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Abstract

Single component isotherm data of caffeine and phenol were acquired on two different stationary phases for RPLC, using a methanol/water
solution (25%, v/v, methanol) as the mobile phase. The columns were the non-endcapped Waters Resolve-C18, and the Waters XTerra MS C18.
Both columns exhibit similar C18-chain densities (2.45 and 2.50�mol/m2) and differ essentially by the nature of the underivatized solid support
(a conventional, highly polar silica made from water glass, hence containing metal impurities, versus a silica–methylsilane hybrid surface
with a lower density of less acidic free silanols). Thirty-two adsorption data points were acquired by FA, for caffeine, between 10−3 and 24 g/l,
a dynamic range of 24,000. Twenty-eigth adsorption data points were acquired for phenol, from 0.025 to 75 g/l, a dynamic range of 3000.
The expectation-maximization procedure was used to derive the affinity energy distribution (AED) from the raw FA data points, assuming a
local Langmuir isotherm. For caffeine, the AEDs converge to a bimodal and a quadrimodal distribution on XTerra MS-C18 and Resolve-C18,
respectively. The values of the saturation capacity (qs,1 � 0.80 mol/l andqs,2 � 0.10 mol/l) and the adsorption constant (b1 � 3.1 l/mol and
b2 � 29.1 l/mol) measured on the two columns for the lowest two energy modes 1 and 2, are comparable. These data are consistent with
those previously measured on an endcapped Kromasil-C18 in a 30/70 (v/v), methanol/water solution (qs,1 = 0.9 mol/l andqs,2 = 0.10 mol/l,
b1 = 2.4 l/mol andb2 = 16.1 l/mol). The presence of two higher energy modes on the Waters Resolve-C18 column (qs,3 � 0.013 mol/l
andqs,4 �2.6 10−4 mol/l, b3 � 252 l/mol andb4 = 13,200 l/mol) and the strong peak tailing of caffeine are explained by the existence of
adsorption sites buried inside the C18-bonded layer. It is demonstrated that strong interactions between caffeine and the water protected bare
silica surface cannot explain these high-energy sites because the retention of caffeine on an underivatized Resolve silica column is almost
zero. Possible hydrogen-bond interactions between caffeine and the non-protected isolated silanol groups remaining after synthesis amidst the
C18-chain network cannot explain these high energy interactions because, then, the smaller phenol molecule should exhibit similarly strong
interactions with these isolated silanols on the same Resolve-C18 column and, yet, the consequences of such interactions are not observed.
These sites are more consistent with the heterogeneity of the local structure of the C18-bonded layer. Regarding the adsorption of phenol, no
matter whether the column is endcapped or not, its molecular interactions with the bare silica were negligible. For both columns, the best
adsorption isotherm was the Bilangmuir model (with qs,1 �2 and qs,2 � 0.67 mol/l,b1 � 0.61 andb2 � 10.3 l/mol). These parameters are
consistent with those measured previously on an endcapped Kromasil-C18 column under the same conditions (qs,1 =1.5 and qs,2 =0.71 mol/l,
b1 = 1.4 l/mol andb2 = 11.3 l/mol). As for caffeine, the high-energy sites are definitely located within the C18-bonded layer, not on the bare
surface of the adsorbent.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The position and shape of overloaded band profiles
recorded in preparative liquid chromatography depends
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directly on the adsorption equilibrium isotherm of the
compound between the stationary and the mobile phases.
This observation is valid provided that the column effi-
ciency is high enough. The experimental determination of
the adsorption isotherm represents the key task if anyone
wants to predict accurately overloaded band profiles and
perform computer assisted optimization and/or method
development in preparative chromatography[1–3]. This
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ultimately permits an important cost reduction by saving
time and chemicals with respect to what any empirical
approach requires and by approaching closer the optimum
conditions[1]. A fundamental understanding of the adsorp-
tion process involved in a separation is not a necessary
constraint for the acquisition of meaningful equilibrium
isotherm data nor for their accurate modeling. A close
agreement between the experimental and the calculated
band profiles is all that is required for the determination of
good estimates of the experimental conditions under which
the objective function is optimum. It is not yet fully real-
ized how, provided that it is applied with due caution, the
measurement, the modeling, and the interpretation of equi-
librium adsorption data can help in reaching a far deeper
understanding of the adsorption mechanisms involved in
a particular separation. The difficulties encountered con-
sist in recognizing what, in the results obtained, is spe-
cific of the separation studied and what is more general,
and in distinguishing between the fundamental properties
hinted at by the models used and the empirical relation-
ships that they suggest. One of these difficulties that is
often encountered requires to ascertain what features of
the equilibrium isotherm model make physical sense, are
consistent with the actual properties of the surface of the
adsorbent studied, its heterogeneity, or whether the values
of the thermodynamic constants of adsorption measured
are consistent with the known values of the interaction
energies.

We have shown previously that the selection of an
isotherm model based only on the statistical results of the
fitting procedure of the adsorption data acquired by a most
accurate method like frontal analysis (FA) does not always
give the most physically meaningful model[4,5]. Giving
a small fitting residual in the regression of the data is a
necessary conditions not a sufficient one for the selec-
tion of the most satisfactory equilibrium isotherm model.
Besides the regression to an isotherm equation, other, in-
dependent treatments of the adsorption data can be useful
and should be performed. For instance, the affinity energy
distribution (AED) or distribution of the energy of interac-
tion between the solute and the adsorbent (the surface of
which is always somewhat heterogeneous) can be derived
from the raw adsorption data, as shown by Stanley et al.
who developed the numerical expectation-maximization
procedure[6]. This method has the advantage of intro-
ducing no spurious information. It was successfully used
to determine the general isotherm behavior of phenol on
a Kromasil-C18 column for methanol/water mobile phase
compositions ranged between 0 and 60%[7–9]. Using
this model, overloaded band profiles were predicted with
close agreement with experimental data, in a wide range
of gradient conditions, demonstrating the accuracy of the
isotherm model[9]. The conclusions of this work regarding
the adsorption of phenol were that there are two distinct
types of adsorption sites on the surface of Kromasil-C18
with different adsorption energies. The higher the water

content in the mobile phase, the larger the number of the
high-energy sites on the surface[7]. This is consistent with
the evolution of the C18-layer structure at high water con-
tent, leading ultimately to the collapse of these chains in
pure water.

The physical interpretation of these two distinct sites on
the Kromasil-C18 surface was not elucidated in this early
work [4–9] but we have suggested a mechanism explaining
the existence of the bimodal energy distribution of phenol
on this column[10]. We measured the adsorption isotherm
of phenol and caffeine on six different commercial brands of
endcapped C18-bonded silica, to understand better the gen-
eral retention mechanism of these two compounds in RPLC.
Whatever the solute and the column considered, the AED
converges toward a bimodal distribution. Accordingly, the
best isotherm model is the Bilangmuir model. Two impor-
tant conclusions were drawn from our results: (1) the low
energy sites are located at the very interface between the
stationary and the mobile phases, i.e., they are on the top of
the C18 layer; (2) the high-energy sites are deeply buried in
the C18-bonded layer, they are not residual silanols or disso-
ciated silanophilic groups found on the exposed bare silica
surface. This last conclusion was essentially based on the
small difference between the energies of the two types of ad-
sorption sites, 5 kJ/mol. This conclusion was logical but not
definitive because no data were measured for the adsorption
of phenol and caffeine on bare silica. The high-energy sites
could be explained by interactions between the solutes and
some residual silanols.

In this work, we investigate whether or not the
high-energy adsorption sites encountered by phenol and
caffeine can be explained by some interactions with the bare
surface of the adsorbent. For this purpose, we measured,
modeled, and compared the adsorption isotherms of phenol
and caffeine on two specifically chosen stationary phases,
one with practically no silanol groups, XTerra-C18, the other
one with a high density of such groups, Resolve-C18. The
first material is the new C18 derivatized silica-methylsilane
hybrid surface elaborated by Waters (Milford, MA, USA),
which has no residual silanols at pH lower than 10[11].
The second material is the C18 derivatized Resolve silica
that still contains approximately 70% of the silanols of the
underivatized Resolve silica. The bonding of the C18 chains
to the Resolve Silica does not alter the acidity of the surface
silanols[11]. Finally, analytical injections were performed
on a column of underivatized Resolve Silica. The adsorp-
tion energies of the two compounds estimated from their
retention factors on this underivatized silica were compared
with those measured on the Resolve-C18 column. The two
C18-bonded columns studied can be considered as being
at the two extremes of the range of silanophilic activity
of RPLC stationary phases and seemed to be the most ap-
propriate columns to investigate the possible effects of the
bare silica surface exposed to the adsorption of phenol and
caffeine in RPLC and the nature of the high-energy sites
found in RPLC columns.
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2. Theory

2.1. Determination of the adsorption isotherms by frontal
analysis (FA)

Frontal analysis (FA) was used to measure the single-
component adsorption isotherm data of phenol and caf-
feine [1,12,13]. It consists in the abrupt replacement of
the stream of mobile phase percolating through the col-
umn with a stream of a solution of the studied compound
in the same mobile phase. The breakthrough curve is
recorded, the column is washed with the pure mobile
phase, and the experiment is repeated with a more concen-
trated solution. Mass conservation of the solute between
the times when the new solution enters the column and
when the plateau concentration is reached allows the cal-
culation of the mass,m∗

t , of solute retained in the column
at equilibrium with a given mobile phase concentration,
C. This mass is best measured by integrating the break-
through curve (equal area method)[14]. The amountm∗

t is
given by:

m∗
t = CVeq (1)

whereVeq is the elution volume of the equivalent area of
the solute. Note thatm∗

t is not the mass of solute adsorbed
but the total mass present in the whole column at the end
of the experiment, either adsorbed or in solution in the void
volume. The knowledge of this latter volume (i.e. the vol-
ume inside the column that is available to the solution of
concentrationC) allows the determination of the adsorbed
amountq∗

a per unit of adsorbent volume by:

q∗
a = m∗

t − CV0

Va
(2)

whereV0 andVa are the column void volume and the ad-
sorbent volume, respectively. The adsorption data consist in
the set of pairsq∗

a, C acquired.

2.2. Models of isotherm

Three isotherm models were used to describe the adsorp-
tion isotherm of phenol and caffeine. All three models are
based on the Langmuir model. They are the Bilangmuir, and
two further extensions, the Trilangmuir and the Quadrilang-
muir isotherm models. The Bilangmuir model is the simplest
model for a nonhomogeneous surface[15]. It can easily be
extended to a Trilangmuir or a Quadrilangmuir model. The
surface is assumed to be paved with two, three or four differ-
ent types of homogeneous chemical domains which behave
independently. Then, the equilibrium isotherm results from
the addition of two, three or four independent local Langmuir
isotherms:

q∗ = qs,1
b1C

1 + b1C
+ qs,2

b2C

1 + b2C
(3)

for the Bilangmuir isotherm,

q∗ = qs,1
b1C

1 + b1C
+ qs,2

b2C

1 + b2C
+ qs,3

b3C

1 + b3C
(4)

for the Trilangmuir isotherm and

q∗ = qs,1
b1C

1 + b1C
+ qs,2

b2C

1 + b2C

+ qs,3
b3C

1 + b3C
+ qs,4

b4C

1 + b4C
(5)

for the Quadrilangmuir isotherm.
In these models, there are one, two, three or four saturation

capacities,qs,1, qs,2, qs,3 and qs,4, that are related to the
surface area of each one of the different types of sites existing
on the surface. The equilibrium constantsb1, b2, b3, andb4
are associated with the adsorption energiesεa,1, εa,2, εa,3,
andεa,4, through the following equation[16]:

bi = b0eεa,i/RT (6)

whereεa,i is the energy of adsorption,R is the universal
ideal gas constant,T is the absolute temperature andb0 is a
pre-exponential factor that could be derived from the molec-
ular partition functions in both the bulk and the adsorbed
phases.b0 is often considered independent of the adsorption
energyεa,i [16].

The adsorption energy distribution (AED) functions,F(ε),
of the Bilangmuir, Trilangmuir and Quadrilangmuir are the
sums of two, threeor four Dirac functions, respectively:

F(ε) = qs,1δ(ε − εa,1) + qs,2δ(ε − εa,2) (7)

or

F(ε) = qs,1δ(ε − εa,1) + qs,2δ(ε − εa,2) + qs,3δ(ε − εa,3)

(8)

or

F(ε) = qs,1δ(ε − εa,1) + qs,2δ(ε − εa,2)

+ qs,3δ(ε − εa,3) + qs,4δ(ε − εa,4) (9)

These energy distributions are bimodal, trimodal or quadri-
modal and all their modes have a width 0.

2.3. Calculation of the adsorption energy distributions

In practice, there are no homogeneous domains. Actual
surfaces are neither homogeneous nor paved with homoge-
neous tiles, as was assumed so far. All domains are somewhat
heterogeneous because (1) impurities (e.g., boron, iron) in
the bulk adsorbent segregate to its external surface; and (2)
the valences of the atoms at the surface of the solid are in-
completely satisfied and are somewhat strained and stressed.
Adsorbent surfaces are characterized by an adsorption en-
ergy distribution (AED) that may have several more or less
well resolved modes, each mode having a finite width. The
experimental isotherm on such a heterogeneous surface is the
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sum of the isotherms on each one of the types of sites cover-
ing the surface. There are different possible mathematical ap-
proaches to calculate the affinity energy distribution (AED)
or distribution of the adsorption energy constants on the sur-
face [16–19]. In this work, we derived it directly from the
raw adsorption data by using the expectation-maximization
method[19], a method previously described in detail[7]. It
does not introduce any information that is not contained in
the data. This method assumes that the adsorption isotherm
on each homogeneous type of sites is a Langmuir or a Jo-
vanovic isotherm. Accordingly, the method affords the en-
ergy distribution on heterogeneous adsorbents but only if the
adsorbate–adsorbate interactions are negligible. Note that
the results of AED calculations in liquid-solid adsorption
are reported as the distribution of the adsorption equilib-
rium constant. They are given here as plots of the density of
adsorption sites versus the natural logarithm of the equilib-
rium constant[17,19]. The energy corresponding to a certain
equilibrium constant can be derived fromEq. (6), which re-
quires knowledge of the pre-exponential factor. Resorting to
the equilibrium constant distribution or affinity distribution
rather than to the true AED avoids fundamental difficulties
in the estimation of this factor. It is important to stress that
the difference between the adsorption energies correspond-
ing to two different equilibrium constants can be calculated
directly. It is simply derived from their ratio without any
knowledge of the pre-exponential factor.

2.4. Modeling of desorption-band profiles in HPLC

The overloaded band profiles of phenol and caffeine were
calculated, using the equilibrium-dispersive model (ED) of
chromatography[1,20,21]. The ED model assumes instan-
taneous equilibrium between mobile and stationary phases
and a finite column efficiency originating from an apparent
axial dispersion coefficient,Da, that accounts for the disper-
sive phenomena (molecular and eddy diffusion) and for the
non-equilibrium effects that take place in a chromatographic
column. The axial dispersion coefficient is:

Da = uL

2N
(10)

whereu is the mobile phase linear velocity,L the column
length, andN the number of theoretical plates or apparent
efficiency of the column, measured under linear conditions,
i.e., with a small sample size.

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

∂C

∂t
+ u

∂C

∂z
+ F

∂q∗

∂t
− Da

∂2C

∂z2
= 0 (11)

whereq∗ andC are the stationary and mobile phase concen-
trations of the adsorbate at equilibrium, respectively,t is the
time, z the distance along the column, andF = (1 − εt)/εt
is the phase ratio, withεt the total column porosity.q∗ is
related toC through the isotherm equation,q∗ = f(C).

2.4.1. Initial and boundary conditions for the ED model
At t = 0, the concentrations of the solute and the ad-

sorbate in the column are uniformly equal to zero, and
the stationary phase is in equilibrium with the pure mo-
bile phase. The boundary conditions used are the classical
Danckwerts-type boundary conditions[1,22] at the inlet and
outlet of the column.

2.4.2. Numerical solutions of the ED model
The ED model was solved using a computer program

based on an implementation of the method of orthogonal col-
location on finite elements (OCFE)[23–25]. The set of dis-
cretized ordinary differential equations was solved with the
Adams–Moulton method, implemented in the VODE proce-
dure[26]. The relative and absolute errors of the numerical
calculations were 1× 10−6 and 1× 10−8, respectively.

3. Experimental

3.1. Chemicals

The mobile phase used in this work was a mixture of
methanol and water (25:75, v/v), both HPLC grade, pur-
chased from Fisher Scientific (Fair Lawn, NJ, USA). The
solvents used to prepare the mobile phase were filtered be-
fore use on an SFCA filter membrane, 0.2�m pore size
(Suwannee, GA, USA). Thiourea was chosen to measure the
column hold-up volume. Phenol and caffeine were the only
two solutes used in this study. Thiourea, phenol and caffeine
were all obtained from Aldrich (Milwaukee, WI, USA).

3.2. Columns

The three columns used in this study (XTerra MS C18,
Resolve-C18 and Resolve silica) were given by the manu-
facturer (Waters Corporation, Milford, MA, USA). They all
have the same size 150 mm× 3.9 mm. The main character-
istics of the bare porous silica and of the packing material
used are summarized inTable 1. The hold-up times of these

Table 1
Physico-chemical properties of the C18-bonded packed XTerra, Resolve
and Symmetry column (150 mm× 3.9 mm)

Column Resolve Symmetry XTerra

Particle size (mm) 5 5 5
Pore sizea (Å) 90 86 120
Pore volumea (ml/g) 0.50 0.90 0.64
Surface areaa (m2/g) 200 346 176
Total carbon (%) 10.2 19.6 15.2
Surface coverage (�mol/m2) 2.45 3.18 2.50
Endcapping No Yes Yes
Total column porosityb 0.6273 0.6044 0.6384

a Data for the packings before derivatization.
b Data from thiourea injections in a methanol/water mobile phase

(25/75, v/v).
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columns were derived from the retention time of two con-
secutive thiourea injections.

3.3. Apparatus

The isotherm data were acquired using a Hewlett-Packard
(Palo Alto, CA, USA) HP 1090 liquid chromatograph. This
instrument includes a multi-solvent delivery system (tank
volumes, 1 l each), an auto-sampler with a 250�l sam-
ple loop, a diode-array UV- detector, a column thermo-
stat and a data station. Compressed nitrogen and helium
bottles (National Welders, Charlotte, NC, USA) are con-
nected 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 mea-
sured from the auto-sampler and from the pump system, re-
spectively, 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 during 50 min, from each pump head, successively,
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 at flow rates around 1 ml/min.
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. Measurements of the adsorption isotherms by FA

The solubility of phenol and caffeine are approximately 90
and 30 g/l in a methanol/water solution of composition 25:75
(v/v), respectively. Accordingly the maximum concentra-
tions used in FA were 76 and 24 g/l to avoid any precipitation
in the instrument. For each compound, two master solutions
were prepared, at 10 and 100% of the maximum concentra-
tion. Two consecutive FA runs were then performed starting
from the lowest to the highest concentrations. One pump (A)
of the HPLC instrument was used to deliver a stream of the
pure mobile phase (methanol/water, 25:75, v/v), the second
pump (B for the 10% solution, C for the 100% solution) a
stream of the sample solution. The concentration of phenol
or caffeine in the FA stream is determined by the concen-
tration of the mother sample solution and the flow rate frac-
tions delivered by the two pumps. The breakthrough curves
were recorded at a flow rate of 1 ml/min, with a sufficiently
long time delay between each breakthrough curve to allow
for the complete re-equilibration of the column with the pure
mobile phase. The injection time of the sample was fixed at
6 min for all FA steps in order to reach a stable plateau at the
column outlet. To avoid recording any UV-absorbance sig-
nal larger than 1500 mAU and the corresponding signal noise
for the highest concentrations, and keeping a large enough
signal for the lowest concentrations, the detector signal was
detected at 285 nm (10% solution) and 291 nm (100% so-
lution) for phenol and at 294 and 305 nm for caffeine. In
each case, the detector response was calibrated accordingly

by using the UV absorbance at the plateau observed on the
breakthrough curves.

4. Results and discussion

4.1. Adsorption of phenol on Resolve-C18 and XTerra-C18
columns

Phenol was used first because it had been shown earlier
that it has a bimodal adsorption energy distribution on the
endcapped Kromasil-C18 column and a Bilangmuir adsorp-
tion isotherm[5,7–9]. Furthermore, the proportions of the
surface occupied by the first and second types of sites have
a similar order of magnitude in the methanol/water mobile
phase used in this study (methanol/water, 25/75, v/v). For in-
stance, the low-energy saturation capacity,qs,1 = 1.5 mol/l,
is nearly twice the high-energy saturation capacity,qs,2.
Thus, phenol appears to be an excellent model compound to
study the origin of the heterogeneity of silica-based RPLC
packing materials.

Figs. 1 and 2show the adsorption data and the AEDs ob-
tained for the adsorption of phenol on XTerra-C18 (no sur-
face silanols, apolar adsorbent) and on Resolve-C18 (large
number of surface silanols, polar adsorbent), respectively.
According to the data, the isotherm model best accounting
for the adsorption data on both columns is the bimodal Bi-
langmuir model. The validity of this isotherm model was
checked by comparing calculated and experimental band
profiles,Figs. 3 and 4. The calculated profiles were derived
using the equilibrium-dispersive model of chromatography.
The efficiency was adjusted so that the apex of the two
bands match. Note that the efficiencies are relatively weak
because, in the numerical calculations, we assumed the in-
jection of a rectangular profile. Actually, the injection pro-
file has a diffuse boundary both at its front and at its rear,
due to molecular dispersion inside the connecting tubes be-
tween the mixer and the column inlet. This effect is easily
taken into account through the apparent dispersion coeffi-
cient Da of the equilibrium-dispersive model. The agree-
ment obtained between experimental and calculated profiles
is very good (Figs. 3 and 4), validating the physical reality
of the Bilangmuir model in our study.

Surprisingly, the numerical values of the isotherm pa-
rameters calculated from the AED results and from the
regression analysis of the data (Table 2) for the two columns
are too close to suggest that the adsorption mechanisms
on the two columns are different. It is noteworthy that the
low-energy adsorption constant,b1, is slightly higher on the
Resolve-C18 column than on the XTerra-C18. On the other
hand, the high-energy adsorption constant,b2, is slightly
lower for Resolve-C18 than for XTerra- C18. It must be no-
ticed also that the two saturation capacities are very close,
almost identical, for the two columns (qs,1 � 2.0 mol/l
and qs,2 � 0.7 mol/l). This result supports the conclusion
that only the C18-bonded layer, not the bare surface of the
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Fig. 1. (A) Adsorption isotherm data of phenol (star plot) and the best
Bilangmuir model (solid line). XTerra-C18 column, methanol/water (25/75,
v/v), T = 296 K. (B) Affinity energy distribution of phenol calculated
from the adsorption data using 100 millions iterations.

Fig. 2. (A) Adsorption isotherm data of phenol (star plot) and the best Bi-
langmuir model (solid line). Resolve-C18 column, methanol/water (25/75,
v/v), T = 296 K. (B) Affinity energy distribution of phenol calculated
from the adsorption data using 100 millions iterations.
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Fig. 3. Comparison between the experimental (dotted line) and simu-
lated (solid line) band profiles of phenol on the Resolve-C18 column.
Methanol/water (25/75, v/v),T = 296 K. Calculation made by using the
equilibrium-dispersive model of chromatography. Upper graph. Low col-
umn loading: injection of a 2.3 g/l solution during 60 s. Lower graph.
High column loading: injection of a 76.0 g/l solution during 60 s.

Table 2
Bilangmuir isotherm parameters obtained by the AED expectation-maximization calculations and by the regression analysis of the raw adsorption data

XTerra-C18 Resolve-C18 Symmetry-C18
a

Caffeine Phenol Caffeine Phenol Caffeine Phenol

AED Fit AED Fit AED Fit AED Fit AED Fit AED Fit

qs,1 (mmol/l) 790 790 1990 1990 810 810 2010 2010 762 743 1413 1457
b1 (l/mol) 2.75 2.89 0.52 0.54 3.72 3.36 0.67 0.65 2.43 2.64 0.73 0.98
qs,2 (mmol/l) 90 80 680 650 110 140 670 690 42 33 654 563
b2 (l/mol) 25.4 29.9 10.9 12.2 33.6 27.9 9.4 9.1 22.0 26.3 6.99 10.94
qs,3 (mmol/l) – – – – 11 14 – – – – – –
b3 (l/mol) – – – – 267 237 – – – – – –
qs,4 (mmol/l) – – – – 0.28 0.30 – – – – – –
b4 (l/mol) – – – – 13550 13000 – – – – – –

a Data previously acquired on a Symmetry column with a methanol/water mixture as for the mobile phase (30:70, v/v).

Fig. 4. Same as inFig. 3 except on the XTerra-C18 column.

adsorbent, is relevant in the adsorption mechanism of phenol
in RPLC. Thus, the adsorption mechanism of phenol seems
to be the same whether or not the surface of the stationary
phase is endcapped or not. Note inFig. 5that the position of
the peak of phenol is the same on both columns, suggesting
that phenol does not adsorb on the bare Resolve silica. We
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Fig. 5. Analytical injections of phenol and caffeine (20�l, 1 g/l) on the underivatized Resolve silica, the derivatized Resolve-C18, and the XTerra-C18

columns (150 mm× 3.9 mm). Methanol/water (25/75, v/v), flow rate 1 ml/min,T = 296 K. Note: the reversal order of retention between the Resolve-C18

and XTerra-C18 columns and the strong peak tailing of caffeine by using the latter column.

checked out this result directly by injecting phenol (20�l
of a solution at 1 g/l) on a Resolve silica column under the
same mobile phase conditions. The results are shown in
Fig. 5. The retention factor of phenol on the underivatized
Resolve column is less than 0.2. Assuming a monolayer sat-
uration capacity of 2 mol/l (the same as for the Resolve-C18
column), leads to an adsorption constantbresolve smaller
than 0.16 l/mol. By contrast, the two adsorption constants

measured on Resolve-C18 are much larger (b1 and b2 are
approximately 0.6 and 10 l/mol, respectively). This demon-
strates that the retention of phenol on Resolve-C18 cannot
arise from any strong interactions between the bare silica
surface of Resolve-C18 and the phenol molecules. Even
were we to assume a four-fold error on the saturation capac-
ity of Resolve silica, this would explain the participation of
the bare silica surface of Resolve-C18 to only the weakest
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interactions taking place on sites 1. This confirms the con-
clusions of an earlier work[10] where we reported that
the adsorption of phenol on six different brands of RPLC
columns was localized at the top surface of the C18-bonded
layer (adsorption mechanism on sites 1) and inside the layer
(partition mechanism on sites 2)

4.2. Adsorption of caffeine on Resolve-C18 and XTerra-C18
columns

Caffeine is slightly less acidic than phenol. The pH of
5 mM solutions of caffeine and phenol in pure water, at
25◦C, are approximately 6.9 and 6.0, respectively. The
molecule is larger, with a molecular weight of 194.2 Da ver-
sus 94.1 Da for phenol, and more hydrophobic. We might
expect a stronger interaction between caffeine and the bare
surface silanols of the Resolve-C18 adsorbent and stronger
interactions with the C18 chains. Two silanol acidities were
reported with pKa of 3.66 and 6.45, in almost equivalent
proportions (50%)[11]. Yet, phenol and the less soluble
caffeine have similar retention factors, a phenomenon which
was explained previously[10].

4.2.1. Adsorption of caffeine on the XTerra-C18 column
Previous studies on the adsorption of caffeine were made

on various brands of C18-bonded silica phases, using a sim-
ilar mixture of methanol and water as the mobile phase
(30/70, v/v). The results showed that the same adsorption
mechanism takes place for caffeine and phenol[10]. The
Bilangmuir isotherm was the best model to account for the
adsorption data of either compound. The main difference
was the much lower saturation capacity of the high-energy
sites for caffeine. This was explained by a size exclusion
effect of the larger caffeine molecules from the network
of C18 chains bonded to the silica surface. While they ac-
count for between 28 and 43% of the total saturation capac-
ity of the column for phenol, the high-energy sites account
for only between 4 and 7% of the saturation capacity for
caffeine[10]. Caffeine is less retained than phenol on the
XTerra-C18 column (Fig. 5). Fig. 6 shows the adsorption
data of caffeine on the XTerra-C18 column (Fig. 6A, sym-
bols) and the AED (Fig. 6B) calculated from the adsorp-
tion data (in water/methanol 25:75, v/v). The AED obtained
has two relatively narrow modes. Finally,Fig. 7 illustrates
the good agreement between the experimental band profiles
of caffeine and the profiles calculated from the Bilangmuir
isotherm model (the parameters are inTable 2). All these
results confirm the validity of the Bilangmuir model to ac-
count for the adsorption mechanism of caffeine on this new,
low polar stationary phase.

The relative proportion of the high-energy sites accessi-
ble to caffeine is markedly higher on XTerra-C18 than on
conventional C18-silica columns. The surface area of the
high-energy sites visited by caffeine accounts for nearly
12% of its total column saturation capacity (qs,1 � 0.8,
qs,2 � 0.1 mol/l) while it is 25% for phenol (qs,1 � 2.0,

Fig. 6. (A) Adsorption isotherm data of caffeine (star plot) and the best
Bilangmuir model (solid line). XTerra-C18 column, methanol/water (25/75,
v/v), T = 296 K. (B) Affinity energy distribution of caffeine calculated
from the adsorption data using 100 millions iterations.
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Fig. 7. Same as inFig. 4 except with caffeine as the solute. Note that
caffeine is eluted before phenol.

qs,2 � 0.7 mol/l), as shown inTable 2. This difference
might be explained by the significantly lower density of the
C18-chains on XTerra-C18 (2.50�mol/m2) compared to that
on the conventional brands of monomeric C18 silica previ-
ously used[10], i.e., Hypersil (3.15�mol/m2), Waters Sym-
metry (3.20�mol/m2), Phenomenex (3.33�mol/m2), and
Kromasil (3.59�mol/m2). Analyte molecules can more eas-
ily penetrate between the chains inside a less dense chain
thicket. This is consistent with caffeine having a larger satu-
ration capacity for the high-energy sites on XTerra-C18 than
on Symmetry-C18 (0.09 versus 0.04 mmol/l) while its sat-
uration capacities for the low-energy sites is the same on
both columns (0.8 mmol/l). Also consistent with the relative
hydrophobicity and size of the molecules of the two com-
pounds studied are the values of their adsorption constants
and saturation capacities. The values obtained forb1 andb2
for caffeine are approximately 5 and 2.5 times larger than
the corresponding values measured for phenol, respectively.
The values of qs,1 and qs,2 are about 2.5 and 8 times smaller
for caffeine than for phenol. This confirms the similarity of

the adsorption mechanisms of caffeine and phenol on the
low-energy sites, because the ratio of their respective molec-
ular weights (2.1) is close to 2.5. On the other hand, caffeine
is partially excluded from the partitioning high-energy sites
to which phenol has complete access. We might even con-
clude from theb1 to b2 ratios (5 and 2.5, respectively) that
phenol is fully embedded while caffeine is only half-buried
in the high-energy sites.

4.2.2. Adsorption on Resolve-C18 column
By contrast to its behavior on most other RPLC stationary

phases, caffeine is more retained than phenol on Resolve-C18
and its peak tails strongly. On the basis of the selectiv-
ity between caffeine and phenol (αC/P ), Tanaka et al.[28]
proposed to classify RP-HPLC columns. With anαC/P of
about 2 (SeeFig. 5), Resolve-C18 corresponds to a stan-
dard non-endcapped material prepared from a monofunc-
tional silane, which is actually the case, but with a surface
coverage ranging between 0.90 and 1.34�mol/m2. This ma-
terial should exhibit a strong hydrogen bonding capacity.
Actually, the measured chain density is about 2.5�mol/m2,
which is far more than the value predicted by Tanaka. Con-
versely, with the actual chain density measured, we should
observe a value ofαC/P close to unity, that is the coelution
of phenol and caffeine. This result is not consistent with the
assumption of a hydrogen bonding mechanism.

Fig. 8A shows its adsorption isotherm data. Comparison
to Fig. 6A would suggest a saturation capacity higher for
Resolve-C18 than for XTerra-C18. This is not supported by
the values of the isotherm parameters (Table 2). The effect is
explained by the higher values of the equilibrium constants
(Table 2) which make higher the amount adsorbed on the
column at equilibrium for a given concentration in the mo-
bile phase, especially at low concentrations. For instance, at
a concentration of 0.5 g/l in the mobile phase, the adsorbed
amount on the Resolve-C18 column is about twice that ad-
sorbed on the XTerra-C18 column. At 25 g/l, this ratio drops
to 1.35. There is no similar effect for phenol, for which the
equilibrium constants on the two columns are much closer.
This difference in the equilibrium constants explains why
phenol has about the same retention time on both columns
while caffeine is eluted earlier than phenol on XTerra-C18
and later on Resolve-C18. These conclusions are confirmed
by the good agreement between the experimental band pro-
files of caffeine and the calculated band profiles from the
Bilangmuir isotherm model shown inFig. 9

These observations suggest that additional interactions
take place between caffeine and Resolve-C18 at low con-
centrations that do not exist for phenol. Such interactions
must be high-energy interactions. The existence of these
interactions is confirmed by the AED reported inFig. 8B.
A quadrimodal energy distribution was found in this case.
The two low-energy bands are physically consistent with
those previously measured on XTerra-C18 and with those
observed for phenol on Resolve-C18. The two correspond-
ing types of sites have the same physical nature, whether
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Fig. 8. (A) Adsorption isotherm data of caffeine (star plot) and the best Quadrilangmuir model (solid line). Resolve-C18 column, methanol/water (25/75,
v/v), T = 296 K. Note: the enhanced isotherm curvature and the higher amount adsorbed for caffeine concentrations below 1 g/l by comparison to
Fig. 6A. (B) Affinity energy distribution of caffeine calculated from the adsorption data using 100 millions iterations.Note: the existence of two additional
adsorption energies in the high-energy range.

the RPLC column is apolar (XTerra-C18) or highly polar
(Resolve-C18). They must be located in and/or on the C18
layer, thus they are the adsorption sites of types 1 and 2 de-
scribed in the precedent section. This is consistent with the
similarity of the estimates derived for each of the parameters
qs,1, qs,2, b1, andb2 (Table 2) on the two columns.

As expected from the equilibrium isotherm data (the
isotherm has a marked curvature at low concentrations, see
Fig. 8a) and the chromatograms inFig. 5, there are also two
high energy bands predicted by both the AED calculation
and the regression analysis. The corresponding saturation
capacities qs,3 and qs,4 are much smaller that those of the
two lower energy modes, 12 mmmol/l and 0.3 mmol/l, re-
spectively. However, their effect on the isotherm behavior
is significant because the adsorption constantsb3 and b4
are high, 250 and 13,000 l/mol. This means that they are
saturated at relatively low concentrations of caffeine in the
mobile phase, which explains the significant curvature of
the isotherm below 1 g/l (cf.Fig. 8A and 8A) and the tailing

of the caffeine peak inFig. 5, tailing which, in this case, is
of thermodynamic, not kinetic origin (because, even for the
sample size used—20�g—the two high energy sites are
saturated, see parametersTable 2).

The AED of caffeine on Resolve-C18 (Fig. 8B) shows that
the interaction energies on the sites of types 2, 3, and 4 are
respectively 5, 10, and 20 kJ/mol higher than the interaction
energy on type 1 sites. In order better to understand the
physical origin of the sites of types 3 and 4, we injected
a small amount of caffeine (20�l at 1 g/l) on the Resolve
silica column (SeeFig. 5). The retention factor of caffeine
is about 1 and the peak is symmetrical. Assuming that the
column has a saturation capacity of 1 mol/l, this would lead
to an adsorption constant of about 2 l/mol, values of the same
order of those found for the sites of type 1 on Resolve-C18.
Accordingly, the interaction of caffeine with the bare surface
of the Resolve column cannot be responsible for any of the
high-energy interactions observed on C18-Resolve (ca 35,
250, and 13,000 l/mol).
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Fig. 9. Same as inFig. 3 except with caffeine as the solute.Note: that
caffeine is eluted after phenol.

An alternative explanation could be that caffeine does not
interact with the silanols of the bare silica patches that are
protected by molecules of water of the mobile phase and
are located out of the C18-bonded layer, but that it interacts
with unprotected free silanols that are isolated within the
hydrophobic C18 environment, from which water molecules
are excluded. Once the molecule of caffeine has penetrated
the C18 layer, it could form strong hydrogen bonding inter-
actions with these isolated silanols. This interpretation is not
acceptable, however, because such interactions are not ob-
served with phenol, which is both a strong hydrogen bonding
acceptor like caffeine and a strong hydrogen bonding donor.
Indeed, it is well known that phenol is strongly retained on
underivatized silica in NP-HPLC (e.g., withn-hexane as the
mobile phase). It would also be inconsistent to assume that
caffeine has an easier access than phenol to silanol groups
isolated in the alkyl layer when its molecule is twice larger
than phenol’s.

The same conclusion as applied earlier for the adsorp-
tion of phenol (see earlier and[10]) can be drawn. The

high-energy sites observed on stationary phases that have
not been endcapped are probably related to the heterogene-
ity of the C18-bonded layer structure in which the analyte
may penetrate more or less deeper. They do not seem
to be compatible with interactions with the free silanol
groups.

It is more reasonable to state that caffeine may visit four
different types of sites on Resolve-C18:

(i) The most abundant type 1 sites, on which a simple ad-
sorption mechanism takes place. The surface of con-
tact between the chains and the adsorbate molecules is
minimal. The adsorption constant is relatively low at
3.5 l/mol. The sites consist of C18 chains probably col-
lapsed on the silica surface or slightly swollen by a few
molecules of methanol.

(ii) A second type of sites has a density that is one order
of magnitude less than that of the sites of type 1. The
molecules of caffeine are likely to be half-buried be-
tween C18 chains. The adsorption energy on these sites
is approximately 5 kJ/mol higher than on type 1 sites.

(iii) A third type of sites has a density that is two orders
of magnitude lower than that of the type 1 sites. When
adsorbed on these sites, the molecules of caffeine are
completely embedded between C18 chains. The adsorp-
tion energy on these sites is approximately 5 kJ/mol
higher than on type 2 sites, hence 10 kJ/mol higher than
on the sites of the first type.

(iv) The sites of the fourth type are far fewer than those of
the three other types. Their density is approximately 40
times lower than that of the sites of type 3. This very
small saturation capacity and the very high adsorption
energy on these sites (10 kJ/mol higher than on type
3 sites) may render their existence questionable. How-
ever, we have never observed previously any peak such
as the fourth peak inFig. 8B in any AED calculated
so far. It seems highly unlikely that this peak is an ar-
tifact. We have no adsorption mechanism to suggest in
this case.

The fundamental results presented above show that the
high-energy sites observed for caffeine cannot be explained
by the existence of any “active sites” involving polar groups
bound to the surface of Resolve-C18. This conclusion is
also supported by the results of adsorption experiments car-
ried out with an endcapped C18 bonded monolithic column
[27]. Since Chromolith is an endcapped material, we can-
not expect that there are on its surface silanol groups that
would be much less hidden and protected than are found on
Resolve-C18 The adsorption equilibrium data of the same
two compounds as used in the present study, phenol and
caffeine, were measured. However, in order to adjust their
retention and maximize the accuracy of the frontal analy-
sis measurements, a higher water content was chosen for
the mobile phase, 85% instead of 75% (v/v). The results of
the regression analysis of these data were supported by the
AED derived from the same data. These AEDs are reported
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Fig. 10. (A) Adsorption energy distribution (AED) of phenol on an unused
Chromolith-C18 column.Note: the trimodal distribution. (B) AED of caf-
feine on the same monolithic column.Note: the quadrimodal distribution.

in Fig. 10A and B, for phenol and caffeine, respectively.
Although the AED for phenol is now trimodal, both AEDs
bear much similarity with those found in the present work.
The peaks of caffeine and phenol on the monolithic column

exhibited tailing, much as the caffeine peak inFig. 5. These
tailings which are observed at low concentrations (≤1 g/l)
are due to the heterogeneity of the adsorbent surface and to
the corresponding equilibrium thermodynamics, not to any
polar interaction and the corresponding slow mass transfer
kinetics. Some structural heterogeneity of monolithic silica,
e.g., macroscopic bonding non-uniformities, might explain
the peak tailing observed.

5. Conclusion

Our results suggest that the presence of residual silanols
on a silica surface does not significantly affect the chro-
matographic performance of the C18-bonded adsorbent
made from it provided that the sample molecules are small
and neutral or mildly polar. Neither endcapping nor the
preparation of a quasi-apolar bare silica surface are im-
portant prerequisite for the production of stationary phases
giving satisfactory results for the separation of these ana-
lytes. The adsorption mechanism of phenol are exactly the
same whether the adsorbent surface was the highly polar,
silanol-group rich Resolve silica (Resolve-C18 column) or
the completely apolar XTerra material (XTerra-C18 col-
umn). This is simply because phenol is barely adsorbed
on neat silica from aqueous solutions of methanol. The
retention of phenol is only due to its interactions with the
heterogeneous C18-bonded layer, on which there are two
types of adsorption sites and which correspond to adsorp-
tion on the collapsed chains (low-energy sites) and parti-
tion with the network of these chains (high-energy sites),
respectively.

In the case of larger molecules like caffeine, the absence
of the classical endcapping of the C18-bonded silica may en-
hance the heterogeneity of the surface energy distribution.
The silanol groups may have no direct interactions with the
analytes studied here, yet their presence could directly or
indirectly influence the structure of the alkyl bonded layer
and make it more heterogeneous. The AED of caffeine is
bimodal on XTerra-C18 but is quadrimodal on Resolve-C18.
The difference between the properties of these surfaces, in
spite of the small contributions of the high-energy modes,
is significant because it is not practical to use sample sizes
so small that the Resolve-C18 column behave linearly. The
adsorption of caffeine on Resolve Silica is so weak that
the tailing observed for analytical-size peaks of caffeine on
Resolve-C18, usually and abusively attributed to so-called
“active” sites involving silanol groups and to a large con-
tribution of a slow desorption kinetics from these sites to
the mass transfer resistances, appears to be wrong. The
physical origin of the high-energy sites is rather related to
the existence of spots inside the C18-bonded layer where
molecules can bury themselves and become embedded. The
values of the adsorption isotherm parameters that were de-
termined in various adsorption studies on many RPLC sta-
tionary phases are consistent. The conclusions drawn here
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extend to many RP-C18 columns. This addresses the impor-
tant and fundamental issue of the adsorption mechanism of
molecules in RPLC using high water content or even pure
water as the mobile phase. Accordingly, the hypothesis put
forward in previous works[5,7,10,27], that the elution or-
der of analytes must be understood on the basis of the an-
alyte accessibility to buried sites rather than from the com-
monly applied and fragile concept of “polar active sites”
or “slow desorption kinetics”, is reinforced. Finally, the re-
sults obtained with phenol and caffeine suggest that, for
these mildly polar compounds at least, the structure of the
C18 layer is far more important than the presence of some
residual silanols. It is not clear at this stage what changes
should be made to the nature of the silica surface used
and to the procedure used to bind the C18 chains. Yet, it
is clear that their network should be more ordered. Pos-
sibly, the cross-linking of the chains, reducing the surface
contribution of the sites of type 2 or higher, or the use of
shorter chains (e.g., dodecyl or octyl rather than octadecyl
chains) in which it would be more difficult for the analyte
molecules to get buried, could result in better stationary
phases. However, it cannot be denied at present that end-
capping or the useof apolar substrate-surfaces can be most
useful for the preparation of the high performance station-
ary phases needed for the analysis of basic or strongly basic
compounds.
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