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Effect of the temperature on the isotherm parameters
of phenol in reversed-phase liquid chromatography
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Abstract

Adsorption isotherm data of phenol from an aqueous solution of methanol onto a C18-bonded silica (Symmetry-C18) were acquired by
frontal analysis (FA) at six different temperatures, in a wide concentration range. The non-linear fitting of these data provided the bi-Langmuir
model as best isotherm model, a conclusion further supported by the results of the calculation of the affinity energy distribution (AED). The
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sotherm parameters were obtained using several methods, the fitting of FA isotherm data, the calculation of the AED, and the inve
hat uses overloaded elution band profiles. The different values obtained are in close agreement. They allow a quantitative investig
eparate properties of the low- and the high-energy sites on the adsorbent surface. Increasing the temperature decreases the satu
f the low-energy adsorption sites and the adsorption constant of the high-energy sites. In contrast, increasing the temperature do
ny significant changes in either the saturation capacity of the high-energy sites or the adsorption constant of the low-energy site
2004 Elsevier B.V. All rights reserved.

eywords:Adsorption isotherms; Affinity energy distribution; Inverse method; Band profiles; Phenol; Silica-based stationary phase

. Introduction

Reversed-phase liquid chromatography (RPLC) has be-
ome the most popular method used to analyze and/or purify
variety of substances[1–3]. This popularity is explained

y the development of manufacturing processes that repro-
ucibly produce high quality particles of pure silica and bind

t to alkyl chains. The resulting stationary phases provide
igh separation efficiency, convenience, versatility, and re-
roducibility. By modulating the retention of solutes with the
id of several external parameters, such as the mobile phase
omposition or the temperature, these stationary phases can
e used to separate small or large molecules of widely differ-
nt properties in clinical or environmental samples, in food
r pharmaceutical products. In spite of this widespread us-
ge of hydrophobic stationary phases, however, the retention
echanism in RPLC is still quite a controversial subject.

∗ Corresponding author. Tel.: +1 865 974 0734; fax: +1 865 974 2667.
E-mail address:guiochon@utk.edu (G. Guiochon).

Two main models have been developed to explain th
tention mechanism in RPLC, the solvophobic and the p
tion models[4,5]. The former attributes retention in RPL
to hydrophobic interactions taking place between the so
and the mobile phase. In this model, the retention of solu
a result of their relative lack of affinity for the mobile pha
which is expressed by their limited solubility. The role
the stationary phase on the retention in RPLC is consid
as minor. In contrast, this role is considered as of major
portance in the latter model, which assumes that rete
is due to the adsorption of the solutes on the hydrop
surface.

According to the partitioning model, there are two driv
forces for the retention process. The first one is the differ
in free energies of the solutes in the mobile and the
tionary phases. The second one stems from the geome
constrains of the alkyl bonded to the silica surface. T
geometrically constrained alkyl chains may adopt diffe
degrees of order, depending on the local bonding de
of the stationary phase and on the nature of the m
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phase. As the chains become more ordered, the partition of
the solutes between the bonded layer and the mobile phase
becomes entropically less favorable. Many experimental
results support the assumption that the properties of the
bonded alkyl chains change depending on the composition
of the mobile phase (e.g., the volume of the bonded layer)
and that these changes affect the retention behavior of the
solutes[6,7]. A more detailed understanding of the effect of
the composition of the mobile phase on the properties of the
alkyl chains was afforded by the measurement of the equilib-
rium isotherms of various solutes on RPLC stationary phases
[8].

The temperature is another factor that influences the prop-
erties of the bonded alkyl chains. For example, the observa-
tion of non-linear Van’t Hoff plots[9,10]and the characteriza-
tion of C18-silicas (Symmetry-C18) by Raman spectroscopy
[11,12] have been used to demonstrate that the stationary
phase undergoes a phase transition from a “solid-like” or-
dered state to a “liquid-like” disordered state when the col-
umn temperature is increased. However, there is almost no
data on the effect of temperature on the isotherm parame-
ters, the saturation capacities and the adsorption constants of
solutes on RPLC stationary phases. Only data on the effect
of temperature on the retention factor of the solute (i.e., the
initial slope of the isotherm) are available in the literature
[13–15]. Acquiring isotherm parameters at different temper-
a tion
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isotherm is written as:

q = qsbC

1 + bC
(1)

whereqs is the monolayer saturation capacity andb is the
adsorption constant of the studied compound. The Langmuir
model assumes that the surface of the adsorbent is homoge-
neous, covered with only one type of adsorption sites, that
these sites are localized, and that there are no interactions
between adsorbate molecules. The adsorption energy of the
adsorbent modeled by the Langmuir isotherm has a unimodal
energy distribution, with an infinitely narrow mode.

The simplest extension of the Langmuir model to account
for heterogeneous adsorption sites on the surface is the bi-
Langmuir isotherm model (Eq. (2)), which assumes that the
surface is composed of patches of two different types and
independent adsorption sites. Its equation is written as:

q = qs1b1C

1 + b1C
+ qs2b2C

1 + b2C
(2)

whereqs1andqs2are the saturation capacities for the first and
the second type of sites, respectively, andb1 andb2 are the
adsorption constants on the first and the second type of sites,
respectively. Energy distributions based on the bi-Langmuir
model display two peaks or modes, which are located at the
average adsorption energy of the two types of sites. The width
o
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tures would allow a detailed investigation of the reten
echanisms involved.
In this study, we investigate the influence of the temp

ure on the equilibrium isotherm and on the overloaded
rofiles of phenol on a C18-silica. Previously, isotherm da
f phenol were measured at room temperature on the
tationary phase, for a wide range of mobile phase com
ion. These data were best modeled with the bi-Lang
sotherm model[16]. The systematic measurement of
sotherm data in a sufficiently wide temperature range al
he separate investigation of the influence of temperatu
he parameters of the high- and the low-energy adsor
ites on the surface of the stationary phase. To determin
sotherm parameters of phenol at different temperature
mployed several methods, the fitting of the frontal an
is data to an isotherm model, the calculation of the affi
nergy distribution (AED), and the inverse method that
ives the best values of the isotherm parameters from s
f overloaded band profiles. The influence of the temper
n the isotherm parameters will be discussed in terms o
olubility of phenol and of the structure of the bonded a
hains.

. Theory

.1. Adsorption isotherm models

The Langmuir isotherm model is the simplest mo
sed in studies of adsorption isotherm data. The Lang
f these two modes is expected to be 0.
One of the other simple models suggested for adsor

n heterogeneous surfaces is the Langmuir–Freundlich
ion:

= qs(bC)n

1 + (bC)n
(3)

hereqs is the saturation capacity,b the adsorption constan
ndn is the heterogeneity parameter, smaller than unity.
eterogeneity parameter characterizes the degree of h
eneity of the surface or of the distribution of adsorp
ites. The closer to 1.0 the value ofn, the more homogeneo
he adsorbent surface. The adsorption energy modeled
angmuir–Freundlich equation has a Gaussian distrib

17–21], with a maximum energy related to the adsorp
onstant (b), and a width related to the degree of hete
eneity of the surface (n), i.e., the more heterogeneous
dsorption site distribution is, the broader the Gaussian

s.

.2. The expectation maximization (EM) method

The EM method allows the calculation of the adsorp
nergy distribution, hence the characterization of the su
eterogeneity[22–28]. The apparent, global, or overall a
orption isotherm is related to the local isotherm and to
istribution of adsorption constants by the following eq

ion:

(C) =
∫

f (ln K)θ(K, C)d lnK (4)
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whereq(C) is the global isotherm that is determined ex-
perimentally,C the equilibrium mobile phase concentration,
f(ln K) the adsorption-constant distribution,K the adsorp-
tion constant, andθ(K, C) is the local adsorption isotherm,
which is assumed to be the Langmuir isotherm in this study.
In the EM method,Eq. (4) is discretized into the following
equation:

qcal(Ci) =
M∑

j=1

f (ln Kj)θ(Kj, Ci)�(ln K) (5)

whereCi is the experimental value of the mobile phase con-
centration, lnKj the logarithmic value of adsorption constant
(K) spanned continuously across the discretized grid,�(lnK)
the constant spacing between lnK values in the discretized
space, andM is the total number of grid points in the space.
All values of lnK in the discretized grid are divided up us-
ing two input parameters,Kmin andKmax, and the number of
points to be calculated for the distribution. The values ofKmin
andKmax are determined experimentally as the reciprocal of
the largest (Cmax) and smallest mobile phase concentration
(Cmin) used in the measurements, respectively:

Kmin = 1

Cmax
and Kmax = 1

Cmin
(6)
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wherek is the iteration number andf(lnKj)k − 1 is the previous
estimate of the distribution. The iteration continues by recal-
culatingEq. (5)with the new estimate (expectation) and cor-
recting the distribution usingEqs. (8) and (9)(maximization).

2.3. The inverse method of isotherm determination (IM)

The inverse method is used to determine the adsorption pa-
rameters of an isotherm model from overloaded band profiles
[29,30]. Obtaining the isotherm parameters using this method
has practical advantages over the frequently used frontal anal-
ysis method because this method requires less time and lower
amounts of chemicals. The IM method consists in the fol-
lowing steps. First, an isotherm model is selected and initial
estimates for the adsorption parameters are made. Second,
using this first isotherm estimate, the overloaded band pro-
files are calculated using a suitable chromatographic model.
Third, the calculated overloaded band profiles are compared
to the experimental band profiles by evaluating the following
objective function:

min
∑

i

r2
i = min

∑
i

(Csim
i − C

exp
i )2

whereCsim
i andC

exp
i are the calculated and the experimental

concentrations at each data point. Finally, the parameters of
t ctive
f

ium-
d odel
a e sta-
t ncy
o
t nite
m ency
a y the
f

D

w
l nce
e gle
c

w he
c spec-
t
( e
i
(

C

C

he EM method consists in the numerical calculation o
istribution (f(Kj)) by successive approximations. An init
stimate of the distribution is required. For this purpose

n order to minimize the amount of information introduc
n the calculation of the distribution, the following const
nitial distribution was used.

(ln Kj) = qhigh − qlow

ln Kmax − ln Kmin
(7)

hereqhighandqlow are the highest and the lowest experim
al values of the adsorbed amounts measured, respectiv
his study, (0, 0) was included as the initial data points
low = 0). Eq. (7)provides a constant distribution across
ntire adsorption constant range as the initial estimate.

The EM method compares the ratio of an experime
alue ofq (qexp) to a calculated value ofq (qcal) at each dat
oint, providing a vector, which is used iteratively to corr
n estimate of the isotherm. This vector is then convol
ith the local isotherm model to obtain a correction ve

β) for the distribution, as shown in the following equatio

j =
N∑

i=1

qexp(Ci)

qcal(Ci)
θ(Kj, Ci)�(ln K) (8)

hereN is the number of data points, andi andj are indices fo
he concentration and the adsorption constant, respec
he distribution function is then corrected by multiplyingf(ln
j) by the factor given byEq. (8)at each lnKj:

(ln Kj)
k = β(ln Kj)f (ln Kj)

k−1 (9)
he isotherm are changed in order to minimize the obje
unction, using an optimization routine.

To calculate the overloaded band profiles, the equilibr
ispersive model of chromatography was used. This m
ssumes instant and constant equilibrium between th

ionary and the mobile phase but a finite column efficie
riginating from an apparent axial dispersion coefficient (Da)

hat accounts the effects of axial dispersion and of the fi
ass transfer across the column. The finite column effici
nd the apparent axial dispersion coefficient are related b

ollowing equation that is valid under linear conditions.

a = uL

2N

hereu is the mobile phase linear velocity,L the column
ength, andN is the column efficiency. The mass bala
quation of the equilibrium-dispersive model for a sin
omponent is written as follows:

∂Ci(z, t)

∂t
+ F · ∂qi(z, t)

∂t
+ u · ∂Ci(z, t)

∂z
= Da · ∂2Ci(z, t)

∂z2

hereCi andqi are the equilibrium concentrations of t
omponent in the mobile and the stationary phase, re
ively, z the length,t the time, andF is the phase ratio [F =
1 − εt)/εt whereεt is the total porosity of the column]. Th
nitial condition [Ci (z, 0)] and the boundary condition [Ci

0, t)] to solve the equation are written:

i(z, 0) = 0

i(0, t) = C0
i , 0 < t ≤ tp
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wheretp is the duration of the injection. The initial condition
states that att = 0 the column is equilibrated with the pure
mobile phase while the boundary condition assumes that the
sample is injected into the column as a rectangular pulse of
lengthtp. The mass balance equation was combined with the
proper isotherm equation to calculate numerically the band
profiles at the column outlet. This was accomplished by solv-
ing the integration using the Rouchon program based on the
finite difference method.

3. Experimental

3.1. Chemicals and materials

The mobile phase used in this study was water–methanol
(70:30, v/v), both liquids being HPLC-grade, purchased from
Fisher Scientific (Fair Lawn, NJ, USA). The solution was
filtered before use on an surfactant free cellulose acetate
(SFCA) filter membrane, 0.2�m pore size (Suwannee, GA,
USA). The solutes used were phenol and thiourea, both pur-
chased from Aldrich (Milwaukee, WI, USA). A manufacture-
packed, 150 mm× 3.9 mm Symmetry (Waters, Milford, MA,
USA) column [16,31] was used for this study. This col-
umn was packed with a C18-bonded, endcapped, porous
s
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its chamber, and are slightly different from those initially se-
lected (25, 35, 45, 55, 65, and 75◦C). For each temperature,
33 consecutive breakthrough curves were recorded, with a
sufficiently long delay time (15–25 min) between each break-
through curve to allow the re-equilibrium of the column with
the pure mobile phase. The injection time of the sample was
fixed at 5 min for all FA experiments, so that, at the end of
each experiment, the composition of the eluate was the same
as that of the plateau injected at the column inlet. The de-
tector signal was recorded at 292 nm to avoid recording any
UV-absorbance signal above 1500 mAU.

The hold-up time was measured by using the auto sampler
to inject a small amount of thiourea dissolved in the mobile
phase (methanol–water, 30:70) into the column at each of the
different temperatures studied. The extra column time corre-
sponds to the migration time of the step front through the
tubing between the pump and the column inlet. This time
was measured as the hold-up time when a small dead vol-
ume union was used instead of the Symmetry column to con-
nect injector and detector. The corresponding hold-up volume
was 0.058 or 0.9 mL, depending whether it was measured
from the auto sampler or from the pump system. The exper-
imental data were corrected by subtracting the extra column
volume.

3.2.3. Calculation of the isotherm data points
hase

q ion,
C

q

w the
s -
t ve
w mum
n ugh
c d
b e
c

3
ad-

s 6.0
( fit
t t
a pro-
c mini-
m herm
m re-
g con-
v ere
c ters
[

ared
u l se-
ilica.

.2. Determination of adsorption isotherms by frontal
nalysis (FA)

.2.1. Liquid chromatography
The isotherm data were obtained by the frontal ana

ethod, using a Hewlett-Packard (Palo Alto, CA, USA)
090 liquid chromatograph. This instrument is equipped
multi-solvent system (tank volumes, 1 dm3 each), an auto

ampler with a 250�L sample loop, a diode-array UV d
ector, a column thermostat and a computer data acqui
tation. The microcomputer of this system was used to
ram a series of breakthrough curves.

.2.2. Experimental measurements of breakthrough
urves

One of the pumps of the HPLC instrument was used to
iver a stream of pure mobile phase (methanol–water, 3
/v), the other was used to deliver a stream of the pure sa
olution at a constant flow rate of 1 mL/min. The concen
ion of the studied compound (phenol) in the stream pe
ating the column was determined by the concentration o
ample solution of phenol and the flow-rate fractions d
red by the two pumps. The concentration range of ph
tudied was between 0.5 and 100 g/L. The FA experim
ere carried out at six different temperatures (23, 35, 41
3, and 73◦C), with variations of the temperature during e
eries of experiments of±1◦C. These are the actual valu
easured with a temperature probe located by the colum
The amount of phenol adsorbed onto the stationary p
∗ at equilibrium with a given mobile phase concentrat
, was calculated using the equation:

= C(Vequ− V0)

Va
(10)

hereVequis the elution volume of the equivalent area of
olute,V0 the dead volume, andVa is the volume of the sta
ionary phase. The value ofVequfor each breakthrough cur
as calculated at the volume corresponding to the maxi
umerical value of the first derivative of the breakthro
urve (inflection point). The value ofVa was calculate
y subtractingV0 from the geometrical volume of th
olumn.

.2.4. Fitting of the isotherm data to isotherm models
Non-linear regression of the experimental data to

orption isotherm models was performed using Origin
Northampton, MA, USA). The experimental data were
o each isotherm model with weights (1/q2) designed to pu
n even emphasis on each data point during the fitting
ess. The best isotherm parameters were selected by
izing the residual sum of squares (RSS) for each isot
odel. To avoid being trapped in a local minimum in the
ression process and to determine whether the solution
erges toward a global minimum, several calculations w
arried out, using different initial values of the parame
32].

The different adsorption isotherm models were comp
sing the Fisher test (equation below). The best mode



H. Kim et al. / J. Chromatogr. A 1049 (2004) 25–36 29

lected for the experimental data is the one, which gives the
highest value of the Fisher parameter[32].

Fcal = (n − l)
∑n

i=1(qex,i − qex)2

(n − 1)
∑n

i=1(qex,i − qt,i)2
(11)

whereqex is the mean value of the experimental dataqex, l
the number of adjusted parameters of the model, andn is the
number of data points.

The adsorption isotherm models used to fit the experimen-
tal isotherm data were the Langmuir, the bi-Langmuir, and
the Langmuir–Freundlich isotherm models.

3.2.5. Calculation of the affinity distribution using the
expectation maximization method

The EM algorithm programmed in Fortran (Lahey/Fujitsu
Fortran 95, Incline Village, NV, USA) was used to calculate
the affinity energy distributions. One hundred grid points in
the K-space were used to logarithmically digitize the range
betweenKmin = 0.0001 L/g andKmax = 2 L/g. The algo-
rithm performed 1× 107 iterations. The calculated AED
from this algorithm shows the differential saturation at each
point [qs(Kj)] as a function of log10 Kj, whereqs(Kj) = f(ln
Kj) �(ln K). To estimate the isotherm parameters from the
calculated AED, the values ofqs comprising one peak were
added to obtain the saturation capacity of the correspond-
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isotherm parameters at the different temperatures by the in-
verse method.

4. Results and discussion

The goal of this study was to determine how the isotherm
parameters of phenol on Symmetry-C18 change with increas-
ing temperature. For that purpose, three independent meth-
ods were employed to obtain the isotherm parameters. These
methods were the non-linear fitting of the FA experimental
isotherm data to the bi-Langmuir isotherm model; the calcu-
lation of the affinity energy distribution from the raw isotherm
data; and the inverse method, from overloaded band profiles.
Using the isotherm parameters obtained from each of these
methods, we studied the effects of the temperature on the
isotherm parameters of phenol on Symmetry-C18.

4.1. Determination of the bi-Langmuir isotherm
parameters

4.1.1. Frontal analysis and non-linear fitting to
bi-Langmuir isotherm model

As a first step, isotherm data of phenol were acquired by
frontal analysis at each temperature.Fig. 1shows these data
( erm
m with
p m-
e m of
s 23
w uir
o r re-
s the

F
m : ex-
p to the
b

ng type of sites, and the value of lnKj for the peak wa
sed to calculate the adsorption constant of the correspo
ite.

.2.6. Measurement of the overloaded band profiles
Overloaded band profiles of phenol on Symmetry-18

ere recorded at each temperature, independently from
A measurements. The injections of phenol were done
he pump, at three different concentrations, 10, 50,
00 g/L. The band profiles were recorded at 292 nm. Th

ector response was calibrated from the UV-absorbance
easured on the plateau following each breakthrough c
nd the absorbance units (mAU) were converted to con

ration units (g/L). A third order polynomial was used a
alibration function for all experimental data.

The inverse method was used to derive the best valu
he isotherm parameters from overloaded band profile
se this method, an isotherm model and initial adsorp
arameters are needed. Three band profiles were recor
3◦C, with injections of phenol at the three different c
entrations (see above), for 40 s, shortly after acquisitio
he frontal analysis data of phenol at 23◦C. For the cal
ulated band profiles, the bi-Langmuir model was sele
s the isotherm model, and the initial estimates for the
orption parameters were the values obtained by fitting
rontal analysis data at 23◦C to the bi-Langmuir isotherm
odel. These parameters were further optimized to mini

he difference between the experimental and the calcu
and profiles. These optimized bi-Langmuir isotherm pa
ters at 23◦C were used as initial estimates to calculate
t

symbols) and their best fits to the bi-Langmuir isoth
odel (solid lines) at each temperature. In agreement
revious results[16], the highest value of the Fisher para
ter (16,000) and the lowest value of the residual su
quares (3.3) were obtained when the adsorption data at◦C
ere fitted to the bi-Langmuir model. Fits to the Langm
r the Langmuir–Freundlich isotherm model gave poo
ults (Table 1). The same statistical tests showed that

ig. 1. Adsorption equilibrium of phenol onto Symmetry-C18 from
ethanol–water (30:70, v/v) at six different temperatures. Symbols
erimental isotherm data. Lines: best fits of the experimental data
i-Langmuir isotherm model.
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Table 1
Fisher parameters (Fcal) and residual sum of squares (RSS) calculated
from fitting the experimental isotherm data to each isotherm model at each
temperature

Temperature (◦C) Isotherm model

Langmuir Bi-Langmuir Langmuir–
Freundlich

RSS Fcal RSS Fcal RSS Fcal

23 786 70 3.316000 168 300
35 274 500 2.750000 44 3000
41 217 200 2.911000 47 700
53 50 600 5.1 6000 30 900
63 157 300 2.212000 57 800
73 25 3000 0.512000 9.5 6000

bi-Langmuir model is the model that accounts best for the
adsorption of phenol at each temperature, as indicated by the
highest Fisher parameter and the lowest residuals, compared
to the other isotherm models (seeTable 1). Therefore, the bi-
Langmuir parameters were used to investigate the influence
of the temperature on the isotherm parameters of phenol.

In addition to showing good agreement with the bi-
Langmuir isotherm model, the data inFig. 1 show that the
amount of phenol adsorbed at each mobile phase concen-
tration decreases with increasing temperature and that the
isotherm parameters are strong functions of temperature. The
set of bi-Langmuir isotherm parameters obtained by isotherm
fitting at the different temperatures is summarized inTable 2.
The influence of the temperature on each parameter obtained
with the three different methods used is discussed in more
detail in a later section.

4.1.2. Estimation from affinity energy distribution
The expectation maximization algorithm was used to cal-

culate the affinity energy distribution from the raw adsorption
data, without requiring any prior assumption on the isotherm
model[23–28]. The AED derived from the EM method were
used to validate the isotherm model selected from the fitting
process.Fig. 2 shows the AED calculated by EM from the
isotherm data at each temperature. The AEDs at the differ-
e ge of
a the
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B
d phase

T

2
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T e ex-
p herm
m

same number of iterations (107 iterations). These AEDs ex-
hibit two well-resolved peaks at low and high energy, at each
temperature (Fig. 2). This further supports the choice of the
bi-Langmuir isotherm model to account for the adsorption of
phenol on Symmetry-C18 at all temperatures.

Fig. 2shows also that the adsorption energy on the high-
energy sites tends toward the adsorption energy on the low-
energy sites with increasing temperature, although no sys-
tematic change of the energy of the low-energy modes can be
observed with increasing temperature. In the same time, the
height of the low-energy modes decreases while there are no
significant changes in the height of the high-energy modes.
These qualitative assessments of the AEDs at the different
temperatures indicate that temperature has a significant in-
fluence on the adsorption energy on the high-energy sites
and on the saturation capacity of the low-energy sites. The
bi-Langmuir parameters were estimated from the AED (data
in Table 3) at each temperature. The comparison with the pa-
rameters obtained from the other methods will be discussed
later.

4.1.3. The inverse method and the overloaded band
profiles

Fig. 3 shows the band profiles recorded at six different
temperatures upon the injection of a solution at 10 g/L phenol
f ined
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nt temperatures were calculated using the same ran
dsorption constants (b), between 0.0001 and 2 L/g, and

able 2
est bi-Langmuir isotherm parameters of phenol on Symmetry-C18 at six
ifferent temperatures using a methanol–water (3:7, v/v) as a mobile

emperature (◦C) Bi-Langmuir parameters

qs1 (g/L) b1 (L/g) qs2 (g/L) b2 (L/g)

3 189.92 0.0066 61.49 0.105
5 134.37 0.0067 65.32 0.085
1 112.90 0.0096 54.29 0.084
3 111.82 0.0073 55.35 0.057
3 119.22 0.0049 53.57 0.049
3 84.93 0.0043 64.42 0.036

he best bi-Langmuir isotherm parameters were obtained by fitting th
erimental adsorption data obtained by FA to the bi-Langmuir isot
odel.
or 40 s. For the sake of simplicity, the band profiles obta
ith higher concentrations of phenol (i.e., 50 and 100 g/L
ot shown. The same trend was observed, regardless
oncentration of phenol injected. Qualitatively,Fig. 3shows
hat the shock layer of the overloaded band appears e
hen temperature increases, in agreement with a decre

etention time of phenol. Also, the tails of the profiles de
aster with increasing temperature. These results illus
ualitatively the variations of the parameters of the adsor

sotherm of phenol with temperature.
In order to determine the values of the adsorption-isoth

arameters from the band profiles at the different tem
tures, the inverse method was employed. The three
rofiles obtained with 10, 50, and 100 g/L solutions wer
ultaneously used in the calculations of the isotherm.
i-Langmuir isotherm model was used for these calc

able 3
est bi-Langmuir isotherm parameters of phenol on Symmetry-C18 at six
ifferent temperatures using a methanol–water (3:7, v/v) as a mobile

emperature (◦C) Bi-Langmuir parameters

qs1 (g/L) b1 (L/g) qs2 (g/L) b2 (L/g)

3 199 0.005 64.6 0.1060
5 134 0.007 64.2 0.0828
1 113 0.010 53.2 0.0828
3 115 0.006 58.1 0.0572
3 121 0.007 43.9 0.0572
3 84 0.008 46.5 0.0447

he best bi-Langmuir isotherm parameters were estimated from affini
rgy distribution calculated from the raw adsorption data using the exp

ion maximization algorithm.
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Fig. 2. Affinity energy distribution of phenol on Symmetry-C18. Temperatures: (a) 23◦C, (b) 35◦C, (c) 41◦C, (d) 53◦C, (e) 63◦C, and (e) 73◦C. The affinity
distribution was calculated by expectation maximization algorithm from the raw experimental isotherm data of phenol. One hundred grid points in K-space
were used to logarithmically digitize the range betweenKmin = 0.0001 L/g andKmax = 2 L/g.

tions. The calculations were performed with the values of
the isotherm parameters obtained at 23◦C as the initial es-
timates of the adsorption parameters.Fig. 4 compares the
experimental (dotted lines) and the calculated band profiles
derived from the inverse method (solid lines) at each temper-
ature, using only the profiles recorded with injection concen-
trations of 10 g/L for 40 s as the example. As shown inFig. 4,
there is a very good agreement between the experimental and
the calculated band profiles. The values of the bi-Langmuir

isotherm parameters obtained at each temperature using the
profiles obtained with the three different phenol concentra-
tions are summarized inTable 4.

4.2. Influence of the temperature on the bi-Langmuir
parameters

The values of the bi-Langmuir isotherm parameters of
phenol at six different temperatures, estimated from the three
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Fig. 3. Evolution of the overloaded band profiles of phenol (injection of a
10 g/L solution for 40 s) with increasing temperature. Same experimental
conditions as inFig. 1.

independent approaches used are reported inTables 2–4and
plotted inFig. 5. In Table 4andFig. 5, the values of the ad-
sorption constant (b1) and the saturation capacity (qs1) of the
low-energy sites obtained with the inverse method and by in-
jecting 10 g/L solutions of phenol were omitted. The reason
is that, at this relatively low phenol concentration, the high-
energy sites are not fully populated, the occupation density
of the low-energy sites is quite low, and the isotherm parame-
ters of the low-energy sites cannot be accurately estimated. A
few general trends can be observed inFig. 5for the different
bi-Langmuir parameters, regardless of the method used to
estimate them. (1) The saturation capacity of the low-energy
sites (qs1 in Fig. 5a) decreases with increasing temperature.
(2) The adsorption constant of the low-energy sites (b1 in
Fig. 5b) seems to be almost independent of the temperature
even though there is slight tendency to increase with increas-
ing temperature, except for the sets of parameters obtained
from the AED calculations that are not conclusive. (3) The
saturation capacity of the high-energy sites (qs2 in Fig. 5c) is

Table 4
Best bi-Langmuir isotherm parameters of phenol on Symmetry-C18 at six differen

Temperature (◦C) Bi-Langmuir isotherm parameters

10 g/L 50 g/L

qs1 (g/L) b1 (L/g) qs2 (g/L) b2 (L/g) qs1 (g/L) b1 (

2 0.0
3 0.0
4 0.0
5 0.0
6 0.0
7 0.0

T m para d 100 g/L of
p

param by inject
l

independent of the temperature. (4) The adsorption constant
of the high-energy sites (b2 in Fig. 5d) decreases rapidly with
increasing temperature. Note that all three methods show that
the equilibrium constantb2 varies much faster with the tem-
perature than the constantb1.

The temperature dependence of the retention factors of
many solutes on alkyl-bonded silica is well documented in
the literature. Almost always, increasing the temperature de-
creases the retention factor[9,10]. However, the retention
factor at infinite dilution shows only the combined effect of
the influence of temperature on the low- and the high-energy
sites, as explained in the following equation:

k′
0 = F

(
dq

dC

)
c=0

= F (b1qs1 + b2qs2) (12)

Even though the dependence of these four parameters on the
temperature is widely different, as will be discussed later,
studying the temperature dependence ofk′

0 does not inform
much on the retention mechanism. Thus, obtaining separately
the four isotherm parameters, on the low- and the high-energy
sites provides far greater insights into retention mechanisms
and the role played by temperature.

FromEq. (12), we can separate the influences of the tem-
perature on the contributions of the low- and the high-energy
sites on the retention factor. By increasing the temperature
f ◦ es
( the
c
6 the
t t the
l por-
t tem-
p t is a
l -
s ctor.
I ease
i ir
d

lit-
e ts the
3 n.aa n.a 49.8 0.1469 148.8
5 n.a n.a 50.4 0.1140 127.3
1 n.a n.a 51.1 0.0937 104.2
3 n.a n.a 52.6 0.0763 92.4
3 n.a n.a 51.2 0.0593 53.6
3 n.a n.a 53.4 0.0478 28.8

he inverse method was used to obtain the best bi-Langmuir isother
henol for 40 s.

a Non-available data due to the large errors on estimating isotherm
ow concentration of phenol.
t temperatures using a methanol–water (3:7, v/v) as a mobile phase

100 g/L

L/g) qs2 (g/L) b2 (L/g) qs1 (g/L) b1 (L/g) qs2 (g/L) b2 (L/g)

072 62.1 0.1041 128.7 0.0099 63.6 0.1017
071 66.7 0.0831 93.5 0.0109 66.9 0.0965
074 67.4 0.0823 67.7 0.0117 71.6 0.0788
072 64.2 0.0668 79.6 0.0117 66.9 0.0749
085 67.4 0.0495 47.3 0.0129 65.1 0.0618
119 77.5 0.0304 42.8 0.0138 64.3 0.0402

meters from the three band profiles obtained by injecting 10, 50, an

eters of the low-energy sites from overloaded band profiles obtaineding

rom 23 to 73 C, the contribution of the low-energy sit
b1q1) decreases from 1.25 to 0.37, i.e., by 70% while
ontribution of the high-energy sites (b2q2) decreases from
.47 to 2.31, i.e., by 63%. This result is consistent with

wo third decrease of the retention factor and shows tha
ow- and the high-energy sites contribute in the same pro
ions to the decrease of the retention factor when the
erature increases. However, for the low-energy sites, i

arge decrease of the saturation capacity (qs1) that is respon
ible for their decreased contribution to the retention fa
n contrast, for the high-energy sites, it is a large decr
n the adsorption constant (b2) that is responsible for the
ecreased contribution to the retention factor.

The retention model, which is widely accepted in the
rature, suggests that increasing the temperature affec
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Fig. 4. Experimental (dotted lines) and calculated (solid lines) band profiles of phenol (injection of a 10 g/L solution for 40 s). Temperatures: (a) 23◦C, (b)
35◦C, (c) 41◦C, (d) 51◦C, (e) 63◦C, and (f) 73◦C. Same experimental conditions as inFig. 1.

isotherm parameters of phenol in two ways[3,4]. First, in-
creasing the temperature increases the solubility of phenol in
the mobile phase hence decreases its adsorption energy onto
the stationary phase. Second, increasing the temperature in-
creases the mobility of the alkyl chains bonded to the surface
and these chains become more “liquid-like”. The isotherm
parameters derived earlier in this work show that increasing
the temperature decreases the number of low-energy sites ac-
cessible to phenol (qs1,Fig. 5a) but does not affect the number
of high-energy sites accessed by phenol (qs2, Fig. 5c). The
low-energy sites have been related to the alkyl chains bonded

to the silica surface, chains with which the solute interacts by
weak hydrophobic interactions[8]. Increasing the mobility
of the bonded chains seems to decrease the accessible con-
tact area between the alkyl chains and the solution, possibly
due to their increased mobility. In contrast, the lack of in-
fluence of the temperature onqs2 suggests that the increased
mobility of the chains has no influence on the high-energy
sites accessed by phenol. This is consistent with the asso-
ciation of these sites with cavities residing deep inside the
bonded layer of alkyl chains[16]. The increased mobility
of the chains with increasing temperature would have little
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Fig. 5. Influence of the temperature on: (a) the saturation capacity of the low-energy sites (qs1), (b) the adsorption constant of the low-energy sites (b1), (c)
the saturation capacity of the high-energy sites (qs2), and (d) the adsorption constant of the high-energy sites (b2). Each subfigure shows the corresponding
isotherm parameter calculated by: non-linear fitting of the isotherm data to the bi-Langmuir isotherm model (�), affinity energy distribution (�), the inverse
method, using overloaded band profiles obtained by injecting: 10 g/L phenol solution for 40 s (�), 50 g/L phenol solution for 40 s (©), and 100 g/L phenol
solution for 40 s (�).

influence on the number of high-energy sites accessible by
phenol, since this number depends mostly on the fluctuations
of the local density of silicon atoms of the silica surface that
are bonded to alkyl chains.

The isotherm parameters derived earlier in this work also
show that increasing the temperature causes a slight increase
of the adsorption constant of the low-energy sites (b1,Fig. 5b)
and a rapid decrease of the adsorption constant of the high-
energy sites (b2, Fig. 5d). The slight increase ofb1 with in-
creasing temperature might be due to the mobility of the
chains increasing with increasing temperature and causing
a decrease of the entropy cost due to the insertion of the
solute molecules between the partially ordered chains. The
decrease ofb2 with increasing temperature is mostly a con-
sequence of the correlative increase of the solubility of phe-
nol in the mobile phase, combined with a slow decrease
of the adsorption energy on the high-energy sites (Fig. 6).
As in the case of the low-energy sites, the increased mobil-
ity of the chains at higher temperature should cause a de-
crease of the entropy cost. However, the high-energy sites re-
side deep within the chains, where the chains are more rigid
than their free extremities close to the surface of the station-

ary phase, which limits the consequences of this increased
mobility.

The low-energy sites on alkyl-bonded silica stationary
phases have been assimilated to those sites with which phenol
molecules have only weak, non-polar, hydrophobic interac-
tions while the high-energy sites have been related to those
sites where unreacted silanol groups can interact strongly
with phenol molecules by polar interactions.Fig. 6 shows
plots of the difference between the mean adsorption energies
on the high- and the low-energy sites, calculated using the
following equation:

εa,2 − εa,1 = RT ln

(
b2

b1

)
(13)

under the assumption that the pre-exponential factor is
the same for all the sites on the stationary phase[8].
The difference between the adsorption energies on the
two sites decreases with increasing temperature, approx-
imately from 7 kJ/mol at 23◦C to 2.5 kJ/mol at 73◦C.
The difference is less than 10 kJ/mol at all the tempera-
tures studied. This value is too small to be consistent with
the involvement of interactions between phenol molecules
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Fig. 6. Difference between the adsorption energies of the high- and the low-
energy sites vs. the temperature. The figure shows this energy difference
calculated from the results of: non-linear fitting of the isotherm data to the
bi-Langmuir isotherm model (�), affinity energy distribution (�), the inverse
method, using overloaded band profiles obtained by injecting 50 g/L phenol
solution for 40 s (©), and 100 g/L phenol solution for 40 s (�).

and silanol groups in the adsorption on the high-energy
sites.

In summary, the results from this study support the previ-
ous suggestion that the high-energy sites reside deep within
the layer of alkyl chains while the low-energy sites reside on
the surface of a dense network of chains[8,16].

5. Conclusion

The results of our investigation of the effect of the temper-
ature on the isotherm parameters of phenol on Symmetry-C18
demonstrate the power of the method used. Frontal analysis
data were acquired under a set of experimental conditions
selected in the center of the range of interest. The model-
ing of these data was informed by the results of the AED
calculations. Finally, the inverse method allowed the rapid
determination of the numerical values of the parameters of
the selected isotherm model, in the whole range of condi-
tions that had to be investigated. The validity of the approach
was demonstrated by the agreement between the numerica
values afforded by the different methods for the isotherm co-
efficients.

In the case studied, the adsorption data follow bi-Langmuir
isotherm behavior. Two of the four parameters of the
isotherm, the adsorption constant on the low-energy sites and
t prac-
t the
o high-
e ergy
s Thus,
t per-

ature that is observed inFig. 3 results from the combination
of the decrease of the saturation capacity of the low-energy
sites and the decrease of the adsorption constant on the high-
energy sites. These variations are consistent with the model
of retention mechanism suggested earlier. The low-energy
sites consist in the interface between the mobile phase and
the exposed alkyl chains bound to the silica support while the
high-energy sites consist in holes between the bonded chains.
These holes are accessible to sufficiently small molecules like
phenol and provide enhanced lateral interactions between the
bonded ligands and the adsorbates.

These results cast serious doubts on the value of the ther-
modynamic information derived from the conventional Van’t
Hoff plots of the retention factors. These factors are pro-
portional to the initial slope of the isotherm. They are the
sum of the contributions of the different types of sites that
exist on the adsorbent surfaces, surfaces that are always het-
erogeneous. As shown here, the temperature dependence of
these contributions result from the different temperature de-
pendence of the adsorption constants and the saturation ca-
pacities of the low- and the high-energy sites. Accordingly,
the overall temperature dependence of retention factors are
meaningless.

Similar conclusions were derived earlier from the study
of the influence on the isotherm coefficients of the methanol
concentration of the aqueous mobile phase[8,16]. Increasing
t rium
c rease
i ites,
t lity of
t ation
c d the
i rast,
t nt for
t two
s ation.
I ined
b ol for
a on of
m

con-
c kyl-
b sites,
b e low-
e hains.
T the
a all
m n the
a sug-
g

A

693
o ative
he saturation capacity of the high-energy sites, remain
ically constant in the temperature range studied while
ther two parameters, the adsorption constant on the
nergy sites and the saturation capacity of the low-en
ites decrease steadily with increasing temperature.
he decrease of the retention time with increasing tem
l

his concentration caused a large decrease of the equilib
onstant on the high-energy sites and a much smaller dec
n that on the low-energy sites. Thus, for the low-energy s
he decreased entropy cost due to the increased mobi
he bonded chains with increasing methanol concentr
ompensates the increased competition of methanol an
ncreased solubility of phenol in the mobile phase. In cont
his compensation takes place to a much smaller exte
he high-energy sites. The saturation capacities of the
ites decrease both with increasing methanol concentr
n the case of the high-energy sites, this might be expla
y a possible competition between methanol and phen
ccess to the high-energy sites although the adsorpti
ethanol, even on the high-energy sites, is weak.
Our present results seem to confirm and reinforce the

lusions of this previous work. The surface of most al
onded silica seems to be heterogeneous. Two types of
oth rather homogeneous, coexist on these surfaces. Th
nergy sites seem to exist on the surface of the bonded c
he high-energy sites consist in deep cavities within
lkyl layer, cavities that are accessible for sufficiently sm
olecules such as phenol. The small difference betwee
dsorption energies of the high- and the low-energy sites
ests that these two types of sites are of similar nature.
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