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Abstract

Single component adsorption and desorption isotherms of phenol were measured on a high-efficiency Krgmasil-C
column (N=15 000 theoretical plates) with pure water as the mobile phase. Adsorption isotherm data were acquired by
frontal analysis (FA) for seven plateau concentrations distributed over the whole accessible range of phenol concentration in
pure water (5, 10, 15, 20, 25, 40, and 60 g/l). Desorption isotherm data were derived from the corresponding rear
boundaries, using frontal analysis by characteristic points (FACP). A strong adsorption hysteresis was observed. The
adsorption of phenol is apparently modeled by a S-shaped isotherm of the first kind while the desorption isotherm is
described by a convex upward isotherm. The adsorption breakthrough curves could not be modeled correctly using the
adsorption isotherm because of a strong dependence of the accessible free column volume on the phenol concentration in the
mobile phase. It seems that retention in water depends on the extent to which the surface is wetted by the mobile phase,
extent which is a function of the phenol concentration, and of the local pressure rate, which varies along the column, and on
the initial state of the column. By contrast, the desorption profiles agree well with those calculated with the desorption
isotherms using the ideal model, due to the high column efficiency. The isotherm model accounting best for the desorption
isotherm data and the desorption profiles is the bi-Langmuir model. Its coefficients were calculated using appropriate weights
in the fitting procedure. The evolution of the bi-Langmuir isotherm parameters with the initial equilibrium plateau
concentration of phenol is discussed. The FACP results reported here are fully consistent with the adsorption data of phenol
previously reported and measured by FA with various aqueous solutions of methanol as the mobile phase. They provide a
general, empirical adsorption model of phenol that is valid between 0 and 65% of methanol in water.
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1. Introduction pends on their distribution between the stationary
and the mobile phases, considered as two immiscible
The retention of analytes in chromatography de- phases in direct contact, allowing fast transfer of the
solute from one phase to the other. It is assumed,
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zero to the highest value possible, i.e. its vapor
pressure or its solubility in gas or liquid chromatog-
raphy, respectively. As long as this assumption is
fulfilled, theoretical adsorption models may be ap-
plied to describe the behavior of the experimental
adsorption data. This is true as long as the mobile
phase does not perturb the surface of the solid
adsorbent (e.g. in gas—solid equilibfig). In liquid—
solid equilibria, Guiochon et a[2] have reviewed a
large number of extended gas—solid isotherms which
were used successfully to describe eclectic ex-
perimental situations. However, difficulties are en-
countered in RPLC in which the ;¢ -bonded silica
surface exhibit properties that are often considered to
belong to a liquid—liquid interface. The nature of the
mobile phase influences the structure of the layer of
the bonded alkyl chains, hence the sorption prop-
erties of the surface. For example, the use of organic
solvents (e.g. acetonitrile (ACN), MeOH, tetrahydro-
furan (THF)) [3-8] and, to a larger extent, that of
ionic or non-ionic surfactant§9—-13] as aqueous
mobile phase modifiers affects the properties of the
adsorbent surface due to their compelling adsorption.
Accordingly, as soon as a solute is injected, the
adsorbent properties are somewhat modified, which
perturbs the solute adsorption itself. This effect is
particularly important at high concentrations, as used
in preparative liquid chromatography. The structure
and the surface energy distribution of the stationary
phase and the adsorption of the solute are related
phenomena which are controlled by the equilibrium
of formation of the interfacial phase. In most cases,
this equilibrium is achieved very rapidly. Then,
adsorption can be considered alone. When this
equilibrium is reached more slowly than adsorption
itself, these two phenomena cannot be considered
separately. Otherwise, serious difficulties arise in the
accurate modeling of band profiles at high con-
centrations or in gradient elution chromatography
with strongly adsorbed solvent modifiers. A correct
modeling of chromatography would then require the
knowledge of the relevant kinetic data, the rate of
equilibration of the interfacial region when the solute
and/or the solvent modifier concentration in the
mobile phase change during the chromatographic
process.

In an earlier work, we measured the adsorption—
desorption equilibrium data of phenol on a/C -
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bonded silica column using aqueous solutions of
methanol as the mobile phékerhe equilibrium

was found to be reversible and well modeled by a
bi-Langmuir isotherm. This made possible a study of
the dependence of the saturation capacity on the
mobile phase composition. When organic modifiers
other than methanol (e.g. ACN, isopropanol, THF)

were used for a similar study, unexpected band

profiles were obtained for phenol. The shape of these
profiles suggested that they should be considered as
the results of a binary competition between phenol
and the organic modifier rather than arising from the
non-linear adsorption of single components from an
inert so[&iht It became necessary to determine
the adsorption isotherm of phenol from water on the
Kromagjl-C  column used. In this determination, we
have to revisit the difficult situation, known for a
long time in RPLC, of the elution g a C -bonded
silica by water which does not wet this packing
material. Water does not wet the surface of RPLC
packing materials. When particles of such a material
are spread over water, they float while they sink in
methanol. Accordingly, the contact angle of water on
a silanized surface is larger thandpure water
can penetrate the pores only under pressure and to ar
extent limited by the Washburn eqlid]pwhich
relates the radius of a pore opening and the pressure
needed to fill it with a liquid that does not wet the
walls of the pore (see later, Section 2, Eq. (1)).
Assuming the same wetting angle for water as for
mercury {13@e can estimate that pores larger
than 0.100 and prAl1Q@.e. 1000 and 100 A) are
filled under pressures of 1 and 10 MPa (i.e. 10 and
100 bar), respectively. Because 20% of the total pore
volume of Kromasil only are larger than JT8),A
we can expect that Kromasil is not soaked by pure
water, which it is easy to verify by spreading a little
amount of it over water.

Thus, chromatographic results depend on the
initial state of the column. If the column is filled
with pure water, the pores are not wet and retention
is small. If the column is filled with an aqueous
solution of methanol and the methanol concentration
is ramped down, part of the pores remain filled since
water does not empty the pores immediately. Re-

tention depends on the amount of water remaining in

the pores, which probably depends on the local
pressure (decreasing linearly from the column inlet
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to its outlet), hence on the flow rate, and on the

equilibration rate of the stationary phase upon a
change in the composition of the mobile phase
percolating the column. The situation is further

complicated when measurements are made at high
concentrations of an organic solvent. The surface
tension of the aqueous solution decreases rapidly
with increasing organic content and the contact angle
increases. The extent of water penetrating inside the

with a stream of a solution of the studied compound.

The breakthrough curve is recorded. Then, the
column is washed with the pure mobile phase and

the same 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 calculation of themfnass,

solute retained in the column at equilibrium with a

pores of the particles increases and so should re- given mobile phase concen@afidis mass is

tention do. best measured by integrating the breakthrough curve
A detailed investigation of this situation is the goal (equal area metfi2]) The amountmy is given

of this work. Phenol was selected as the solute and by:

will be used as the organic modifier as well because _,

it is easy to detect and because its adsorption was™ ~ Veg @)

previously studied on the same colurfid]. In this whereV,, is the elution volume of the equivalent

work, the adsorption isotherms were measured by gra5 of the solute. Note thah* is not the mass

. . . . t
FA and the desorption isotherms by FACP, using the a4sorbed but the total mass present in the whole
same concentration plateaus. The adsorption—desorpojumn either adsorbed or in solution in the void
tion isotherms exhibit clear hysteresis loops. Pressure ,gjume. The knowledge of this latter volume (i.e. the
has a considerable influence on the results, as,qyme actually occupied by the solution of con-

expected. centrationC in the column) allows the determination
of the adsorbed amourg’ per unit of adsorbent
volume by:
2. Theory
L, M —CV,
_ = (3)
2.1. The Washburn equation a

_ ) ) where\, andV, are the column void volume and the

equation relates the radius of the pore opening and
the pressure that must be applied to a liquid to fill

them. This equation is: 2.3. Determination of the desorption isotherm by

frontal analysis by characteristic points (FACP)

P—— 2 cost) 1)

0 In the case or reversible adsorption—desorption

processes, the measurement of the single-component
wherey is the surface tension between the liquid and zgsorption isotherm can be performed also from the
the surface of the adsorbent studieglis the radius rear boundary recorded in FA when replacing the
of the pores and) is the advancing contact angle sojution with the pure mobile phase so long as the
between the liquid and the adsorbent surface. column efficiency is high enougf20]. This is the
FACP method[21]. In principle, this method gives
the desorption isotherm. The mass balance written
for each point of the rear boundary of the profile
allows the calculation of the amount adsorbed by
integration of this boundary, starting from the tail

2.2. Determination of the adsorption isotherm by
frontal analysis (FA)

Frontal analysis (FA) was used to determine the
single-component adsorption isotherm data of phenol €hdQ) [2]. The desorbed amounf; of solute
[2,17,18].It consists in the replacement of the stream fr@0 to C=C* per unit of adsorbent volume
of the mobile phase percolating through the column is:
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1 (C*
as =Vf V=V, dC (4)
aJo
whereV is the retention volume of the point of the
rear diffuse boundary at concentrati@) called a
characteristic point.

2.4. Models of isotherm

Three isotherm models were used, all based on the
Langmuir model to describe the desorption isotherm
of phenol, the Langmuir, the bi-Langmuir, and a
further extension, the tri-Langmuir isotherm models.

2.4.1. The Langmuir isotherm

This model is the most frequently used in general
studies of liquid—solid chromatographic equilibria, in
spite of its semi-empirical naturg22,23]. It is
written:

q* =0q, (5)

1+bC
In this model,q, is the monolayer saturation capacity
of the adsorbent anb is the equilibrium constant of
adsorption. This model assumes that the surface of
the adsorbent is homogeneous, that adsorption is

localized, and that there are no adsorbate—adsorbater(e) = g, ,5(e — €, ) +q. 9 — € ,)

interactions. The equilibrium constahtis given by
the following equatiorf24]:

b — bo eea/RT

(6)

where ¢, is the energy of adsorptionR is the
universal ideal gas constanl is the absolute
temperature and, is a preexponential factor that
could be derived from the molecular partition func-
tions in both the bulk and the adsorbed phases.
Consistent with the basic assumption of this model,
the adsorption energy distribution (AED) function,
F(e), of the Langmuir isotherm is a Dirac function:

F(e) = gs6(e — €,) )
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2.4.2. The bi-Langmuir and the tri-Langmuir
isotherms

The bi-Langmuir model is the simplest model for
a non-homogeneous surfa¢25]. It can easily be
extended to a tri-Langmuir model. The surface is
assumed to be paved with two or three different
types of homogeneous chemical domains which
behave independently. Then, the equilibrium iso-
therm results from the addition of two or three
independent local Langmuir isotherms:

iy _C _bC
q _qs,l 1_|_ blC +qs,21+ b2C (8)
for the bi-Langmuir isotherm and
. b,C b,C b.C
T =%a11p,C T2y b,C sty b,C
(9)

for the tri-Langmuir isotherm.

In these models, there are one, two, or three
saturation capacitiesq, ;, d,, and g, that are
related to the surface area of each one of the
different types of sites existing on the surface. The
equilibrium constantd,, b,, and b, are associated
with the adsorption energies,, €,, and €,
through Eq. (6). The AED functions become:

(10)
or
F(E) = qs.15(6 - Ea,]) + q s,§(6 —€ a,}

+ QS,35(€ - ea,g (11)

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

2.5. Calculation of the adsorption energy
distributions

Actual surfaces are neither homogeneous nor
paved with homogeneous tiles, as was assumed so
far. These surfaces are characterized by an AED

The AED function characterizes the heterogeneity of having a finite width. The experimental isotherm on
the surface. A surface on which a compound adsorbs such a surface is the sum of the isotherms on each
following Langmuir isotherm behavior is homoge- one of the homogeneous fractions of the surface,
neous for this compound. Then, the AED is unimod- fractions that correspond to given energies of the
al, with a mode width equal to O. AED. Under the condition of a continuous distribu-
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tion and assuming a Langmuir local isotherm model,

this sum can be replaced by an integral and the Ae =

overall adsorption isotherm can be writtf2d]:
q*(C JFF DEC
(©)=], FOTpec %

whereg*(C) is the total amount of solute adsorbed
on the surface at equilibrium with a concentration

(12)
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max emin
N-1 &7
The index k indicates thekth iteration of the
numerical calculation of the AED function. The
initial guess (iterationk=0) of the AED function
F(¢) is the uniform distribution (over thH fictitious
adsorption sites) of the maximum adsorbed amount

€ .+ (i —1)Ae (15)

€ is the binding energy between an adsorbed solute observed experimentally. This initial guess has the

molecule and the surface of the adsorbdnis the
associated binding constant and is related o
though Eg. (6).

The normalization condition for the AED is

f: F(e)de = q, (13)

whereq, is the overall saturation capacity.

advantage of introducing the minimum bias into the
AED calculation.

a(Cu)

Fle) =—— N Vi €[1,N] (16)
Actually, the EM program calculates the amount
adsorbed by takind(e ) as the variable in the energy

space, so that neither the temperature nor the pre-

To characterize the behavior of a heterogeneous exponential factor need to be defined. Ol N,

surface, the AEDF(e), is derived from the isotherm
data M data points), a procedure for which there is a
variety of methodg24,26—28].Most of these meth-
ods use a preliminary smoothing of the experimental

data, fitting the smoothed data to an isotherm model,

or search for an AED given by a certain function. In
both cases, arbitrary information is injected in the
determination of the AED. In this work, the EM
method [28] was used. This computer-intensive
method uses directly the raw experimental data,
without injecting any arbitrary information into the
derivation. The distribution functiofr(e) is discret-
ized using arN-grid points in the energy space (i.e.
assuming that the surface is made of a setNof

homogeneous surfaces) and the corresponding values

of F(e) are estimated from the data points. The
energy space is limited by, and €., These

energy boundaries are obtained from the maximum

and minimum concentrations within which the ad-

sorption data have been acquired, by using Eq. (6)

(with b,,;,=1/C ba=1/C ) but a narrower

min max max

Din Pmax @nd the number of iterations must be
defined before starting the calculatiobg,, andb,,,,,
are related to the reciprocal of the highest and the
lowest concentrations applied in FA, respectively. It
is noteworthy that, to obtain any information on the
adsorption energy, an assumption must be made for
b, in Eq. (6). The final result is the distribution of
the equilibrium constants.

The distribution function is updated after each
iteration by:

Cmax

b(e)C.
PO PO T

qexp(cj)
€7k
qcaI(Cj )

The EM procedure protects better than most other
methods against the consequences of the possible
incorporation of experimental artifacts into the calcu-
lation of the AED or against the effect of modeling
the experimental data (and particularly the noise and
drift that the data may contain).

(17)

range may be considered as long as it accommodates?.6. Modeling of desorption-band profiles in HPLC

the data. The amoung(C,) of solute adsorbed at
concentrationC; is iteratively estimated by:

b(e)C,
Ueal(C) = Z Fe )m

i €[1,N]

Ae
jel M} (14)

with

The desorption band profiles from the different
equilibrium plateau concentrations were calculated,
using the desorption isotherm derived from the data
acquired by FACP and the equilibrium-dispersive
(ED) model of chromatographyl,2,29]. The raw
experimental data were also used directly for a
similar calculation (or rather the 3000 data points
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derived from the diffuse boundaries recorded; inter- [31—-33]. The set of discretized ordinary differential
polation between these points was done, assuming a equations was solved with the Adams—Moulton
non-physical Taylor development of the third order method, implemented in the VODE prod&diire
between two consecutive experimental data points). The relative and absolute errors of the numerical
This procedure alleviates, to some extent, the circular calculations wefe 10 afid 10 , respectively.
argument of using ECP or FACP, i.e. chromato-

graphic methods, to derive an isotherm and then

using this isotherm to calculate the profiles of 3. Experimental

chromatographic signals. The ED model assumes

instantaneous equilibrium between mobile and 3.1. Chemicals

stationary phases and a finite column efficiency
originating from an apparent axial dispersion coeffi-
cient,D,, that accounts for the dispersive phenomena
(molecular and eddy diffusion) and for the non-
equilibrium effects that take place in a chromato-
graphic column. The axial dispersion coefficient is:

uL
2N
where u is the mobile phase linear velocity, the
column length, andN is the number of theoretical
plates or apparent efficiency of the column, mea-
sured under linear conditions, i.e. with a small
sample size.

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

D, (18)

c . €.,
at Y%z

aq* B

fC_O
ot

2022
whereqg* and C are the stationary and mobile phase
concentrations of the adsorbate, respectivelg, the
time, z the distance along the column, akd=(1—
€)€ Is the phase ratio, with, the total column
porosity. g* is related to C through the isotherm
equation,g* =f(C).

F

D

(19)

2.6.1. Initial and boundary conditions for the ED
model

At t=0, the concentrations of the solute and the
adsorbate in the column are uniformly equal to zero,
and the stationary phase is in equilibrium with the

pure mobile phase. The boundary conditions used are

the classical Danckwerts-type boundary conditions
[2,30] at the inlet and outlet of the column.

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

program based on an implementation of the method

of orthogonal collocation on finite elements (OCFE)

The mobile phase used in this work was HPLC

grade water, purchased from Fisher Scientific (Fair

Lawn, NJ, USA). The solvents used to prepare the

mobile phase were filtered before use on an SFCA

filter membranept2pore size (Suwannee, GA,
USA). ACN, purchased from the same company, was
used as the mobile phase to determine the maximum
column void volume. Thiourea was chosen to mea-
sure the column hold-up volume. Phenol was used as
the solute in this study. Both thiourea and phenol
were obtained from Aldrich (Milwaukee, WI, USA).

3.2. Materials

A manufacturer-packed, 2504.6 mm Kromasil
column was used (Column E6021, Eka Nobel,
Bohus, Sweden). This column was packed with a
C,-bonded, endcapped, porous silica. It was one of

the lot of ten columns (Columns E6019, E6103—
E6106, E6021-E6024 and E6436) previously used
by Kele [35] and Gritti [36] for their studies of the
reproducibility of the chromatographic properties of

RPLC columns under lingZs] and non-lineaf36]
conditions, respectively. The main characteristics of
the bare porous silica and of the packing material
used are summarized ifable 1.

The hold-up time of this column was derived from

the retention time of thiourea injections. Uracil is not
satisfactory for this purpose because it is retained

when pure water is used as the mobile phase (the
retention factor is ca. 1).

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 | each), an
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Table 1 phenol at 60 g/l. The concentration of phenol in the

Physico-chemical properties of the packed Kromasj-C ~ (Eka) FA stream is determined by the concentration of the

#E6021 column . .
— mother sample solution and the flow-rate fractions

Particle size fm) 5.98 delivered by the two pumps. The breakthrough

Particle size distribution curves were recorded at a flow rate of 1 ml/min,

Po(rgeoislifé E()z;cemage rato) 1121'44 with a sufficiently long time delay between each
Pore volume (ml/g) 0.88 breakthrough curve to allow for the reequilibration of
Surface area (fn /g) 314 the column with the pure mobile phase. The injection
Na, Al, Fe content (ppm) 1110; <10 time of the sample was fixed at 45 min for all FA
?2{;‘3 Ifarsg':r??% | Spher'ziflo steps in order to reach a stable plateau at the column
Surface coveragaumol/m?) 3.59 outlet. To avoid recording any UV-absorbance signal
Endcapping Yes larger than 1500 mAU and the corresponding signal

noise, the detector signal was detected at 291 nm for
all mobile phases. The detector response for phenol

auto-sampler with a 2501 sample loop, a diode- was calibrated accordingly. For reasons explained

array UV-detector, a column thermostat 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 measured from the auto-sam-
pler and from the pump system, respectively, to the
column inlet. All the retention data were corrected
for this contribution. The flow-rate accuracy was
controlled by pumping the pure mobile phase at
23°C and 1 ml/min 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 pl/min at flow rates around 1 ml/min. All mea-
surements 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.

later, in order to begin each new experiment from a
well-defined, reproducible initial state, the flow rate
is dropped to zero after the end of the acquisition of
each new desorption rear profile, in order to let the
pressure inside the column and inside the pores of
the particles become equal to the atmospheric pres-
sure. The acquisition of the adsorption data points at
20 g/l was repeated twice, but without cutting off
the flow rate between the two runs, to compare the
results of the two procedures. These measurements
were performed at different flow rates to investigate
the influence of the pressure on the results. The
pressure inside the column was increased by con-
necting a length of approximately 30cm of an
approximately 0.0625 mm (exactly, 0.0025 in.) I.D.
polyether ether ketone (PEEK) tubing downstream
the detector. This raised the outlet column pressure
to approximately 140 bar at a water flow rate of
1 ml/min.
The desorption isotherm was derived from the

profile of the desorption band of phenol obtained by

3.4. Measurements of the adsorption isotherms by
FA and of the desorption isotherms by FACP

pumping pure water in the column, after the column
had been previously equilibrated during 45 min with

the given water—phenol mixture (see Section 2.2).

The solubility of phenol in water is approximately
67 g/l. The desorption of phenol was so slow at high

concentrations that it was impossible to carry out a 4. Results and discussion

large number of consecutive FA runs. Only seven

phenol concentrations were then applied for the 4.1. Wetting of the C,,Kromasil surface by water

determination of the adsorption isotherm: 5, 10, 15,
20, 25, 40, and 60 g/l. One pump of the HPLC

instrument was used to deliver a stream of the pure
mobile phase (water), the second pump a stream of
the pure sample solution, an aqueous solution of

ACN and water-poor aqueous solutions of ACN
wet completely the surfagg of C -Kri@7iz8].

Yet, the cosine of the advancing contact angle is
smaller than 1 for ACN and for its concentrated
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agueous solutions. It decreases with increasing water
concentration and becomes negative at some inter-
mediate water concentration beyond which the con-
tact angle is larger than 90It is unclear, however,
exactly for which water concentration it becomes
negative and the solution no longer wets the surface
but tends to be expelled from the pores. Yet, it has
been established that the equilibrium position of the
meniscus in a capillary tube is reached very slowly
[38]. Suspensions of particles of, -silica in ACN-
rich aqueous solutions are stable, even under mere
atmospheric pressure, and the particles do not float.
The wetting of the surface of G -bonded silica by
pure water is certainly energetically unfavorable
[38]. When pressure is released after the column has

3.0 1
2.9—-
26-
27-
2.6-.
2.5
24-

2.3 1

Thiourea retention volume [cm’]

2.2 4

2

been previously filled with pure water (for instance,
by decreasing stepwise the ACN content in the
mobile phase maintained under pressure by a con-

stant flow rate of 1 ml/min), water molecules are

expelled from the mesopores. The phenomenon is

nearly complete in less than approximately 1 h. A
series of experiments illustrates this unusual be-
havior.

Fig. 1 shows the variation of the thiourea retention
volume, usually the best estimate of the column

hold-up volume, with decreasing ACN concentration,

down to a pure water mobile phase. As long as the
pump is working, the eluent stream is on, and the
pressure remains applied to the column, water perco-

lates through the apgplar C modified surface. The

0 10 20 30

40 50

% Acetonitrile (v/v)

80| irreversible

N P = 120 bars %
Pressure on
404

Abs at 275 nm [mAU]

204

[ e——

Pressure off
0

T T T T
00 05 1.0 15 2.0 25 30 35 4.0
Time [min]

804
604
40
20 A'

0 .
T T T J

T T T T
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
Time [min]

Abs at 275 nm [mAU]

Fig. 1. Effect of the mobile phase composition and the flow rate on the column hold-up volume. Upper graph. Plot of the retention time of
thiourea vs. the volume fraction of ACN in the aqueous mobile phase. The ACN fraction was decreased by 5% steps from ACN/water
(50:50, v/v) to pure water. Lower left graph. Chromatogram of thiourea recorded at the end of the series of measurements of the hold-up
volume (i.e. with pure water). Lower right graph. Chromatogram of thiourea injected an hour later, after the flow rate had been cut off.
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hold-up volume increases. This result does not mean
that pure water (or ACN-poor aqueous solutions)
wets the surface better than ACN-rich aqueous
solutions nor that it has access to smaller mesopores.
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relative height of the two peaks depends strongly on
the wavelength at which the column effluent is
monitored.

Actually, the hold-up volume increases because the 4.2. Adsorption of phenol from pure water onto

structure of the alkyl chains in the interfacial region
collapses. These chains abandon their trans-con-
formation and fold against the silica surface when
ACN is progressively removed. When the proportion
of ACN decreases from 50 to 0%, the reduction of
the hold-up volume is about 0.7 ml, a considerable
change of more than 30% of the initial volume.
However, because the contact angle of water on
C,s-bonded silica surfaces is larger thar? §&B], the
situation of the Kromasil-G; particles impregnated
with water is unstable. When the mobile phase flow
rate is cut off, water gets irreversibly out of the
mesopore structure. When the pressure and the water
stream are restored, water penetrates back into the
pores only as much as indicated by Washburn
equation [16] (see Section 1). Evidence of this
phenomenon is illustrated ifrig. 1 by the two
elution profiles recorded for the non-retained thio-
urea, the first one just before the flow rate was
cut-off and the second 1 h 30 min later. Before the
pressure was released, the retention volume of
thiourea was about 2.9 ml, corresponding to the
maximum column total porosity of 0.70. After the
pressure was released, then restored to its initial
value and the mobile phase stream resumed, the
volume accessible to thiourea is reduced to 1.6 ml
because water cannot reenter the mesopores. It costs
too much in terms or surface energy and water
molecules have only access to the macropore and
part of the mesopore network. The mesopores are
then filled with vapors of water and ACN in equilib-
rium with the liquid phase, and a meniscus forms in
the pore opening. The hold-up volume of 1.6 mi
corresponds to a total column porosity of 0.38, which
is approximately the external porosity of a column
packed with spherical particles. For instance, Al-
Bokari et al.[39] measured by inverse-size exclusion
chromatography the external porosity (0.386) of a
column packed with Luna Prep Silica,C  of identi-
cal size (25<0.46 cm) packed with 1Qm particles
instead of Gum for our Kromasil column. Note that
the peak of thiourea in the chromatogram is preceded
by that of another, unidentified compound. The

C,gsKromasil silica

The results shown in the previous section imply
that thg C -Kromasil column, once filled with pure
water, may exist under one of two different states.
The first state corresponds to the macropore space
and part of the mesopore network (possibly ca. 20%)
only being filled with water molecules. The second

state corresponds to the macropore and the mesopore

space being both filled with water. For the sake of
consistency, we carried out first a series of FA runs
starting from the state in which water had no access
to the mesopores. In a second experiment, for &
plateau concentration of phenol of 20 g/l, we
measured and compared the amounts of phenol
adsorbed in two different FA runs, starting from each

one of the two different possible “initial states” of

the column.

The experimental results of the first series are
gatheredrign 2 which shows the breakthrough
curves for six plateau concentrations of phenol
applied (second column) and the diffuse rear bound-

ary under logarithmic coordinate (third column).
Note that the profiles of the breakthrough curves
vary considerably with the phenol concentration
(second column). For the lowest concentration

(5 g/l, top), a very early, simple shock is observed
and rapid column equilibration takes place. The next
four plateaus (10, 15, 20 and 25 g/I, the later not
shown) exhibit the same initial shock followed by a

slow increase of the concentration up to the final
plateau. Finally, for the 40 and 60 g/| plateaus, a
succession of two or three shocks is recorded,
suggesting a faster column equilibration than for the
four precedent concentration plateaus. Note that the
heights and the retention times of the initial shock
layer of each breakthrough curve are nearly the same
for all six profiles. By contrast, the second shock
takes place earlier in the last case (60 g/l) than at 40

g/l.

The evolution trend of these breakthrough curves
suggests that either kinetics effects or the progressive
wetting of an increasing fraction of the adsorbent
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Fig. 2. Results of a series of six FA/FACP experiments at different equilibrium plateau concentrations (5, 10, 15, 20, 25 and 60 g/I of
phenol in pure waten)T =295 K. Flow rate constant at 1 ml/min. The first column shows the chromatograms of thiourea just before each
run. They are all identical, hence water occupies the same volume just before all the adsorption of phenol. The second column shows the six
breakthrough curves recorded during adsorption. Note their unusual shape. The third column shows the six desorption profiles (®lot of log
vs. time). Note the strong difference in between the retention of phenol, particularly at low concentrations. The fourth column shows the
chromatograms of thiourea (same injection as in the first column) just after the complete desorption of phenol. Note that water does not
occupy the same volume as before phenol adsorption.
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surface by a solution, the surface tension of which
decreases with increasing phenol concentration, must
be taken into account to explain them. The amount
of phenol adsorbed can be measured readily from
these curves, using a simple integral mass balance.
However, to derive the mass of phenol adsorbed on
the C 4 -bonded silica, the column hold-up volume in
presence of the water-phenol solution at equilibrium
with the solid interface must be known. Unfor-
tunately, the UV signal of phenol, even at the lowest
concentration (5 g/l), is too high and completely
prevents the detection of thiourea, whatever the
wavelength considered in the whole UV spectrum.
Thus, no direct measurements of the hold-up volume
of the column at any plateau concentration of phenol
were possible. Estimates of this hold-up volume
could only be extrapolated to the value measured
after phenol was completely removed from the

ads* [g]

. A 1010 (2003) 153-176

0.30
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Fig. 3. Adsorption isotherm data (star symbols) of phenol on a
C,g-Kromasil column, with pure water as the mobile phase.

column by pumping pure water. We Observed_’ hOW- 1295 K. Flow rate 1 mi/min. The chromatograms by each
ever, that, while the chromatograms of thiourea symbol are the elution profiles of a large pulse of pure water (i.e. a

recorded just before each breakthrough experiment phenol vacancy). The question marks indicate that the band

were identical Fig. 2, first column), the chromato-
grams of thiourea recorded just after the end of the
diffuse boundaries (when the phenol concentration is
0) were quite differentKig. 2, last column). In the
same way as water does not leave the mesopores in
which it has been introduced beforehand with ACN
(see later, Section 4.1), so we assumed that, provided
the flow rate (hence the pressure gradient along the
column) remains constant, the water molecules that
have entered the mesopores with phenol stay there
when phenol is washed away but that the phenol
molecules leaving these pores will not be replaced.
The hold-up volumes are derived from the elution
times of the thiourea peaks shown kig. 2 (last
column). These volumes increase with increasing
plateau concentration of phenol. Phenol plays the
same role as a surfactant (or an organic modifier like
ACN), decreases the surface tension of the solution,
and increases the fraction of the absorbent surface
which is wet. The experimental adsorption data are
finally calculated according to these hold-up volumes
and the adsorption data and adsorption isotherm of
phenol are shown ifrig. 3.

Since only seven isotherm data points were mea-
sured, the isotherm cannot be modeled accurately. It
is best described by a S-shaped isotherm of the first
kind (i.e. it is convex downward at low concen-

profiles are inconsistent with the curvature of the isotherm (see
text).

trations, convex upward at high concentrations). By

contrast to other sj#ddmsowever, it seems
that, in the present case, this isotherm model has no
actual physical meaning for several related reasons.
(1) The accessible volume of the mobile phase is
not constant but depends on the phenol con-
centration. Therefore, the stationary phase can-
not be considered as identical from one ad-
sorption data point to the next.
(2) The breakthrough curves corresponding to an
S-shaped isotherm model should exhibit a dif-
fuse front profile at low concentrations, not the
front shock layer observeBijgsez(second
column).
(3) The local isotherm curvature is not consistent
with the elution profiles of large pulses of pure
water (i.e. phenol vacancies) injected on the
plateaus at 5 and 10 g/Fige8). If the
isotherm is locally convex downward (i.e. its
tangent is below the curve as it is in the present
case), the front part of the phenol vacancy
should behave as the front of a large band of a
compound with a Langmuirian isotherm and
convers@if,42], in contrast to what is ob-
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served. At high concentrations, the apparent
isotherm becomes convex upward, but the pro-
files of the large vacancies injected on the
plateaus at 15, 20, 25, 40 and 60 g/l suggest a
transition from a locally convex upward to a
convex downward isotherm.

The determination of convex downward iso-
therms by FA should be made by using negative
breakthrough curves because these are those that
give the shock layer that is consistent with the
theoretical background of FA. This contradic-
tion shows that the isotherm measured by FA
does not correspond to the formation of a
thermodynamic equilibrium.

The adsorption isotherm at a plateau concentration
of 20 g/l was measured successively with two
different initial conditions. For the first one, these
conditions were as described earlier, leading to the
results shown inFig. 2 (fourth row). Just after the
completion of this first run, however, the pump was
not stopped, so the new initial state is one in which

(4)

o

water occupies part of the mesopore volume. The ~

hold-up volume measured in this case was about 2.5 §’
versus 2.9 ml for the standard initial state (mesopores
filed with water, Fig. 1). Then, the column was
equilibrated with the same phenol solution as before
the first run, at 20 g/l, for a second ruhkig. 4A
compares the two breakthrough curves recorded.
When water is present in the mesopores at the
beginning of the FA run, the initial front is shifted
toward longer retention times and is higher than the
one observed with the standard initial state (no water

Concentration [g/L]
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Fig. 4. Adsorption and desorption of phenol. (A) Influence of the

in the mesopores). This can be eXp|a_ined ny the fact initial state on the FA breakthrough curve of phenol for a constant
that, when the mesopores are partly filled with water, plateau concentration of 20 /1., -Kromasil, pure waler,295

the phenol molecules have faster and more completeK. Flow rate 1 ml/min. Note the large difference between the two
access to the major part of the adsorbent surface SOfronts. (B) Influence of the initial state on the desorption profile of

the retention of the front is stronger. If the meso- phenol for a constant plateau concentration of 20 g/|g C -

Kromasil, pure water;T=295 K. Flow rate 1 ml/min. Note the

pores are empty, by contrast, retention takes place gimilarity of the two curves.

only when the mobile phase wets the mesopore
surface, a process which takes some time. At the
end, however, the amount of phenol adsorbed at
equilibrium is strictly the same (about 145 mg),

suggesting that there is no distinction between the
two final equilibrium states. The ways to reach it are
simply different because the initial conditions are

different and the mass transfer of the fluid into the
pores that it wets is not instantaneous. We know from
thin layer chromatography that the migration of the

fronts is slow, particularly when the contact angle is
laig8).

To summarize, it is not possible to describe the
adsorption behavior of phenol from the simple
acquisition of FA measurements and the fitting of the
corresponding data points. The profiles of the break-
through curves calculated with the apparent adsorp-
tion isotherm obtaiR&d 8) would have a disper-
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sive part at low concentrations and a shock at high
concentrations in contrast to experimental results.
Actually, complex mass transfers and structure trans-
formations take place between the mobile and the
stationary phase and in the latter. They are probably
controlled by the wetting rate of the ,C -bonded
silica surface by the stream of new solution made to
percolate through the column and to flush out the
pure water. Although the adsorption profiles are
difficult to handle properly, it is easy to derive the
desorption isotherms from the desorption profiles
recorded after the equilibration of the column has
taken place.Fig. 4B compares the two desorption
profiles recorded in the two experiments made with
the same plateau concentration of 20 g/l, and the
two different initial conditions. These two profiles
are identical; they cannot be distinguished one from
the other. The desorption is not influenced by the
equilibration process used. The determination of the
desorption isotherm using the FACP method is
discussed later.

4.3. Desorption of phenol from the C,Kromasil
column with pure water

The classical FACP method was applied to the six
desorption profiles recorded following each of the
FA experiments previously described. The major
inconvenient of FACP is that these profiles depend
on both thermodynamics and non-equilibrium ef-
fects. FACP would be exact only if the column were
ideal, i.e. had an infinite efficiency. However, a real
chromatographic column is never ideal. Hence,
FACP suffers from a model error and the experimen-
tal isotherm derived from its data is only an approxi-
mation of the true isotherm. However, the efficiency
of the column used (284.6 cm packed with Gm
diameter spherical particles) is rather high, at around
15 000 plates under linear conditions, at a flow rate
of 1 ml/min. Under such conditions, the model error
is small and the isotherm derived by FACP is
acceptabld18].

4.3.1. Adsorption—desorption hysteresis

The series of six desorption isotherms associated

with the adsorption isotherms previously discussed is
shown inFig. 5which exhibits six obvious hysteresis
loops (the one at 40 g/l is not shown). Contrary to

165

1 mL.min™ with capillary
0.30

0.25 4

0.20 —m— desorption isotherm from 5 g/L

—0— 10 g/l
A
—v—

15g/L
20g/L

¢ 25g/L
—4— 60 g/L
—%— Adsorption isotherm 1 mL.min"
no capillary

M., Ld]

0.15+
0.104

0054 2 2 mL.min™ no capillary

j— 0.5 mL.min" no capillary
0.00 :

T T T
20 30 40 50 60

Concentration [g/L]

0 10

Fig. 5. Adsorption hysteresis. FA-adsorption and FACP-desorp-
tion isotherms of phenol on & -Kromasil with pure water as the
mobile phaseT=295 K. Flow rate 1 ml/min.

the adsorption process observed in FA, the desorp-
tion process of phenol observed in FACP is most
probably thermodynamically controlled. During this
process, the volume occupied by the mobile phase
and the properties of the stationary phase remain
“frozen” in a state that is imposed by the initial
plateau concentration of phenol. This is the conse-
quence of the metastable wetting of the C -silica
surface by the water molecules that remain stable
only as long as the pressure (hence, the flow rate) is
kept constant in and along the column. Each desorp-
tion isotherm corresponds to the adsorption property
of the stationary phase in a particular state (i.e. the
mesopores of the particles being filled with a certain,
constant amount of water). The desorption profiles
(plotted in a logarithmic scategirb) illustrate the
difference of retention characteristics of the station-
ary phase depending on whether the desorption
begins at a lower or higher phenol concentration in
the mobile phasd-iges).

4.3.2. Estimation of the best physically consistent
desorption isotherm
The set of six experimental desorption isotherms
span most of the useful concentration range. These
isotherms were determined using the FACP relation-
ship between the retention time of a concentration
and the isotherm. Using these isotherms to calculate
these band profiles is obviously a circular argument,
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all the more since no approximation and no model of
adsorption have been assumed yet. Obviously, the
agreement between experimental and calculated pro-
files (not shown) is excellent in the whole con-
centration range.

The determination of the best desorption isotherm
raises three different problems. First, the selection of
an appropriate isotherm model, second the determi-
nation of the best numerical coefficients of this
model, and, third but not least, the interpretation of
the results of this exercise. The desorption isotherms
are obviously convex upwardFig. 5). There are
three simple possible models for such an isotherm,
the Langmuir, the bi-Langmuir or the tri-Langmuir
isotherms. The selection of these three models is
reasonable since we have shown previo(i88] that
the isotherm of phenol in methanol/water solutions
is properly modeled by the bi-Langmuir equation.
Each of these three models was fitted to the six
FACP isotherms, assuming three different weighing
of the square residualsg (o, =0 )* 1/07exp 1.
and q.,, The relative importance of the high
concentration data in the fit process increases in this
order. The first weight assumes that constant relative
errors are made in the measurement of the adsorption

data and the second, constant absolute errors. The

third weight gives considerable importance to the
high concentration data which are deemed more
significant in FACP because the model erf@0]
becomes important at low concentrations. The results
of these different fits are reported ifable 2. The
agreement between the fitting isotherm equation and
the FACP isotherm data increases with increasing
number of parameters in the isotherm model. The
data fit always better to the tri-Langmuir isotherm
than to the other two models.

In Fig. 6a-c, band profiles calculated with the
three isotherm models (Langmuir, bi-Langmuir and
tri-Langmuir) are compared with the corresponding
experimental profiles. The comparisons are made
successively for each one of the six initial equilib-
rium concentrations of phenol. As explained earlier,
in each one of these six cases, there are three
isotherms for each model, depending on the relative
weight given to the experimental data. Only the best
of these three calculated profiles is reported. Based
on the large number of comparisons carried out (Six
different plateau concentrations and three weights for

F. Gritti, G. Guiochon / J. Chromatogr. A 1010 (2003) 153-176

the isotherm fitting), it is reasonable to state that the
bi-Langmuir model, despite a Fisher value that is
lower than that of the tri-Langmuir model, accounts
better for the elution profiles. For all the plateau
concentrations involved, the bi-Langmuir model
gives an excellent agreement between experimental
and calculated profiles. Note that, for this isotherm
model, only the weightsd gapdive acceptable
results, which suggests that the low concentration
part of the desorption profile is controlled not only
by the thermodynamics of adsorption equilibrium but
also by the wetting of the stationary phase by the
solution. This is also why the tri-Langmuir isotherm
fails to describe the desorption profiles from the
plateaus 15, 10 and 5 g/I.

The physical validity of the bi-Langmuir isotherm
model is confirmed by the results of the calculation
of the AED from the FACP isotherm Haa ).

Since the initial part of the FACP isotherm is
probably, to a significant extent, controlled by extra-
thermodynamic effects, the low concentration data
were truncated below 0.1 g/l. This concentration is
smaller than 2% of the lowest plateau concentration
used in the isotherm determinations. This threshold
sets a maximum to the range of affinity constants
that can be probed. Obvious bimodal distributions
are obtained for all the concentration plateaus, except
for the lowest one (5 g/I, not shown), which exhibits

a divergence at low energies, due to the limited

range of the concentrations that are sampled with a
plateau at 5 g/I. There is a good agreement regarding
the positions of the maxima of the adsorption energy
of the two modes and the relative importance of their
saturation capacities for the three highest concen-
tration plateaus. Despite the truncation of the low
concentration data, a non-zero saturation capacity is
systematically obtained at the high end of the energy
range. This means that the FACP isotherm obtained
does not provide a linear relationship in the low
concentration range and explains why the tri-Lang-
muir isotherm fits the adsorption data well.
When the concentration of phenol decreases from
60 to 20 g/l, the energies of the two modes of the
AED remain constant while their saturation capaci-
ties decrease. This mirrors the decreasing amount of
the mobile phase that penetrates into the mesopores
The concentration of 15 g/l corresponds to a thres-
hold of the phenol concentration above which the
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Table 2

Best isotherm parameters found for the fitting of the FACP adsorption data, according to the isotherm model (Langmuir, bi-Langmuir or

tri-Langmuir) and the fitting weight chosen @/ 1 orq)
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Equilibrium Isotherm model
plateau ; i ; i ;
concentration (g/1) Larzlgmwr bi Lzangmwr trlzLangmwr
I/q; 1 g /g 1 q I/q; 1 g
291.9 81.39 92.25
3.906 4.525 4.718 0.024 0.133 0.1264
0.287 0.210 0.186
5 1.761 3.685 4.055 4.154 4.952 0.4836
1.622 0.387 0.316 0.251 0.125 1.3630
0.143 0.201 0.256
78.45 34.48 16.11 0.143 0.583 4.932
41.85 1.115 0.1349
13.09 12.50 12.47
13.63 14.18 13.44 0.0588 0.0785 0.0740
0.3963 0.1693 0.1167
10 10.53 14.39 15.05 88.06 96.65 74.14
0.8337 0.3824 0.3357 0.2402 0.2279 0.2467
0.2829 3.061 5.034
74.21 1.950 1.163 7.841 7.001 7.239
0.6624 0.7279 0.6998
42.16 141.3 1254.5
52.27 52.13 51.23 0.3678 0.3993 0.2199
0.5282 0.4505 0.4356
15 46.50 53.37 53.85 96.44 48.73 50.64
0.7909 0.5262 0.5059 0.4986 0.4141 0.4304
0.609 2.381 3.433
79.32 7.398 4.324 12.39 5.653 3.826
1.1278 1.885 3.056
1.1278 1.885 3.056
61.22 56.48 52.31
93.06 65.54 60.04 0.1059 0.0758 0.0574
0.4516 0.1129 0.0873
20 82.67 99.27 101.6 189.7 60.89 66.43
0.658 0.3855 0.3516 0.5613 0.6612 0.5582
0.7527  48.39 56.76
135.1 0.8683 0.7457 52.17 89.71 6.897
0.7607 0.7625 2.583
64.50 65.94 66.05
127.8 90.46 77.88 0.1218 0.1265 0.1268
0.4550 0.1847 0.1516
25 1145 133.3 135.3 79.54 77.83 77.71
0.6952 0.4202 0.3898 0.7002 0.7124 0.7135
1.602 52.25 66.21
84.19 1.076 0.8763 109.2 114.1 116.9
1.2521 1.226 1.219
109.4 107.2 139.3
174.9 108.2 108.1 0.0359 0.0404 0.0104
0.3764 0.523 0.04425
60 161.3 183.4 187.1 127.4 124.9 80.1
0.5411 0.3455 0.3156 0.5735 0.5862 0.2130
2.737 1169 123.6
18.41 0.6519 0.6104 45.6 455 0.8193
0.9959 0.9517 79.59

Parameters are gathered by pairs. The first and second ones of each pair correspond to the saturatiorgcapagcitgr(q , ) and the
associated adsorption constabt, (b, or b,), respectively. The isotherm models, which best predict the desorption profiles are noticed in

bold.
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Fig. 6. Comparison between the six experimental desorption profiles and the profiles calculated with the ED model of chromatography and
the desorption isotherms iRig. 5.
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Fig. 7. AED (using 50 millions iterations) calculated from the experimental isotherm data measured by FACP and truncated at 0.1 g/I. Note
the clear bimodal distribution found for the plateau concentrations of 60, 25, 20, 15 and 10 g/l. For 5 g/I, the calculation diverged at low
energy due to the insufficient number of adsorption data points.
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agueous solution of phenol wets a significant propor-
tion of the G, -bonded silica surface and penetrates
largely into the mesopore spacgéiq. 8). Obviously,

this threshold is a function of the pressure gradient
along the column. Below this concentration, the two
saturation capacities are small, showing that the

F. Gritti, G. Guiochon / J. Chromatogr. A 1010 (2003) 153-176

phenol concentration, except for a local maximum at

15Fjdl. 8 suggests also that the heterogeneity of
the mesopore surface is higher at both ends of the

concentration r&hgdq andC=15 g/l) than in

the center.

mobile phase has little access to the mesopores. In a4.4. Influence of pressure on the apparent

transition range, between 10 and 25 g/l, the two
saturation capacities increase rapidly, tending toward
values of the same order as those found for the
saturation capacities in methanol/water solution. The
adsorption energy decreases slowly with increasing

1204 Adsorption in
mesopores
100
O 80
=
K] :
5 Adsorptionin:
o 60 -{ macropores :
3 [ ]
404
20
-
| 'é'\q
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.3 JAdsorption in; Adsorption in
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Phenol concentration

50 60

Fig. 8. Plots of the best parameters of the bi-Langmuir isotherms
vs. the plateau concentration of phenol. Upper graph. Saturation
capacities. Lower graph. Adsorption constant.

desorption isotherm

The Washburn equation shows that the average
size of the pores that are filled under pressure by a

fluid which has a contact angle larger’tbarh@0
surface is inversely proportional to the pressure
applied[16]. Accordingly, the proportion of the pore
volume of each particle filled by water or a water—
phenol solution depends on its position along the
column since the pressure decreases linearly from the
column inlet to its outlet. Thus, the result obtained in
the FA measurements should depend on the flow
rate, since the local pressure everywhere in the
column is approximately proportional to the flow rate
(if the outlet pressure is neglected). The amount of
phenol adsorbed in FA measurements should in-
crease with increasing flow rate, which is what is
observed Fig. 5, star symbols). The amount ad-
sorbed at 0.5 ml/min is extremely small, in agree-
ment with the result of Washburn equation and with
the pore size distribution of Kromasil that decreases
dramatically above approximately 100 [A6]. The
fractional porosity flooded by water decreases rapid-
ly with decreasing pressure, i.e. with decreasing flow
rate.

This observation is also confirmed by the huge
difference between the breakthrough curves recorded
at different flow rates. Breakthrough curves recorded
at 0.5, 1, and 2 ml/min are comparedhig. 9. The
difference between these curves is consistent with
the Washburn equation and the pore size distribution
of Kromasil[16]. Although this pore size distribution
was measured with a lot different from the one used
here, it was shown that the properties of this product
are highly reproducible from lot-to-IdB85]. If a long
thin capillary tube is connected downstream the
detector, the pressions everywhere along the column
are raised by the same amouiy. 9 shows also the
breakthrough curve measured with a flow rate of
1 ml/min but pressures 140 bars higher than in the
other cases. The profile of the breakthrough curves
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4.5. Determination of the parameters of the
A e S empirical adsorption isotherm in the case of a bi-
0.8 L min Langmuir isotherm
312' (42 bars)
2 As explained earlier, it is not possible to measure
© o4 the adsorption isotherm of phenol in pure water by
AT classical FA. The only parameters accessible to
6 (71 bars) experimental determination are the desorption iso-
therms. The adsorption constant in pure water,
3 N derived from this isotherm under such conditions that
2 mL.min 1 mL.min" with capillary .
(129 bars) (218 bars) the mobile phase has full access to the mesopore
0 space, is compared iRig. 10 to the values of this
o & 10 15 2 2  m s 0 cons.tant measured by FA whgn using aqueous
Retention volume [cm’] solutions of methanol as the mobile phd&d]. The
plot of the logarithm of the retention factor versus
. ) the fraction of MeOH in the mobile phase is linear
3.4 After desorption of d b lid in th
“7 phenol from plateau 15 g/L and an LSSM seems to be valid in the range from 65
324 ° to 0% methanolFig. 10 also shows the plots of the
E 304 logarithms of the contributions to the retention factor
2 281 ° 164270 bars associated with each type of adsorption sites, calcu-
2 6] lated from the isotherm parameters and the column
T 5l phase ratioK,_b;), and of the sum of these contribu-
3, o 18238 bars o tions versus the methanol content. There is an
5 20 excellent agreement between the sum of the two
38 ] 18124 bars N contributions and the experimental value. Also, the
184 Before equilibrium with i i i
o] .,O/o ohenol sckion 8t 15 1L plot of In(qubl) is nearly linear, suggesting that the
118 -66 bars
1.4 T T T T T T T T
40 80 120 160 200 240 49
Average column pressure [bar] 1 ®
Fig. 9. Effect of the average column pressure and pressure %7
gradient on the breakthrough curves of phenol in pure water.
Plateau concentration: 15 g/I. Upper graph. Breakthrough curves. __ 21
Lower graph. Plot of the hold-up volume vs. the average column & -i*g\g
pressure. The connecting tube between column and detector is ¢ 4 * NNy q..b+q_b
narrow and causes an important pressure drop (18 bar at 1 ml/ o '\ #\“w st e
min). v AR #\g Z
04 qs,1b1 o 0\2:00\ NS
O\ o——E\ K
o >\. exp
becomes similar to the one recorded at 60 g/l, ] Wb \
. . . S,2
consistent with a much better wetting of the surface.
Finally, two data points obtained for breakthrough B -
curves carried out with 15 and 60 g/l solutions with 60 ot 02 03 04 05 06 07
a capillary downstream the detector are reported in Methanol fraction in water (v/v)

Fig. 5 (star symbols). It is significant that these two Fig. 10. Plots of the logarithm of the experimental and the
points, that both correspond to adsorption measure- calculated equilibrium cor_15ta_nts of phenol on tthC_ -I_(romasil
ments. are on the highest desorption isotherm re- column and of the contributions of each type of site§i=1

' : . low-energy sites;i =2 high-energy sites), Iﬁ(‘s‘bl), to the re-
corded (for 60 g/l). This suggest that under this high tention, vs. the volume fraction of methanol in the mobile phase.
column pressure, the FA measurements are per- Kexp iS the experimental retention factor measured under linear

formed close to equilibrium conditions. conditions.
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Fig. 11. Influence of the methanol concentration of the saturation
capacity and the equilibrium constant of both types of sites. Upper
graph. Plots of the saturation capacities of each type of site$ (
low-energy sitesj =2 high-energy sites) vs. the volume fraction
of methanol in the mobile phase. Upper graph. Plots of the
logarithm of the adsorption constant vs. the volume fraction of
methanol in the mobile phase.

low energy sites follow the LSSM description. By
contrast, this is not the case for the high energy sites.
These results are explainedkig. 11.The saturation
capacity g, , is nearly constant (ca. 125 g/l) while
Q,, decreases linearly with increasing methanol
content Fig. 11,top). On the other hand, In() and
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In(b,) decrease linearly with increasing methanol
volume fraction in the mobile phase.

All these results suggest the following general
empirical equation for the adsorption isotherm of
phenol:

o b, o exp(-S,,¢)C
g (C, ¢) =0y, 1+b,, eXp(—Sol¢)C
. by oexp(-§, o)C
(%o~ §,977 b, Xp(S,,¢)C
(20)

where the subcripts 1 and 2 refer to the low and high
energy sites, respectively, , is a constantb, ,and

S, are the intercept and the slope of the plot of
In(b,) versus the methanol fractioms, respectively,
0,,,and §,, are the intercept and the slope of the plot
of g, , versusg, respectively, anth, ,andS, are the
intercept and the slope of the slope oflg) versus

¢, respectively. The best values of the parameters of
this general isotherm are given fable 3. Fig. 12
illustrates the agreement of this model with the
experimental data. It compares the best estimates of
the two contributions to the total retention under
analytical conditions to the experimental ones for
agueous mobile phases containing between 0 and
65% methanol. These data provide the thermody-
namic information required to calculate the band
profiles of phenol under overloaded conditions, in
isocratic or gradient elution chromatography.

5. Conclusion

Our results demonstrate that the adsorption of
phenol from pure water onto a,C -bonded silica
surface is a complex phenomenon because pure
water does not wet the surface but the phenol
solution does, to an extent that depends on the
phenol concentration in the mobile phase. Further-
more, the kinetics of the wetting is probably slow at

Table 3

Best empirical parameters coefficients of the general adsorption isotherm

.o (9/1) b, (1/9) Sy, A,0(9/1) S, (9/N) b ,,(/9) Sy

123.3 0.0464 2.840 111.3 171.7 0.5753 4.558
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system (saturation capacities, adsorption constants)
change to a large extent over the whole range of
o phenol solubility in pure water. By contrast, the
* ' _ kinetics of water repulsion is slow compared with the
1 high-energy sites elution of the diffuse boundary of the breakthrough
27 . curve, so the surface remains constant during desorp-

g 1 0.\ tion. However, water expulsion takes place rapidly
=

Ox N when the pressure is released from the column. One
. 0-0o_g '.\ of the consequences of this phenomenon is a strong
o4  low-energysites \OO\Oioo\o adsorption—desorption hysteresis when the initial
1 % © state is a column whose mesopores are largely empty
-1 \ of water because the mobile phase stream was
° stopped. The adsorption curve follows an apparent

e , , — S-shape isotherm model without physical meaning
0001 02 03 04 05 06 07 while the desorption curves are best modeled by a

Methanol fraction in water (v/v) bi-Langmuir isotherm.

These results are consistent with previous results

4 Experimental adsorption data showing that the adsorption of phenol onto the same

. column from aqueous solutions of methanol with
30-65% methanol was accurately modeled by a

bi-Langmuir isotherm. They allow the derivation of a

4 General adsorption model

J high-energy sites

2 / general adsorption isotherm of phenol in RPLC. The

f ] . validation of this isotherm will be discussed in a
E 4. "\ forthcoming paper by comparing the band profiles
AN measured and calculated for large amounts of phenol

/ /\ %0 '
04 low-enoray sites ° O/O\O‘O\O\oo eluted on the same @ -Kromasil column under
v "o So—o isocratic and gradient elution conditions.
O\.
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