorption behavior
of phenol onto a C18-bonded silica column, from
methanol–water solutions, is well described by an
original general Bilangmuir isotherm model. This ad-
sorption isotherm is more complex than those used
previously, it accounts well for the strong variations
of the saturation capacity of the surface with the
methanol concentration, and it permits an accurate
prediction of the profiles of low and high concentra-
tion bands in gradient elution, even with relatively
steep gradients, up to 3% methanol/min, and even
when the initial mobile phase is pure water. Signifi-
cant discrepancies are observed with still steeper gra-
dients, as already observed in prior work[10,11]. The
finite rate of the rearrangement of the C18 chains in
contact with a mobile phase of rapidly changing com-
position explains these discrepancies. The need for the
alkyl chains bonded to the silica surface to undergo
strong conformation changes at very low methanol
concentrations represents a limit in the modeling of
overloaded band profiles in liquid chromatography.
Not only the knowledge of the mass transfer kinetics
of the solute between the stationary and the mobile
phases is necessary, but also the knowledge of the
rate of rearrangement of the interfacial region is re-
quired in order to accurately model band profiles at
high water concentrations.
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