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Abstract

Single-component adsorption isotherm data were acquired by frontal analysis (FA) for phenol and caffeine on a new C18-Chromolith
column (Merck, Darmstadt, Germany), using a water-rich mobile phase (methanol/water, 15/85, v/v). These data were modeled for best
agreement between the experimental data points and the adsorption isotherm model. The adsorption-energy distributions, based on the
expectation–maximization (EM) procedure, were also derived and used for the selection of the best isotherm model. The adsorption energy
distributions (AEDs) for phenol and caffeine converged toward a trimodal and a quadrimodal distribution, respectively. Energy distributions
with more than two modes had not been reported before for the adsorption of these compounds on packed columns. The third high energy
mode observed for both phenol and caffeine seems to be specific of the surface of the monolithic column while the first and second low energy
modes have the same physical origin as the two modes detected on packed columns. These results suggest significant differences between the
structures of the porous silica in these different materials.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Mainly for economical reasons, the modeling of over-
loaded band profiles in liquid chromatography has recently
become a topic of great interest[1–3]. It provides an ac-
curate tool to predict the influence of various experimental
parameters on the profiles of chromatographic bands at
high concentrations, hence to optimize the recovery yield
and production rate of a given separation. It is based on the
calculation of numerical solutions of the differential mass
balance equation of chromatography and requires the prior
knowledge of the thermodynamic and kinetic parameters of
the system studied. The thermodynamic parameters are most
accurately acquired by frontal analysis (FA)[1,4–6] but
other experimental approaches (e.g., elution by characteris-
tic point [1,7,8], pulse methods[1,9,10]) may be used when
they accommodate the technical and financial requirements
(e.g., the data acquisition time and the chemicals prices).
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The kinetic parameters are often estimated through an ap-
parent dispersion coefficient or from kinetic parameters
derived by parameter identification, according to the choice
of model of chromatography (equilibrium dispersive, trans-
port dispersive, or the general rate models[1]). The effect of
the kinetics on the position and shape of the band profiles is
most often secondary when low molecular mass compounds
and high loading factors are involved. It requires only a cor-
rection of reasonable accuracy. The essential information is
then contained in the adsorption isotherm of the compound
between the two phases. The determination of accurate ad-
sorption data becomes the most crucial factor to achieve a
satisfactory prediction of the experimental band profiles.

FA is an accurate method of measurement of absolute ad-
sorption data which requires only a low minimum column
efficiency. It is based on the mass conservation of the com-
pound studied. However, isotherm determination requires a
relatively high density of data points acquired in a wide
concentration range. It is strongly recommended to perform
the measurements in the widest possible range of concen-
trations, between the limit of detection and the solubility
in the mobile phase, and to acquire at least 20 data points,
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denser in the concentration range where the isotherm cur-
vature is stronger. In the literature, simple models (e.g., the
Langmuir model) are most often used to account for ad-
sorption data. This is acceptable as a first approximation
and this provides an estimate of the overall adsorption en-
ergy of the system. However, this may hide the existence
of high energy sites whose role in the retention mechanism
may be important despite a reduced density of these sites on
the surface[11,12]. We recently reported that the influence
of secondary sites of a C18-Kromasil packed column on the
retention of phenol and caffeine increases with increasing
water content of an aqueous-organic mobile phase[13]. The
adsorption energy distribution (AED) was bimodal, as sup-
ported by the results of the expectation–maximization pro-
cedure which derive the affinity energy distribution from the
raw adsorption data. The physicochemical interpretation of
this energy heterogeneity remains open. It can be due to the
existence of accessible active sites still present on the bare
silica or to the heterogeneity of the layer of C18-bonded
chains [12].

In this work, we measured the adsorption data of
phenol and caffeine by FA in a phase system made of
methanol/water (15:85, v/v) and a C18-bonded monolithic
column from Merck that had not been used before. The
monolith column was used as received from the manufac-
turer. It did not suffer any of the possible surface property
modifications that might arise from an extensive use of a
column with a wide variety of different chromatographic
systems. We calculated the affinity energy distribution of
these two compounds, validated the choice of the best
isotherm model, and investigated the origin of the surface
heterogeneity of the stationary phase.

2. Theory

2.1. Determination of Single-component isotherm data by
frontal analysis

Frontal analysis is the most accurate chromatographic
method used to determine single-component isotherms,
[1,4]. It consists in the step-wise replacement of the stream
of mobile phase percolating through the column with
streams of solutions of the studied compound of increasing
concentrations and in the recording of the breakthrough
curves at the column outlet. Mass conservation of the solute
between the times when the new solution enters the column
and when the plateau concentration is reached allows the
calculation of the adsorbed amount,q∗, of the solute in the
stationary phase at equilibrium at the corresponding mo-
bile phase concentration,C. This amount is best measured
by integrating the breakthrough curve (equal area method)
[14]. The adsorbed amountq∗ is given by:

q∗ = C(Veq − V0)

Va
(1)

whereVeq andV0 are the elution volume of the equivalent
area and the hold-up volume, respectively, andVa is the
volume of stationary phase. This relationship applies to all
breakthrough curves recorded. This method was used for the
acquisition of all the experimental isotherm data measured
on the monolith column.

2.2. Calculation of the adsorption energy distributions

Actual surfaces are neither homogeneous nor paved with
homogeneous tiles, as it is generally assumed in chromatog-
raphy. Actual surfaces are characterized by an adsorption
energy distribution that may have several more or less well
resolved modes, each mode having a finite width. The ex-
perimental isotherm on such a surface is the sum of the
isotherms on each one of the types of homogeneous sites
covering the surface. Under the condition of a continuous ad-
sorption energy distribution and assuming a Langmuir local
isotherm model, the experimental isotherm can be written
[15]:

q∗(C) =
∫ ∞

0
F(ε)

b(ε)C

1 + b(ε)C
dε (2)

whereq∗(C) is the total amount of solute adsorbed on the
surface at equilibrium with a concentrationC, ε the binding
energy between an adsorbed solute molecule and the sur-
face of the adsorbent, andb the associated binding constant
related toε through the following equation:

b(ε) = b0 exp
( ε

RT

)
(3)

whereb0 is a preexponential factor that is usually assumed
to be the same, whatever the type of adsorption sitesi [15].

The normalization condition for the AED is:∫ ∞

0
F(ε)dε = qs (4)

whereqs is the overall saturation capacity.
To characterize the behavior of a heterogeneous sur-

face, the AED,F(ε), is derived from a set of experimental
isotherm data (withM experimental data points), a proce-
dure for which there is a variety of methods[15–18]. Most
of these methods use a preliminary smoothing of the exper-
imental data, e.g., fit these data to an isotherm model, or
search for an AED that is given by a certain function, which
is chosen depending on the problem studied. In both types
of methods, some arbitrary information is injected into the
determination of the AED. In this work, we used instead
the EM method[18]. This computer-intensive method uses
directly the raw experimental data, without injecting any
arbitrary information into the AED derivation. The distri-
bution function,F(ε), is discretized, using anN-grid points
in the energy space, (i.e., assuming that the surface is tiled
with a set ofN different homogeneous surfaces) and the
corresponding values ofF(ε) are estimated from the exper-
imental data points. The energy space is limited byεmin
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and εmax, two energy boundaries which are respectively
related to the maximum and the minimum concentrations
within which the adsorption data have been acquired, by
usingEq. (3)(with bmin = 1/CM , bmax = 1/C1). However,
a narrower range may be considered, as long as it accom-
modates the data. The amountq(Cj) of solute adsorbed at
concentrationCj is iteratively estimated by:

qkcal(Cj) =
εmax∑
εmin

Fk(εi)
b(εi)Cj

1 + b(εi)Cj
�ε

j ∈ [1,M]; i ∈ [1, N] (5)

with

�ε = εmax − εmin

N − 1
εi = εmin + (i− 1)�ε (6)

The indexk indicates thekth iteration of the numerical cal-
culation of the AED function. The initial guess (iteration
k = 0) of the AED function,F(εi), is the uniform distribu-
tion (over theN fictitious adsorption sites) of the maximum
adsorbed amount that was observed experimentally[18]. Us-
ing this initial guess has the advantage of introducing the
minimum bias into the AED calculation.

F0(εi) = q(CM)

N
∀i ∈ [1, N] (7)

Actually, the EM program calculates the amount adsorbed
by takingb(εi) as the variable in the energy space, so that nei-
ther the temperature nor the preexponential factor inEq. (3)
need to be defined[18]. Only M, N, bmin, bmax and the
number of iterations must be defined before starting the cal-
culations. It is noteworthy that, to obtain any information on
the adsorption energy, an assumption must be made regard-
ing the value ofb0 in Eq. (3). The final result is the distri-
bution of the equilibrium constants (often called the affinity
distribution). The distribution function is updated after each
iteration by:

Fk+1(εi) = Fk(εi)

Cmax∑
Cmin

b(εi)Cj

1 + b(εi)Cj
�ε
qexp(Cj)

qkcal(Cj)
(8)

The EM procedure protects better than most other meth-
ods against the consequences of the possible incorporation
of experimental artifacts into the calculation of the AED or
against the effect of modeling the experimental data (and
particularly the noise and drift that the data may contain)
[18].

2.3. From the isotherm data to the isotherm model

The following strategy[19] was followed systematically
to determine the isotherm model that best accounts for the
raw adsorption data measured by FA. The following “tools”
were used in that order:

• First, the Scatchard data plot(i.e., the plot of q∗/C
versusq∗) was used for a first selection among the pos-
sible isotherm models. A library of isotherm models can
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Fig. 1. Correlation between the shape of the Scatchard plot representation
(q∗/C vs. q∗) and the nature of the isotherm model.

be classified according to the shape of the experimen-
tal Scatchard plot. For instance (seeFig. 1), a linear
Scatchard plot with a negative slope is characteristic
of the Langmuir model, a decreasing convex upward
Scatchard plot is, among others, characteristic of the (ho-
mogeneous) Jovanovic isotherm and a decreasing convex
downward Scatchard plot is, among others, characteristic
of the (heterogeneous) bi-Langmuir isotherm model.

• Second, isotherm modeling: Once the sublibrary of
isotherm models consistent with the experimental shape
of the Scatchard plot is selected, a nonlinear regression
analysis of these models was carried out, using a fitting
based on the Marquardt algorithm[20], which minimizes
the residual sum of the squares of the relative differences
between the experimental data and the model calcula-
tions. Then, the statistical Fisher “tool” was used to find
out the best isotherm model, after the values of the Fisher
parameter,Fcalc,t , calculated for the different models
according to:

Fcalc,t = N − l

N − 1

∑i=N
i=1 (qexp,i − qexp)

2

∑i=N
i=1 (qexp,i − qt,i)2

(9)

whereqexp,i is the experimental values of the solid phase
concentrations of the adsorbate in equilibrium with a liq-
uid phase at concentrationsCi, qexp the mean value of the
data,qexp,i, qt,i the estimate given by the model for the
solid phase concentration of the adsorbate in equilibrium
with the mobile phase concentrationCi, l the number of
adjusted parameters in the model, andN the number of
experimental data acquired by FA.

Then, between two modelsMt1 andMt2, theF -test
ratioFt1,t2 is calculated by:

Ft1,t2 = Fcalc,t1

Fcalc,t2
(10)
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Considering a riskα, the modelMt1 correlates better
the experimental data than the modelMt2 if:

Ft1,t2 ≥ FN−l1,N−l2,α (11)

where l1 and l2 are the numbers of adjusted parameters
in the modelsMt1 andMt2, respectively.FN−l1,N−l2,α
is available in statistical test tables. If, for a given model
Mt2, Eq. (11) is true whatever the modelMt1 then the
modelMt2 will be definitively eliminated.

• Third, affinity energy distribution: This tool is more so-
phisticated. It consists in calculating the affinity energy
adsorption from the raw adsorption data, as described in
the previous section. This allows the selection of the best
isotherm model that is consistent with the results of the
AED calculations. For instance, if the EM calculations
converge toward a bimodal distribution, a Toth model can-
not account properly for the isotherm data since the the-
oretical AED of the Toth model is unimodal.

• Finally, band profiles: If after the third row of selection,
there are still more than one isotherm model susceptible to
account for the adsorption data, the last and final selection
is based on the comparison between the calculated and the
experimental band profiles at high and low concentrations.

2.4. Modeling of high-concentration, high-performance
liquid chromatography

The overloaded band profiles were calculated using the
best model of the isotherm of the compound studied and
the equilibrium-dispersive model (ED) of chromatography
[1,4,21]. The ED model assumes instantaneous equilibrium
between the mobile and the stationary phase and a finite
column efficiency originating from an apparent axial disper-
sion coefficient,Da, that accounts for the dispersive phe-
nomena (molecular and eddy diffusion) and also for the
non-equilibrium effects that take place in a chromatographic
column. These effects are supposed to be small, otherwise
the ED model is not valid. The axial dispersion coefficient is
related to the experimental parameters through the follow-
ing equation:

Da = uL

2N
(12)

whereu is the mobile phase linear velocity,L the column
length, andN the number of theoretical plates or apparent
efficiency of the column. In the ED model, the mass balance
equation for a single component is written:

∂C

∂t
+ u

∂C

∂z
+ F

∂q∗

∂t
= Da

∂2C

∂z2
(13)

where q∗ and C are the stationary and the mobile phase
concentrations of the adsorbate, respectively,t the time,z
the distance along the column, andF = (1−εt)/εt the phase
ratio, withεt the total column porosity at timet and distance
z. If εt is assumed to be constant so isF . q∗ is related toC
through the isotherm equation,q∗ = f(C).

2.4.1. Numerical solutions of the ED model
The mass balance equation was integrated numerically

using a computer program based on an implementation of
the method of orthogonal collocation on finite elements
(OCFE) [22–24]. The set of discretized ordinary differen-
tial equations was solved with the Adams-Moulton method,
implemented in the VODE procedure[25]. The relative and
absolute errors of the numerical calculations were 10−6 and
10−8, respectively.

2.4.2. Initial and boundary conditions for the ED model
At t = 0, the concentration of the solute in the column

is uniformly equal to zero, and the stationary phase is in
equilibrium with the mobile phase components (methanol
and water in this work). The boundary conditions used are
the classical Danckwerts-type boundary conditions[1,26] at
the inlet and outlet of the column. In all the calculations, the
inlet profiles were supposed to be rectangular profiles.

3. Experimental

3.1. Chemicals

The mobile phase used in this work, whether for the
determination of the adsorption isotherm data or for the
recording of large or small size band profiles, was a mix-
ture of methanol and water (15:85, v/v). Both solvents were
HPLC grade, purchased from Fisher Scientific (Fair Lawn,
NJ, USA). The mobile phase was filtered before use on a
surfactant-free cellulose acetate filter membrane, 0.2�m
pore size (Suwannee, GA, USA). Thiourea was chosen
to measure the column hold-up volume at the different
methanol contents in the mobile phase. Thiourea, phenol
and caffeine were obtained from Aldrich (Milwaukee, WI,
USA).

3.2. Materials

The new 100 mm× 4.6 mm Chromolith column (serial
UM20622, #30) used was generously offered by Merck
(Darmstadt, Germany, EU). These columns are C18-bonded,
end-capped, porous silica. The main characteristics of the
bare porous silica and of the bonding material used are sum-
marized inTable 1, according to the manufacturer. The total
porosity of the monolithic column (εT = 0.867) was de-
rived from the retention times of two consecutive injections
of thiourea after the column was equilibrated during 1 h at
the given mobile phase composition.

3.3. Apparatus

The breakthrough curves and the overloaded band profiles
of phenol and caffeine were acquired using a Hewlett-
Packard (Palo Alto, CA, USA) HP 1090 liquid chromato-
graph. This instrument includes a multi-solvent delivery
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Table 1
Physico-chemical properties of the monolithic silica column supplied by
the manufacturers (Merck)

Skeleton size 1.3–1.5�m
Macropore size 2�m
Mesopore size 130 Å
Surface area (before C18 bonding) 300 m2 g l−1

Surface coverage (C18) 3.6 mmol m−2

Total porositya 0.867
Total carbon 19.5%
Endcapping Yes

a Measured with a methanol/water (15/85, v/v) mixture as the mobile
phase.

system (three tanks, volume 1 l each), an auto-sampler with
a 250�l sample loop, a column thermostat, a diode-array
UV-detector, and a data station. Compressed nitrogen and
helium bottles (National Welders, Charlotte, NC, USA)
are connected to the instrument to allow the continuous
operations of the pump, the auto-sampler, and the solvent
sparging. The extra-column volumes are 0.068 and 0.90 ml,
as measured from the auto-sampler and from the pump sys-
tem, respectively, to the column inlet. All the retention data
were corrected for this contribution. The flow-rate accuracy
was controlled by pumping the pure mobile phase at 23◦C
and 1 ml min−1 during 50 min, from each pump head, suc-
cessively, into a volumetric glass of 50 ml. The relative error
was less than 0.4%, so that we can estimate the long-term
accuracy of the flow-rate at 4�l min−1 at flow rates around
1 ml min−1. All measurements were carried out at a constant
temperature of 23◦C, fixed by the laboratory air-conditioner.
The daily variation of the ambient temperature never
exceeded±1◦C.

3.4. Frontal analysis isotherm measurements on the
Chromolith column

In order to make accurate measurements of adsorption
isotherm data, the retention factor,k′ should be neither too
high (which limits the number of data points that can be
acquired within a reasonable period of time) nor too low
(which would cause a decrease in the accuracy of the ad-
sorption data). Values ofk′ between 2 and 6 are ideal to
achieve a precise, accurate isotherm determination. This
is the case for these two compounds with a 15/85 (v/v)
methanol/water solution as the mobile phase. Then, the
retention factor of both phenol and caffeine are between
4 and 6. Prior to any isotherm measurements, the solubil-
ities at 23◦C (the temperature at which the isotherm data
were acquired) of the two compounds in the mobile phase
were determined approximately by the stepwise addition
of 0.5 ml of the pure mobile phase into a volume of 25 ml
of a saturated solution containing a small amount of undis-
solved compound, until complete dissolution. Accordingly,
the maximum concentrations used in the FA measurements
were 75 and 27 g l−1 for phenol and caffeine, respectively.

Two master sample solutions were prepared, with concen-
trations of 10 and 100% of these maximum concentrations,
respectively and two consecutive sequences of FA mea-
surements were carried out with these two solutions (see
procedure below), giving an accurate isotherm determi-
nation at both low and high concentrations. Twenty-six
experimental adsorption data points were recorded for each
compound.

One pump of the HPLC instrument was used to deliver to
the column a stream of the pure mobile phase, the second
pump a stream of the pure master sample solution. The con-
centration of the studied compound in the stream percolat-
ing through the column is determined by the concentration
of the master sample solution and by the ratio of the flow
rates delivered by the two pumps. The breakthrough curves
are recorded successively at a flow rate of 1 ml min−1, with
a sufficiently long time interval between each breakthrough
curve to allow for the reequilibration of the column with
the pure mobile phase. The injection time of each new
solution were set long enough (typically between 5 and
10 min) to reach a stable plateau at the column outlet. Two
overloaded band profiles (one at low column loading, the
other at high column loading) needed for the validation of
the fitted isotherms were recorded at the time when the
frontal analysis experiments were carried out. An isotherm
is acceptable only if it accurately predicts the band profiles
at both low and high column loadings. To avoid recording
any UV-absorbance signal larger than 1500 mAU and the
associated too large signal noise, the detection of the break-
through curves and the overload band profiles of phenol and
caffeine were carried out at 291 and 307 nm, respectively.
The detector responses for the samples were calibrated
accordingly.

4. Results and discussion

4.1. Measurement of the adsorption isotherm of phenol on
the Chromolith performance column

Fig. 2A shows the isotherm data of phenol measured
by FA at 23◦C, at concentrations from 0 to 75 g l−1 in
the mobile phase. The isotherm is convex upward as con-
firmed byFig. 2B, showing that the Scatchard plot is con-
vex downward. As a result, the Langmuir model, for which
the Scatchard plot is linear, cannot account for the adsorp-
tion data. The same conclusion can be drawn for the Jo-
vanovic, the Fowler, and the Jovanovic–Freundlich isotherm
models, which all generate convex upward Scatchard plots.
Accordingly, the number of isotherm models that may de-
scribe the adsorption data of phenol is markedly restricted.
Among the catalogue of isotherms leading to convex down-
ward Scatchard plots, we list below the simplest ones, by
increasing number of model parameters, from a minimum
of l = 3 to the maximum that allows convergence of the pa-
rameters during the fitting procedure (l = 6). These models,
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described in[15], are:

l = 3: The Langmuir–Freundlich (LF) isotherm model

q∗ = qs
(bC)ν

1 + (bC)ν
(14)

The Toth (T) isotherm model

q∗ = qs
bC

[1 + (bC)ν]1/ν
(15)

l = 4: The bi-Langmuir (L–L) isotherm model

q∗ = qs,1
b1C

1 + b1C
+ qs,2

b2C

1 + b2C
(16)

l = 5: The Langmuir/Toth (L–T) isotherm model

q∗ = qs,1
b1C

1 + b1C
+ qs,2

b2C

[1 + (b2C)ν]1/ν
(17)
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Fig. 2. Experimental isotherm (A) and Scatchard plot (B) of phenol on
the Chromolith column #30. Mobile phase methanol/water, 15/85 (v/v).
T = 296 K.

The Langmuir/Langmuir-Freundlich (L–LF) isotherm
model

q∗ = qs,1
b1C

1 + b1C
+ qs,2

(b2C)
ν

1 + (b2C)ν
(18)

l = 6: The bi-Langmuir–Freundlich (LF–LF) isotherm
model

q∗ = qs,1
(b1C)

ν1

1 + (b1C)ν1
+ qs,2

(b2C)
ν2

1 + (b2C)ν2
(19)

The BiToth isotherm (T–T) model

q∗ = qs,1
b1C

[1 + (b1C)ν1]1/ν1
+ qs,2

b2C

[1 + (b2C)ν2]1/ν2
(20)

The tri-Langmuir (L–L–L) isotherm model

q∗ = qs,1
b1C

1 + b1C
+ qs,2

b2C

1 + b2C
+ qs,3

b3C

1 + b3C
(21)

In all these models,qs,i, bi and νi stand for the satu-
ration capacity, the adsorption constant, and the hetero-
geneity factor of sitei, respectively. We recall that[15]
the distributions of adsorption energy of the Langmuir,
Langmuir-Freundlich and Toth isotherm models are a sin-
gle energy distribution function (aδ-Dirac function), a
symmetrical quasi-Gaussian function and a non symmet-
rical energy distribution with a broadening toward the low
energies, respectively. TheFt1,t2 Fratio-test values are tabu-
lated inTable 2. Whatever the pair of models{Mt1;Mt2}
considered, providing a riskα of 1%,Mt1 is statistically
better thanMt2 if Ft1,t2 ≥ 2.74. Accordingly, the isotherm
models LF, T and L–L must be eliminated at this stage of
the selection. None of the five remaining isotherm models
is better than the other four models, at least on the basis
of the statistical results of the fitting procedure. The choice
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Fig. 3. Affinity energy distribution (AED) of phenol on the Chromolith
column, calculated by using the expectation–maximization method (EM).
108 iterations required. The AED is plotted as the fraction of the adsorbent
surface as a function of the logarithm of the adsorption constant.
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Table 2
F -ratio test values calculated for each pair of isotherm models, calculated from the sum of the squares of the fit residuals between the theoretical
adsorption data and the experimental adsorption data of phenol

Ft1/t2 Isotherm models t1

LF (3) T (3) L–L (4) L–LF (5) L–T (5) LF–LF (6) T–T (6) L–L–L (6)

Isotherm models t2
LF (3) 1 3.7 71.8 233.5 388.8 229.7 345.4 397.4
T (3) 1 19.4 63.3 105.4 62.3 93.6 107.7
L–L (4) 1 3.3 5.4 3.2 4.8 5.5
L–LF (5) 1 1.7 1.0 1.5 1.7
L–T (5) 1 0.6 0.9 1.0
LF–LF (6) 1 1.5 1.7
T–T (6) 1 1.2
L–L–L (6) 1

The number in parenthesis is the number of estimated parameters in the model.

between them will be helped by considering the affinity
energy distribution.Fig. 3 shows the results of the direct
calculation of the adsorption affinity distribution derived
from the isotherm data. The figure shows a plot of the
fraction of the total surface occupied by sitesi as a func-
tion of the logarithm of the adsorption-desorption constant
b(εi) of phenol. A total of 108 iterations was necessary to
obtain these results. Strikingly, the AED is a trimodal dis-
tribution. The presence of the third, well-separated energy
mode at high energy mirrors the fact that the linear range
of the isotherm is reached only atvery low concentra-
tions (the highest energy sites are the first to be populated
when concentration increases above 0). The frontal analy-
sis data show that it is only for concentrations lower than
0.075 g l−1 that the breakthrough curves display no longer
a front shock (characteristic of the non-linear behavior of
the isotherm and of a significant gradient of concentration
velocities). Only below this concentration of 0.075 g l−1

does a symmetrical diffuse front is recorded. This demon-
strates the importance of acquiring isotherm data in a wide
concentration range, from very low (below 0.075 g l−1) to
very high concentrations (up to 75 g l−1) to scan all the
possible adsorption energies. Thus, a dynamic range of
1000 was required in this work. This is rather typical of the
problems encountered in the investigation of heterogeneous
surfaces.

Table 3
Comparison between the best isotherm parameters accounting for by the
adsorption of phenol on the monolithic column (tri-Langmuir model)
derived from the AED calculations and the Marquardt fitting procedure

AED Fitting

qS,1 (g l−1) 237 253
b1 (L g−1) 0.0095 0.0084
qS,2 (g l−1) 110 121
b2 (L g−1) 0.134 0.140
qS,3 (g l−1) 28 20
b3 (L g−1) 0.402 0.497
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Fig. 4. Validation of the tri-Langmuir isotherm model for the adsorption of
phenol on the Chromolith column. Comparison between the experimental
(dotted line) and simulated (solid line) overloaded band profiles. (A) Low
loading. (B) High loading. The simulation was performed by using the
equilibrium-dispersive model assuming the tri-Langmuir isotherm model,
an efficiency of 1000 plates and a rectangular injection (1 min at 5 and
60 g l−1).
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Accordingly, all the isotherm models (L–LF, L–T, LF–LF,
T–T) that correspond to a bimodal AED are not consistent
with our experimental adsorption data, despite the satisfac-
tory fit obtained for these data. The only simple trimodal
adsorption isotherm listed earlier is the tri-langmuir model
(L–L–L). Table 3 compares the best parameters of the
L–L–L isotherm model derived from the fit of the isotherm
data to this model and those given by the AED calculations.
They are in good agreement, confirming that the adsorp-
tion data of phenol on the C18-Chromolith column can be
satisfactorily accounted for only with an isotherm model
corresponding to an AED with three distinct adsorption en-
ergies (ε1 ≤ ε2 ≤ ε3). The distances between these energy
modes are equal to a few timesRT, the thermal energy
unit:

(ε2 − ε1) � 2.7RT

(ε3 − ε2) � 1.2RT
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Fig. 5. Comparison between the experimental (dotted line) and simulated (solid line) overloaded band profiles of phenol on the Chromolith column
for the four remaining isotherm models (L–LF, L–T, LF–LF and T–T). The simulation was performed by using the equilibrium-dispersive model, an
efficiency of 1000 plates and a rectangular injection (1 min at 5 g l−1).

As demonstrated previously[12], the small adsorption
energy differences between the three modes seem to imply
that the interactions taking place on the corresponding sites
are of a similar nature. On the surface of the C18-bonded
materials studied, it is likely that these sites can be assigned
to specific locations on the adsorbent where the bonding
densities differ significantly.

The validity of the tri-Langmuir isotherm model is sup-
ported by the excellent agreement between the experimental
overloaded band profiles and those calculated using this
isotherm, the equilibrium-dispersive model of chromatog-
raphy, and an apparent column efficiency of 1000 plates.
Fig. 4A and B show that this agreement is excellent both
at low and at high column loadings. It is noteworthy that,
without the information given by the AED calculations, it
would have been impossible to choose between the five
models remaining after the statistical analysis of the fit
of the experimental data on these models (Table 2). The
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Fig. 6. Same as inFig. 5 except the injected concentration= 60 g l−1.

five-parameters L–T model might have been preferred to
the six-parameters L–L–L model on the ground of having
fewer parameters. However,Figs. 5 and 6compare the ex-
perimental and the band profiles calculated using the four
other isotherm models, L–LF, L–T, LF–LF and T–T. These
figures exhibit an agreement as good as the one observed
in Fig. 4A and B.

AED exhibiting three well-separated energy modes are
exceptional so far in liquid chromatography. Most often,
the surface heterogeneity is well accounted for by a bi-
modal energy distribution. For instance, under similar ex-
perimental conditions, using methanol/water solutions as
the mobile phase, with a methanol concentration between
0 and 60%, the AED of phenol is bimodal on a packed
C18-Kromasil column [13,27,28]. It is well known that
the bonded C18-chains tend to collapse in a water-rich
mobile phase, folding onto themselves (hydrophobic ef-
fect). This may contribute to enhance the adsorbent het-
erogeneity. A variety of local -C18-structures may take
place. These can be probed by small size solutes which

are sensitive to small variations of the structure of the
adsorbent “surface”. In order to confirm the surface hetero-
geneity of the C18-Chromolith stationary phase observed
with phenol and to try and assign some physical sense to
the three energy modes observed, we investigated the ad-
sorption behavior of caffeine under the same experimental
conditions.

4.2. Measurement of the adsorption isotherm of caffeine
on the Chromolith performance column

Fig. 7A shows the adsorption data of caffeine on the
C18-Chromolith stationary phase measured by FA. The
isotherm is clearly convex upward and the Scatchard plot
convex downward (seeFig. 7B), so the best isotherm model
must belong to the same sublibrary of isotherm as that of
phenol. Following the same procedure and using the Fisher
test selection eliminates the LF, T and L–L models (See
Table 4). Among the other models, the one giving the high-
est F value is the bimodal T–T model. The five-parameters
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Table 4
F -ratio test values calculated for each pair of isotherm models, calculated from the sum of the squares of the fit residuals between the theoretical
adsorption data and the experimental adsorption data of caffeine

Ft1/t2 Isotherm models t1

LF (3) T (3) L–L (4) L–LF (5) L–T (5) LF–LF (6) T–T (6) L–L–L (6)

Isotherm models t2
LF (3) 1 12.6 29.5 348.8 482.6 359.2 564.1 458.9
T (3) 1 2.3 27.8 38.4 28.6 44.9 36.5
L–L (4) 1 11.8 16.3 12.2 19.1 15.5
L–LF (5) 1 1.4 1.0 1.6 1.3
L–T (5) 1 0.7 1.2 1.0
LF–LF (6) 1 1.6 1.3
T–T (6) 1 0.8
L–L–L (6) 1

The number in parenthesis is the number of estimated parameters in the model.

and the other six-parameters models give highF -factors
too. To make a final decision between these models, we
need to calculate the AED from the raw adsorption data of
caffeine. The distribution obtained is quadrimodal (Fig. 8).
Admittedly, the position and the area of the fourth, highest
energy mode ( lnb4 = 2.02, qs,4 = 0.572) if not question-
able are inaccurate, particularly its area. The other three
modes are well resolved and important. This result confirms
the high degree of surface heterogeneity already observed
for phenol.

Like for phenol, the energy modes are separated by a few
timesRT, also suggesting that the corresponding interactions
are of a similar origin for all the modes:

(ε2 − ε1) � 1.7RT

(ε3 − ε2) � 1.3RT

(ε4 − ε3) � 2.4RT

The isotherm data of caffeine were then fitted to a
quadri-Langmuir isotherm model, having a total of eight
parameters. In this case, the nonlinear least-squares regres-
sion program does not converge toward a single minimum
because the number of model parameters is too large. In or-
der to achieve convergence, we fixed the saturation capacity
of the first Langmuir term,qs,1 = 219.03, at the very value
of qs,1 found with the AED calculations.Table 5compares
the seven other coefficients (b1; qs,2; b2; qs,3; b3; qs,4; b4)

Table 5
Comparison between the best isotherm parameters accounting for by the
adsorption of caffeine on the monolithic column (quadri-Langmuir model,
qS,1 = 219.0 g l−1 ) derived from the AED calculations and the Marquardt
fitting procedure

AED Fitting

b1 (L g−1) 0.0307 0.0314
qS,2 (g l−1) 38.6 35.2
b2 (L g−1) 0.176 0.181
qS,3 (g l−1) 25.8 26.3
b3 (L g−1) 0.654 0.644
qS,4 (g l−1) 0.57 0.66
b4 (L g−1) 7.52 6.84
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Fig. 7. Experimental isotherm (A) and Scatchard plot (B) of caffeine on
the Chromolith column #30. Mobile phase methanol/water, 15/85 (v/v).
T = 296 K.
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Fig. 8. Affinity energy distribution (AED) of caffeine on the Chromolith
column, calculated by using the expectation–maximization method (EM).
108 iterations required. The AED is plotted as the fraction of the adsorbent
surface as a function of the logarithm of the adsorption constant.

afforded by the linear regression of the isotherm data to
the seven-parameters quadri-Langmuir equation and those
derived by the EM method. All are in very good agreement,
within less than a few percents, except for the saturation
capacity and the equilibrium constant of the highest energy
band 4, which differ by 15 and 9%, respectively.

The overloaded band profiles calculated with the best
quadri-Langmuir isotherm are in excellent agreement with
the experimental ones (Fig. 9A and B). However, the pro-
files calculated using the five simpler models (i.e., L–L–L,
T–T, LF–LF, L–T, L–LF) are also in most satisfactory
agreement with the experimental band profiles (Figs. 10
and 11). This confirms the importance of considering the
results of the AED calculations in selecting the most ap-
propriate isotherm model. The use of the AED introduces
another physical criterion that completes the requirements
for the choice of the best isotherm model, the other one
being their ability correctly to predict overloaded band pro-
files. In a previous work, consideration of the AED was
used to prefer a bimodal bi-Langmuir model to a unimodal
Toth model in order to account for the adsorption of phe-
nol and caffeine on a C18-Kromasil column[11]. Despite
the different mobile phase composition (the mobile phase
used in this work contains more water), it is surprising to
observe such a large difference between the adsorption het-
erogeneity of a packed and a monolithic columns that have
the same average C18-chains density (� 3.6�mol m−2) and
comparable specific surface areas. The AED of caffeine is
clearly bimodal on the Kromasil column[12] while it is at
least trimodal with the monolithic column used here. Ques-
tions arise to know whether or not the silica structure may
affect the homogeneity of the C18-chain coverage after the
bonding process. Genh and Loh[29] attributed, among dif-
ferent sources, the heterogeneity of surface energies to “the
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Fig. 9. Validation of the quadri-Langmuir isotherm model for the ad-
sorption of caffeine on the Chromolith column. Comparison between the
experimental (dotted line) and simulated (solid line) overloaded band pro-
files. (A) Low loading. (B) High loading. The simulation was performed
by using the equilibrium-dispersive model assuming the tri-Langmuir
isotherm model, an efficiency of 700 plates and a rectangular injection
(1 min at 1.75 and 21.6 g l−1).

presence of various pores of different sizes and shapes” in
perfusive porous beds based on polymeric material.

4.3. Comparison of the adsorption isotherms of caffeine
and phenol

The first three adsorption constants,bi, are systemati-
cally larger for caffeine than for phenol, by factors of 3.69,
1.26 and 1.31 for the first, second and third constants, re-
spectively. By contrast, the saturation capacities of the three
modes of caffeine (reported in mol l−1) are about twice
smaller on site 1; seven times smaller on site 2; and 1.5 times
smaller on site 3 than those of the corresponding modes
of phenol. The first type of sites has the largest saturation
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Fig. 10. Comparison between the experimental (dotted line) and simulated (solid line) overloaded band profiles of caffeine on the Chromolith column for
the four remaining isotherm models (L–LF, L–T, LF–LF, T–T and T–T–T). The simulation was performed by using the equilibrium-dispersive model,
an efficiency of 700 plates and a rectangular injection (1 min at 1.75 g l−1).
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Fig. 11. Same as inFig. 10 except the injected concentration= 21.6 g l−1.
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capacity (2.7 and 1.1 mol l−1 for phenol and caffeine, re-
spectively) and the smallest binding constants (0.0083 and
0.0307 L g−1, respectively). These observations combined
with the larger molecular weight of caffeine (194 Da versus
94 Da for phenol) and its larger surface area of contact with
the C18-chains layer suggest that only adsorption takes place
on these sites.

On the second type of sites, a large difference in the sat-
uration capacities of the two compounds is observed (1.3
and 0.2 mol l−1 for phenol and caffeine, respectively) and
the adsorption energies are 6 and 17 times larger than those
observed on the first type of sites. This second type of sites
is easily accessible to small size molecules like phenol.
Conversely, the probability that a twice larger molecule like
caffeine can access these sites is weak. This description of
C18-bonded silica adsorbents made of two sorts of sites is
in agreement with what has been reported before on vari-
ous packed columns[12]. It explains why, despite a larger
molecular weight and a lower solubility in the mobile phase,
caffeine is less retained than phenol on these columns.
Caffeine is strongly excluded and a partition mechanism
probably takes place on the second types of sites, the alkyl
ligands being unable to fold sufficiently to accommodate
the larger molecule.

Similar experimental observations were made on a series
of five packed columns, using a 70/30 methanol/water solu-
tion as the mobile phase[12]. In this case, two adsorption
energy modes only were observed. The first one is associ-
ated with an adsorption mechanism (site 1), the other with
a partition mechanism. The saturation capacity of caffeine
was lower than that of phenol on this second site by about
the same factor, which was explained by steric hindrance.
The main difference with the monolithic column is the ex-
istence in the latter case of a third type of adsorption sites
that has a small but still significant (0.21 and 0.13 mol l−1

for phenol and caffeine, respectively) saturation capacity,
hence is nearly as accessible to the two solutes. This might
be explained by some nonselective adsorption sites present
on the monolithic column but not on a packed column. The
third energy mode found for the adsorption of both com-
pounds and the possible fourth energy mode found for the
adsorption of caffeine are likely to be specific of the new
monolithic supports.

5. Conclusion

The adsorption data of phenol and caffeine acquired on a
new C18-Chromolith column (Merck) using an aqueous so-
lution of methanol (85/15, v/v) as the mobile phase and the
affinity energy distributions derived from these isotherms
showed that the surface is heterogeneous, with a trimodal
and a quadrimodal distributions for phenol and caffeine,
respectively. The energy differences between the different
modes are relatively small, suggesting that the lowest en-
ergy mode could correspond to adsorption at the interface

between the solution and the hydrocarbon layer while the
second and higher modes would be related to the dissolution
of these adsorbed molecules inside the hydrocarbon layer.
This work underlines the importance of performing accu-
rate measurements of equilibrium isotherm data, of acquir-
ing a sufficiently large number of data points, and of making
sure that these data points are spread across a wide range of
concentrations, extending from the quasi-linear part of the
isotherm to the maximum solubility of the compound inves-
tigated. The lowest two energy modes are compatible with
the similar modes observed on classical packed columns.
By contrast, the highest (for phenol) or highest two (for caf-
feine) energy modes found in the AED seem to be specific
of the new monolithic adsorbent. They might be related to
details of its porous structure. The rather low energy of these
modes suggest that they are not due to underivatized area of
the silica adsorbent surface. In a recent submitted paper, we
have investigated the adsorption of the same compounds on
other C18-bonded silicas having different polarity and struc-
ture. Results reinforce the idea, still provoking and undesir-
able by most concerned scientists, that the high-energy sites
detected in this study are related to dispersion forces within
the structure of C18-bonded layer rather than the existence of
strong interaction involving “active sites” (like free silanols)
[30].

6. Nomenclature

b0 preexponential factor of the binding constant
b(ε) binding constant associated to the adsorption

energyε (L g−1)
bmin low boundary of the binding constant range

use for the affinity energy distribution (L g−1)
bmax high boundary of the binding constant range

use for the affinity energy distribution (L g−1)
C concentration of the solute in the mobile

phase (g l−1)
C1 first and lowest concentration of the solute

in the mobile phase applied during frontal
analysis measurement (g l−1)

Cj jth concentration of the solute in the mobile
phase applied during frontal analysis
measurement (g l−1)

CM Mth and highest concentration of the solute
in the mobile phase applied during frontal
analysis measurement (g l−1)

Da apparent axial dispersion coefficient (cm2/s)
F(ε) affinity energy distribution function (mol s2 l−1)
F0(εi) uniform distribution of the affinity energy

distribution function corresponding to
the initial guess of the AED calculation

Fk(εi) affinity energy distribution function estimated
at thekth iteration during the AED
calculation (mol s2 l−1)
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Fcalc,t Fisher number calculated for a given
modelMt

FN−l1,N−l2,α element of the Student table (rowN − l1,
line N − l2, risk α)

Ft1,t2 F -test ratio calculated between two
models,Mt1 andMt2

l number of adjusted parameters in a
given isotherm model

L length of the chromatographic column (m)
M number of adsorption data or concentration

in the mobile phase applied during frontal
analysis measurement

N number of grid points in the energy space
Na column efficiency
q∗ equilibrium solute concentration adsorbed

on the stationary phase (g l−1)
qkcal equilibrium solute concentration adsorbed

on the stationary phase calculated at the
kth iteration of the AED calculation (g l−1)

q(CM) equilibrium solute concentration adsorbed
on the stationary phase for the highest
concentration in the mobile phase
performed during frontal analysis (g l−1)

qexp,j equilibrium solute concentration adsorbed
on the stationary phase measured
by frontal analysis for the concentration
Cj in the mobile phase (g l−1)

qexp mean value of the adsorbed data,
qexp,j (g l−1)

qs total saturation capacity (g l−1)
qs,i saturation capacity of sitesi (g l−1)
qt,j estimate of the stationary phase

concentration of the adsorbate by a given
model,Mt (g l−1)

R ideal molar gas constant (kJ mol−1 K−1)
t time (s)
T temperature (K)
u interstitial linear velocity (m s−1)
V0 hold-up colum volume (l)
Va stationary phase volume (l)
Veq elution volume of the equivalent area in

frontal analysis (l)
z longitudinal distance along the

column (m)

Greek letters
ε continuous adsorption energy variable

(kJ mol−1)
εmax highest discretized adsorption energy

(kJ mol−1)
εmin lowest discretized adsorption energy

(kJ mol−1)
εi discretized adsorption energy variable

(kJ mol−1)

�ε adsorption energy step
(kJ mol−1)
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