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Abstract

The adsorbed solution model has been used to predict competitive adsorption equilibria of the solute and the active component of mobile phase
in a normal-phase liquid chromatography system. The inputs to the calculations were the single adsorption isotherms accounting for energetic
heterogeneity of the adsorbent surface and non-ideality of the mobile phase solution. The competitive adsorption model has been coupled with a
model of the column dynamics and used for simulating of chromatography process at different mobile phase composition. The predictions have
been verified by comparing the simulated and experimental chromatograms. The model allowed quantitative prediction of chromatography process
on the basis of the pure-species adsorption isotherms.
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1. Introduction

Chromatographic separations are usually realized in isocratic
mode, i.e., with constant temperature, pressure or solvent com-
position of the mobile phase during the process. However, it
is well known that the adsorption behaviors of the system can
be strongly affected by changes of these operating parameters.
Changes of adsorption properties are commonly used for bed
regeneration in cyclic adsorption processes such as thermal and
pressure swing-adsorption and displacement-purge adsorption
[1,2].

In liquid chromatography, the idea of affecting the adsorp-
tion behavior by a modulation of the mobile phase composition
is often exploited to improve the separation performance in chro-
matographic processes.

The effect of the mobile phase composition on the reten-
tion in normal-phase systems operating under conditions of a
linear isotherm has been described using theoretical models of
adsorption developed in[3–6]. In these models, the adsorption
on a polar adsorbent surface was understood as a competition
between the molecules of the solute and the modifier on the
adsorption sites. Despite some differences, all the models lead

after simplifications to the same simple equation describing
retention of solute as a function of concentration of a stro
solvent (the modifier):

k′
0 = k′(cmod)

−m (1)

wherek′
0 is the retention factor of the solute in the pure stron

solvent,m is the empirical constant, which is determined by fi
ting to the set of experimental retention data acquired at differ
modifier content in the mobile phase.κ′

0 is the retention factor
correlated with the slope of the isotherm of the solute atc → 0:

k′
0 = F

∂q∗

∂c

∣∣∣∣
c→0

, (2)

whereF = (1 − εt)/εt is the phase ratio.
If the mobile phase composition varies during the proce

(solvent gradient), the retention of the solute is correlated w
the profile of the modifier concentration propagating along t
spacez and timet co-ordinate, i.e.,cmod(z, t). Various models
for retention predictions of the solute under gradient conditio
accounting for possible adsorption of the modifier are discus
in [7].

For predictions of non-linear chromatography processes re
ized at constant mobile phase composition as well as at vary
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elution strength empirical or semi-empirical approaches domi-
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Nomenclature

c concentration in mobile phase (mol/cm3)
Da apparent diffusion coefficient (m2/s)
F 1−εt

εt
= phase ratio

h characterizes heterogeneity of surface in the
Unilan isotherm model

k+ adsorption rate coefficient (1/s)
k− desorption rate coefficient (1/s)
K equilibrium constant
M molar mass (g/mol)
N column efficiency
q amount adsorbed (mol/cm3)
q∞ saturation capacity (mol/cm3)
t time coordinate (s)
tr retention time (s)
tr0 dead time (s)
u superficial mobile phase velocity (cm/s)
x mole fraction
z space coordinate (cm)

Greek letters
εt total void fraction of the column
Γ excess adsorption (mol/cm3)
γ activity coefficient
π modified spreading pressure (mol/cm3), (g/cm3)

Subscripts
A organic component
F feed
i component index
mod eluent modifier

Superscripts
* equilibrium conditions
m mobile phase
s adsorbed phase

equilibria of the solute at different mobile phase composition
and to develop an adsorption model correlating the values o
the isotherm coefficients with the mobile phase composition
Typically, in order to describe the dependency of the isotherm
coefficients on the modifier concentration, a power-law depen
dency related to Eq.(1) is used. Such an approach can serve as a
base for the process optimization[8,9]. This simplified approach
has been extended in[10] by accounting for the adsorption of the
modifier and employed for the modeling of gradient elution in
continuous chromatography[11]. In this approach, the isotherm
coefficients are correlated with local distribution of the modifier
concentration calculated by the use of a dynamic model.

Since for a binary chromatographic system “solute-
modifier”, the concentration of the modifier both in the solid
and the mobile phase is typically much higher compared to tha
of the solute the perturbation of the modifier equilibrium by the
eluting solute is often insignificant. In this case, adsorption of
the modifier can be evaluated by the single isotherm equatio

and the simplified models discussed above can provide a good
description of overloaded profiles. The analysis of the accuracy
of such models[12] pointed that in order to describe adsorption
under typical for chromatography conditions a complex model
accounting for competition is not necessary. However, if con-
centration of the solute and the modifier in both the mobile and
the stationary phase are comparable (i.e., strength of adsorption
of both the species is similar) competition between the solute
and the modifier leads to marked deformations of band profiles
and cannot be neglected.

The simplest competitive model has been suggested in[12]; it
assumed the competitive Langmuir isotherm for binary (solute-
modifier) adsorption equilibria. If the coefficients of the single
isotherm “modifier-weak solvent” are known, the coefficients of
the competitive isotherm “solute-modifier” at the specified con-
centration of the modifier can be determined. A similar model
has been adopted in[13] wherein the adsorption of various sol-
vents on a normal as well as reversed stationary phase has been
studied. The coefficients of competitive isotherm have been
determined for a selected concentration of the modifier in the
mobile phase. Such a model offered a good reproduction of the
data of competitive adsorption, but solely for the mobile phase
composition studied. A change of the mobile phase composition
would force identification of a new competitive isotherm.

The adsorption model for predictions of non-linear compet-
itive adsorption equilibria of the solute and the organic solvent
i
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n a reversed-phase system has been suggested in[14]. The
ariations of the adsorption properties of the solute with
obile phase composition were predicted on the basis of s

sotherms of “solute-weak solvent” and “organic solvent-w
olvent”. The model assumed multilayer adsorption mecha
f solvents in the presence of the alkyl-bonded stationary p
he competitive adsorption mechanism of the solute was d
ated by adsorption of the organic solvent, which was pres

he mobile phase with relatively high concentration with res
o that of the solute. In this case, the perturbation of adsor
quilibrium of the solvent by the solute was neglected. M
ver, the two-site competitive adsorption on the alkyl ch
nd on the polar surface has been considered. The adsorp

hese separate two-sites was assumed to be homogenous
ver, their contribution to the overall saturation capacity
ssumed to be the same for both the solute and the modifi

In this work, similar approach has been employed f
ormal-phase system. However, the silica surface is stro
eterogeneous and adsorption heterogeneity of the solut

he solvent cannot be approximated to be the same. The
sotherm model proposed accounted for energetic heterog
f the adsorbent surface and non-ideality of the mobile ph
he modified bi-Langmuir and the modified Unilan model[15]
ave been considered. The non-ideality of the mobile phas
een accounted for by introducing activity coefficients ca

ated by the use the UNIFAC method[16,17]. The non-ideality
f the adsorbed phase was neglected for the systems of so
tudied; the molecules were adsorbed in single-layer wi
dditional interactions.

For description of competitive adsorption equilibria,
ramework given by the adsorbed solution theory[15] has bee
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adopted. The thermodynamics of ideal adsorbed solutions (IAS)
was established as a method for predicting multicomponent
adsorption using solely single-solute adsorption. The method
was first proposed for adsorption of gas mixtures[18], and
extended to multicomponent adsorption from dilute liquid solu-
tions[19]. The IAS model reduces to the multicomponent com-
petitive isotherm if each single-solute isotherm is a Langmuir
with the same saturation capacity. Deviations from the IAS the-
ory due to interactions of the solutes in the adsorbed phase can be
accounted for by the real adsorbed solution theory (RAS). The
non-idealities of the adsorbed phase are lumped into solid phase
activity coefficients[20–24]. However, deviations from the IAS
model are often suggested to originate form heterogeneity of
adsorbent surface[25].

For heterogeneous surface, the mechanism of multicompo-
nent adsorption is complicated, since it involves the competition
between molecules on each type of adsorption site[25,26]. For
two-site heterogeneous surface, the multicomponent adsorption
can be described by the IAS model for each site separately; the
total adsorbed amount is then a sum of amounts adsorbed on
each site[25].

In the heterogeneous adsorbed solution model (HIAS) devel-
oped in[26], the surface of adsorbent is described as a collection
of sites of different adsorption. The competition takes place on
each type of site. Such an approach, although correct, requires
a number of adjustable parameters accounting for the energy
d
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2. Theory

2.1. Single-solute equilibria

2.1.1. Langmuir model
The adsorption process of a componentA on an active site

“S” on the adsorbent surface can be described as follows:

A + (S)
k+1

k−1
A(S) (3)

The rate equation corresponding to the above mechanism is
expressed by:

dxs
A

dt
= k+1x

m
A γm

A xs − k−1x
s
Aγs

A

= k+1x
m
A γm

A (1 − xs
A) − k−1x

s
Aγs

A (4)

wherexm
A is the mole fraction of A in the mobile phase,xs

A =
qA/q∞

A is the mole fraction of A in the adsorbed phase,qA is
the amount adsorbed,q∞

A is the saturation capacity,xs is the
mole fraction of free sites on the surface,γm

A , γs
A are the activity

coefficients of A in the mobile and solid phase, respectively.
If adsorption–desorption kinetics is fast, both the phases can

be assumed to be in equilibrium:

K = xs
Aγs

A = xs
Aγs

A (5)
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istribution on the adsorbent surface.
In this work, to describe non-linear competitive adsorp

f solute in the presence of the modifier, the conventional
pproach[19] has been extended by taking into account cha
f the mobile phase activity according to the variation of
odifier concentration. The binary adsorption equilibria w
redicted on the basis of the single-species isotherms. The
etitive adsorption model has been coupled with a model o
olumn dynamics and used to simulate chromatography pr
t different mobile phase composition.

For experimental verification, two typical systems (m
ures) of solvents have been selected, i.e., system (A)
cetate (modifier)–n-hexane (inert) or system (B) 2-propa
modifier)–n-hexane (inert). The solute was cyclopentan
xhibiting heterogeneous mechanism of adsorption on
ormal-phase surface. Moreover, cyclopentanone was e
issolved inn-hexane, which allowed measurement the ads

ion equilibria at pure weak solvent. The experiment cons
n acquiring of adsorption excess in the single systems,
modifier–n-hexane” and “solute–n-hexane”. Additionally, a se
f chromatograms of the solute at different contents of the m
er in the mobile phase has been registered. Wide concent
ange of the modifier has been analyzed covering low satur
evel, for which solute perturbed the adsorption equilibrium
he modifier, as well as high level wherein such a perturba
as not evidenced.
The predictions have been verified by comparing the s

ated and experimental chromatograms. The successful e
mental verification indicated the adequacy of the mode
ingle-component equilibria and the predictive model for bin
quilibria of the solute-modifier.
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A γm

A xs xm
A γm

A (1 − xs
A)

hereK = k+1/k−1 is the temperature dependent equilibri
onstant,K = K0 exp(E/RT ) with K0 as the pre-exponenti
oefficient andE the energy of adsorption.

From Eq.(5), the amount adsorbed at the equilibriumq∗
A can

e calculated:

∗
A = xs

Aq∞
A = q∞

A Kxm
A γm

A

γs
A + K xm

A γm
A

(6)

ypically, Eq.(6) has an implicit form since the activity coef
ients in the solid phase are a function of the fraction of A in
dsorbed phase, i.e.,γs

A = f (xs
A).

Due to relatively low solute concentrations, which are c
cteristic for chromatography separations, the behavio
dsorbed phase can be usually assumed to be ideal, i.e.:

∗
A = q∞

A Kxm
A γm

A

1 + Kxm
A γm

A
(7)

Moreover, for such low concentrations, the activity co
cient of the solute in the mobile phase can be assume
onstant and, provided constant mobile phase composition
e lumped into the value of the equilibrium constant. Then
7) converts to the well-known Langmuir isotherm mode
ariation of the mobile phase composition is considered
hanges of activity coefficient of the solute with the mod
oncentration have to be taken into account.

.1.2. Surface heterogeneity

.1.2.1. Two-site heterogeneous surface model–modified bi-
angmuir model. The Eq.(7) can be selected to construct
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two-site model of heterogeneous surface. For the two-sites I and
II, the isotherm can be expressed as follows:

q∗
A = q∞

AIKIx
m
A γm

A

1 + KIx
m
A γm

A
+ q∞

AII KIIx
m
A γm

A

1 + KIIx
m
A γm

A
(8)

2.1.2.2. Modified Unilan model. To account for surface hetero-
geneity, an energy distribution can be introduced. In the Unilan
equation, a patch wise surface is assumed, for each patch the
local Langmuir isotherm is applicable[15]. The distribution of
energy is assumed uniform and given by:

f (E) =



1

Emax − Emin
for Emin < E < Emax

0 for E < Emin or E > Emax

(9)

The modified Unilan equation accounting for non-ideality of
the mobile-phase can be obtained from integrating Eq.(7):

q∗
A =

∫ +∞

−∞
q∞

A K xm
A γm

A

1 + Kxm
A γm

A
f (E) dE (10)

q∗
A = q∞

A

(2h)
ln

(
1 + Kxm

A γm
A exp(h)

1 + Kxm
A γm

A exp(−h)

)
(11)

where K = K0 exp(Ē/RT ); Ē = (Emin + Emax)/2; h =
(Emax − Emin)/2RT . The parameterh characterizes hetero-
g
(

2

e
a

Γ

F

b u
m

Γ

o

Γ

2

su
f

π

w
i u

possess the same spreading pressureπmix alone as the mixture:

πmix = πi. (16)

The equilibrium relationships are written:

ai = xs
i a

0
i (17)

with:
n∑

i=1

ai

a0
i

= 1 (18)

In order to calculatea0
i andxs

i , the set of Eqs.(15)–(18)have
to be solved numerically. The competitive equilibrium isotherms
can be calculated using the single-component isotherms for total
equilibrium loading:

1

q∗
tot

=
n∑

i=1

xs
i

q∗
i (a0

i )
(19)

The stationary concentration of each solute species of the mix-
ture is calculated from:

q∗
i = xs

i q
∗
tot (20)

To calculate binary equilibrium, the model exploits solely
the single-isotherm equations “component-inert” without
adjustable parameter accounting for binary adsorption equilib-
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eneity of surface, for homogeneous surface, i.e., forh = 0, Eq.
11) is reduced to Eq.(7).

.2. Excess adsorption

The excess adsorption for a mixture of a single compon
nd an inert is expressed by the following equation[27]:

∗
A = q∗

A − q∗
Axm

A = q∗
A(1 − xm

A ) (12)

or low concentrations:Γ ∗
A

∼= q∗
A.

The concentration in the adsorbed phaseq∗
A is represented

y an appropriate isotherm equation, e.g., for the bi-Langm
odel it holds:

∗
A =

(
q∞

AIKIx
m
A γm

A

1 + KIx
m
A γm

A
+ q∞

AII KIIx
m
A γm

A

1 + KIIx
m
A γm

A

)
(1 − xm

A ) (13)

r for the Unilan model:

∗
A =

[
q∞

A

(2h)
ln

(
1 + Kxm

A γm
A exp(h)

1 + Kxm
A γm

A exp(−h)

)]
(1 − xm

A ) (14)

.3. Competitive isotherm—(AST) adsorbed solution theory

The AST model assumes that a modified spreading pres
or each of singlei-th solute is equal to:

i(a
0
i ) =

∫ a0
i

0

q∗
i (ai)

ai

dai (15)

hereai = xiγ i is the concentration activity,a0
i is fictitious activ-

ty for the pure components at which these components wo
nt

ir

re

ld

rium [18,19].

2.4. Model of the chromatographic column

For the mathematical modeling, a permanently establi
equilibrium between the concentration of the component in
mobile and stationary phases has been assumed. The diffe
mass balance for a singlei-th component in the mobile pha
can be expressed as follows[28–31]:

∂cm
i

∂t
+ F

∂Γ ∗
i

∂t
+ w

∂cm
i

∂z
= Da

∂2cm
i

∂z2 (21)

wherew = u/εt is interstitial velocity;εt is total column poros
ity; Da is apparent dispersion coefficient related to the colu
efficiency asN = wL/2Da; cm

i is the concentration of the com
ponent in the mobile phase;t, z are time and space co-ordinat
Γ ∗

i is the excess adsorption at the equilibrium withcm
i .

The excess adsorption for a mixture of an adsorbable c
ponent of the mobile phase (modifier) and an inert is expre
by Eq.(12).

For the solute, due to its low concentrationΓ ∗
i

∼= q∗
i .

Introducing mole fractions into Eq.(21), one obtains[14]:

∂xm
i

∂t
+ F

Mm

ρm

∂Γ ∗
i

∂t
+ w

∂xm
i

∂z
= Da

∂2xm
i

∂z2 (22)

whereMm andρm are the equivalent molar mass and the den
of the mobile phase;Mm = f (xm

i ), ρm = f (xm
i ).

To describe chromatography processes, the Danckwerts
boundary conditions are usually assumed:

t > 0; z = 0
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u(xi,F(t) − xm
i (t, 0)) = −Da

∂xm
i (t, 0)

∂z
(23)

wherexi,F(t) defines the injection profile of the sample.
For a rectangular pulse injection it holds:

xi,F(t) =
{

xi,F for t ∈ [0, tp]

0 for t > tp
(24)

2.5. Determining the excess adsorption

The excess adsorption was determined by the use of the
perturbation method. In this method, the column is initially
equilibrated at a known concentration level and then a small
perturbation is introduced as a rectangular impulse. Since the dif-
ference between the equilibrium concentration and the response
concentration is small, the column remains in equilibrium. The
operation is repeated for different concentration levels and the
retention times of the pulses are measured and analyzed. The
mathematical analysis is based on the principles of classical
equilibrium theory[32,33].

In the equilibrium theory, the chromatographic process is
described by the ideal model, which assumes permanent equi-
librium between the component concentrations in the mobile
and stationary phases and neglects axial dispersion and kinetic
effects. The ideal model can be represented by Eq.(22)neglect-
i
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2
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often offer higher reliability in locating global optima compared
to deterministic methods. Conventional deterministic methods
frequently fail, particularly in cases when several model coef-
ficients have to be determined and the optimization becomes
trapped in local minima. In the algorithm, the objective function
was the sum of the square differences between experimental and
the simulated excess adsorption data.

2.6.2. Competitive isotherm
In order to calculate the competitive equilibrium data, the

AST model (Eqs.(15)–(18)) was solved by the use of the
Marquardt–Levenberg routine, which enabled fast convergence
of the solution.

2.6.3. Calculation of the band profiles
The set of partial differential Eqs.(22)–(24) was solved

by the use of a fast finite difference method; namely, the
forward–backward differential scheme was employed[30]. The
local adsorbed amount for the components of binary mixture
was calculated by the use of the AST model.

3. Experimental

3.1. Colums and chemicals
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ng the dispersion term. After rearrangement for ani-th single
omponent, it holds:

∂xm
i

∂t
+

(
w

1 + F (dΓ ∗
i /dxm

i )(Mm(xm
i )/ρm(xm

i ))

)
∂xm

i

∂z
= 0

(25)

he retention time of the pulse is expressed as:

ri(x
m
i ) = tr0

(
1 + F

dΓ ∗
i

dxm
i

Mm(xm
i )

ρm(xm
i )

)
(26)

heretr0 = L/w is the retention time of a non-retained com
ent (i.e., dead time of the column).

Eq.(26)can be used for calculating the excess adsorptio
omponenti = A defined by Eq.(12):

∗
A =

∫ xA

0

(
tr/tr0 − 1

F

)
ρm(xm

i )

Mm(xm
i )

dxA (27)

r,

∗
A =

∫ xA

1

(
tr/tr0 − 1

F

ρm(xm
i )

Mm(xm
i )

dxA

)
(27a)

In Eqs.(27) and (27a), Γ ∗
A is the excess adsorption cor

ponding to the volume of the adsorbent (e.g., mol/(cm3 of
dsorbent).

.6. Numerical tools

.6.1. Single isotherm
The parameters of the isotherm model (i.e., Eqs.(13) and (14

ave been determined by the use of the random search opt
ion algorithm (see details in[14]). Random search strateg
f

a-

.1.1. Column
Column 250 mm and 4 mm i.d. packed with silic

iChrospher® Si 60 with pore diameter 60̊A and particle size
�m (Merck, Darmstadt, Germany).

.1.2. Chemicals
Model compound (solute) was cyclopentanone (C

Sigma–Aldrich), which is liquid at ambient conditions. For th
obile phase binary mixtures have been used:

ethyl acetate (EA)–n-hexane;
2-propanol (ISO)–n-hexane;

for HPLC (Merck, Darmstadt, Germany). The water conte
n these solvents was very small, i.e., max. 0.02 wt% in et
cetate and min 0.01 wt% inn-hexane.

All experiments were performed at 25◦C.

.1.3. Instruments
HPLC instrument LaChrom with autosampler, UV and R

etector and a data station (Merck, Darmstadt). The pulse
he modifiers (EA and ISO) were detected by the use of
etector, the pulses and band profiles of C5 were detected b
se of UV detector at 280 nm wavelength. The RI detector w

ound to be more effective for detection of solvents; due to h
oncentration of solvents in the mobile phase, the depende
f the UV signal versus the concentration is strongly non-line
herefore, with an increase of the concentration of the modi

n the mobile phase, the perturbation pulses become not vis
he pulses and band profiles were recorded at the flow-rat
cm3/min, the injection volume was 20�L.
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3.2. Procedures

3.2.1. Initialization and verification of the experiments
The experiment started with the saturation of the column

with a polar solvent (i.e., ethyl acetate). Because the solvents
were not dried additionally, the stationary phase was saturated
irreversibly by traces of water contained in the mobile phase
(see Section3.1.2). Since the concentration of water in solvents
did not increase traces of water adsorbed accordingly to
its adsorption equilibrium remained unchanged during the
whole procedure and did not influenced reproducibility of
the experiment. In order to verify reproducibility, the selected
perturbation measurements were repeated after accomplishing
all the experimental trials reported below. All the measurements
were found to be fully reproducible apart from retention of the
solute C5 and 2-propanol at puren-hexane (see also Section
4), which varied randomly without exhibiting any trends
characteristic for deactivation of the surface. These problems
resulted from handling such a very volatile solvent as pure
n-hexane.

3.2.2. Perturbation measurement of single isotherm
In order to determine the adsorption isotherms the column

was equilibrated with various concentration of the single com-
pound. For each saturation level corresponding to the adequate
c wit
a rium
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T bov
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b

3
e of

t nt:
Γ

[

Γ

r the
s
h tim

were: t0 = 2.42 min, which corresponded to the total porosity
εt = 0.772.

3.2.4. Competitive equilibrium
The pulses and the overloaded concentration profiles of the

solute C5 were recorded at various modifier concentrations. For
the ternary system (A): C5–EA–n-hexane, the EA concentration
was varied between 5 and 100 vol.% (xm

EA = 0.0067–1).
In order to cover similar retention range of C5 for the ternary

system (B): C5–ISO–n-hexane, the concentration of ISO was
changed form 0.05 to 100 vol.% (xm

ISO = 0.0034–1).

3.2.5. Activity coefficients
The activity coefficients were calculated by the use of the

UNIFAC method:

• Binary systems: EA–n-hexane, ISO–n-hexane and C5–n-
hexane.

The activity coefficients for the binary systems:
- for EA–n-hexane, the activity coefficientsγm

EA vary from
2.84 (at puren-hexane) to 1 (at pure EA);

- for ISO–n-hexane, the activity coefficientsγm
ISO vary from

21.53 (at puren-hexane) to 1 (pure ISO);
- for C5–n-hexane due to low solute concentration, activ-

ity coefficient remains practically unchanged. Hence, the
m m nt

•

n

m e
c

-

-

ole
f tial
e
m

-

oncentration of the component in the mobile phase, a pulse
small excess of concentration with respect to the equilib
as injected.
For the system solute (C5)–n-hexane the concentration of C

n the mobile phase was varying over the range 0.05–2 wt%
m
C5 = 7.35× 10−4 to 0.029).

For the modifiers, the whole concentration range was cov
tarting from 0 vol.% up toxm

EA = 1 for EA and 0.05% toxm
ISO =

for ISO.
The retention data obtained at a very low C5 and

ontent xm
A → 0 (converging to puren-hexane) require

long retention and were not reproducible and uncer
he stable and reproducible values were recorded a
a. 0.05 vol.%.

Moreover, if the component is strongly retained, the re
ion for the concentration ofc → 0 can be very long and cann
e determined. In such a case, the perturbation measure
hould be started with certain saturation of the stationary p
y the component to be investigated.

.2.3. Column porosity
In order to determine the column porosity, the dead tim

he column (i.e.,tr0 = Lεt/u) was evaluated from the constrai
∗
A(xm

A = 1) = 0, which forces the integral value in Eq.(27)
14]:

∗
A =

∫ 1

0

(
tr/tr0 − 1

F

)
ρm

Mm dxm
A = 0.

For calculations, the set of retention times obtained fo
ystem EA–n-hexane, for which the retention data at puren-
exane were reliable. The obtained values of the dead
h

,

d

.
e

ts
e

e

dependenceγC5 = f (xC5) was neglected and consta
value of γm

C5 = 3.38 at xm
C5 → 0 in pure n-hexane was

assumed for calculations.
Ternary systems: (A) C5–EA–n-hexane and (B) C5–ISO–n-
hexane.

In both the systems, the dependenceγm
C5 = f (xm

C5) was
eglected.

The activity coefficient of C5γm
C5 = f (xm

mod) and of the
odifier γm

mod = f (xm
mod) is the function of the mobile phas

omposition:

for the system (A) in the range ofxm
EA = (∼ 0 to ∼ 1) γm

C5
varies from 3.38 to 1.32 andγm

EA varies from 2.76 to 1.26;
for system (B) in the range ofxm

ISO = (∼ 0 to ∼ 1) γm
C5 varies

from 3.38 to 2.42 andγm
ISO varies from 20.2 to 4.28.

The obtained data of activity coefficients versus the m
raction of the modifier were approximated by exponen
mpirical dependenciesγm

C5 = f (xm
mod) andγm

mod = f (xm
mod) for

od = EA or ISO, e.g.:

for EA–n-hexane the following equation has been used:

γm
EA = 0.879+ 2.332× exp

(
− xm

EA

0.334

)

+0.196× exp

(
− xm

EA

0.00093

)
− 0.0938

× exp

(
− xm

EA

0.762

)
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Fig. 1. Results of the pulse analysis for the systems: ethyl acetate (EA)–n-hexane
and 2-propanol (ISO)–n-hexane.

- for ISO–n-hexane:

γm
ISO = 11.462× exp

(
− xm

ISO

0.033

)
+ 1.672

× exp

(
− xm

ISO

1.738

)
+ 9.132× exp

(
− xm

ISO

0.128

)

The coefficients were determined by fitting the UNIFAC data to
a function of exponential decay of the second or the third orde
implemented in the program Microcal Origin ver. 5.0. In fact,
any mathematical function can be used for fitting provided that it
reproduces correctly the data obtained by the UNIFAC method

4. Results and discussion

4.1. Single adsorption isotherm

In Fig. 1, the retention time of pulses of the modifier versus its
mole fraction in the mobile phase is presented. The correspond
ing excess adsorption is depicted inFig. 2a. Since the results
of retention measurements at puren-hexane for 2-propanol
(ISO) were uncertain, the excess was calculated by the us
of Eq.(27a).

The adsorption data depicted inFig. 2a and b indicate that
surface is saturated by the more polar modifier (i.e., ISO) a
a ver,

due to its high polarity ISO behaviors strongly non-ideally in
the mobile phase containingn-hexane (see the activity values
above), which influences significantly on excess adsorption.

The set of experimental data of the excess adsorption pre-
sented inFig. 2a was used for determining the parameters of
the bi-Lagmuir and Unilan models (see Eqs.(13) and (14)).
The isotherm model was coupled with the adequate dependency
γm

A = f (xm
A ) (A (modifier) = EA or ISO). The set of the param-

eter for the bi-Langmuir and the Unilan models is presented in
Table 1; the simulated excess adsorption is depicted inFig. 2a.
Both the models reproduce the adsorption data for EA with sim-
ilar accuracy, while the bi-Langmuir model is slightly more
accurate for ISO. The adsorption isotherms corresponding to
Fig. 2a are depicted inFig. 2b.

It is evident that for the bi-Langmuir model two energetically
different adsorption sites can be distinguished—with low and
high equilibrium constant. The two-sites model should be con-
sidered as a rough approximation of energetically non-uniform
surface and both theKI andKII constant as average values.

Note that the saturation capacity for EA for low energetic site
(site I) is much higher than that for C5 and ISO, which can be
rather attributed to the inaccuracy of the two-site model than to
real distribution of sites on the surface. For the Unilan model,
the saturation capacity for all the components were found to be
very similar, hence the value ofq∞

i giving the best fit to the
experimental data for C5 was also used for the modeling of the
U

rsus
i data
w es of
r ear
c ld be
e the
o -
t he
r

dled
i us the
c ntra-
t not
e

sol-
v ek
s for

xane
relatively low concentration in the mobile phase. Moreo

Fig. 2. Adsorption for the systems: EA–n-hexane and ISO–n-he
r

.

-

e

t

nilan isotherm for ISO and EA.
In Fig. 3a, retention of the C5 perturbation pulses ve

ts mole fraction in the mobile phase is presented. These
ere not converted to the excess adsorption; the chang

etention were significant and resulted in strongly non-lin
urvature of the retention dependence. Therefore, they cou
xploited directly, without additional integration errors, in
ptimization procedure on the basis of Eq.(26). The concen

ration derivatives in Eq.(26)were calculated numerically. T
esulting isotherm is depicted inFig. 3b.

The retention data of the modifiers could not be han
n the same way because the changes of retention vers
oncentration were very small over a wide range of conce
ion (seeFig. 1) and the multi-parameter optimization was
ffective.

Note that determining the single isotherm “solute-weak
ent” is possible for solutes with good solubility in a we
olvent. However, in principle, if the non-linear isotherm

: (a) excess adsorption; (b) corresponding adsorption isotherms.
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Table 1
Values of the parameters for the single isotherm model

Component/isotherm Cyclopentanone C5
(model component)

Ethyl acetate EA
(eluent modifier)

2-Propanol ISO
(eluent modifier)

biL isotherm—Eq.(13)
q∞

iI 0.0024 0.0133 0.0025
KiI 20.32 0.448 0.504
q∞

iII 0.0010 0.00142 0.0034
KiII 548 25.276 16.44
RSS 1.53× 10−8 5.85× 10−8 3.2× 10−7

Unilan isotherm—Eq.(14)
q∞

i 0.0059 0.0059a 0.0059a

Ki 3.23 3.40 4.366
hi 5.35 0.873 3.038
RSS 1.47× 10−8 3.83× 10−8 4.7× 10−7

RSS: residual sum of square differences between adsorption excess predicted and experimental.
a Set the same as for the solute C5.

Fig. 3. Results of the perturbation analysis for the system C5–n-hexane: (a) retention time of perturbation pulses vs. the concentration of the solute in the mobile
phase; (b) corresponding adsorption isotherm.

a selected composition of the mobile phase is determined, the
AST model allows estimation of the adsorption behaviour at
pure weak solvent.

4.2. Competitive isotherm

4.2.1. Simulating of the pulse retention
The pulses and overloaded profiles of C5 were recorded at

different saturation levels of the modifiers. For the simulations,
the dynamic model (Eqs.(22)–(24)) was solved, the local solid
phase concentrations of C5-modifier (EA or ISO) were calcu-
lated by the use of the AST model (Eqs.(15)–(18)).

The AST isotherm model was coupled with the adequate
dependencies of activity coefficients in the ternary systems:
γm

C5 = f (xm
A ) andγm

A = f (xm
A ) (A (modifier) = EA or ISO).

The variations of retention time of solute pulses versus the
modifier concentration determined experimentally and theoreti-
cally are presented inFig. 4for the system A, i.e., EA–n-hexane
and inFig. 5for the system B, i.e., ISO–n-hexane.

Due to low concentration of the solute in pulses, the equilib-
rium of the modifier is not perturbed during chromatographic
elution. The solute occupies the adsorption sites free of the
adsorbed modifier. If the saturation capacities for the solute and
the modifier are the same, i.e.,q∞

A = q∞
C5, and all the adsorption

sites are energetically homogenous, the free surface available
f s s ∞ ∗

q∗
A is the amount of the modifier adsorbed according to its

adsorption equilibriumq∗
A = f (xm

A ). However, for the silica sur-
face, the energetic heterogeneity of the solute was found to differ
markedly from that of the modifier. In this case, the amount of
adsorption sites available for the solute in the presence of the
modifier can be calculated by the use of AST theory.

For the system (A), a good agreement between simulated
and theoretical retention was obtained for the bi-Langmuir
model and excellent for the Unilan model over the whole

Fig. 4. Variation of the retention time of C5 pulses vs. concentration of EA in
n
or the solute,q , can be approximated asq = qA − qA, where
 -hexane (system A).



W. Piatkowski et al. / J. Chromatogr. A 1092 (2005) 65–75 73

Fig. 5. Variation of the retention time of C5 pulses vs. the concentration of ISO
in n-hexane (system B).

range of investigated saturation levels for the modifier. The
good agreement could be achieved when the same model of
energy distribution was assumed for both the component, e.g.,
simultaneously the bi-Langmuir model for the solute and the
modifier or the Unilan for both the components.

The simulated retention in the system (B) was reproduced
from above 1 vol.% (xm

ISO = 0.017) of the modifier concentra-
tion. In this system, the discrepancy between predictions and
experimental data was slightly lower for the bi-Langmuir model
than for the Unilan model.

In the range of low modifier concentration, significant devi-
ations between experimental data and predictions for both the
models are evident (seeFig. 5the lowest saturation level). These
deviations can be expected to originate from few reasons:

• uncertainty of the isotherm data at a low modifier content;
• inaccuracy of the single isotherm model in the range of low

solute and modifier concentration. Simulations performed
revealed that inaccuracies in prediction of the isotherm slope
in the range of low concentration influences significantly on
the results of the predictions of the AST model. This phe-
nomenon has been already mentioned in[20];

• inaccuracy of the competition model; in order to describe
the binary adsorption more correctly, the energy distribution
might be determined following[26]. Unfortunately, due to a

ears
g the
osi-

phy
o the
s foun
t

4
ro-

fi own
T

Fig. 6. Concentration profiles registered at different concentration of EA in
the mobile phase:xm

EA = 0.066; 0.129; 0.25027; 0.364; 0.572; 1, respectively
(see corresponding saturation level of the stationary phase inFig. 2b), the feed
concentration of the solute c.a.xC5,F = 0.053 for all the chromatograms—the
solute was always dissolved in the adequate solvent used as the mobile phase.

The agreement between the simulated and the experimental
peak shapes was very good but not perfect. Some discrepan-
cies are evident for the lowest saturation level; moreover, the
model predict slightly too symmetrical profiles for high satura-
tion levels. However, taking into account that no adjustment has
been made and the predictions are based on the single-species
isotherm the agreement is very satisfactory indicating adequacy
of the adsorption model developed.

For the system (B), the model bi-Langmuir isotherm model
was employed offering slightly better results in the pulse analysis
and, thus, better fit between the peak position simulated and
recorded experimentally.

In Fig. 7, the comparison between experiment and simulation
for the lowest saturation level, for which the experimental
retention was reproducible by the model proposed. It is evident
that the model was able to predict deformation of the peak
shape, resulting form the competition between solute and the
modifier, which is present in the mobile phase at relatively low,

F
I ionary
p

number of adjustable parameters, the HIAS model app
to be not adequate for practical purposes, i.e., predictin
chromatographic elution at various mobile phase comp
tions.

Nevertheless, under typical conditions for chromatogra
f relatively high concentration excess of the modifier in
tationary phase with respect to the solute the model was
o be very effective.

.2.2. Simulating of the non-linear profiles
In Fig. 6, the simulations of non-linear chromatographic p

les for the system of ethyl acetate (EA) as a modifier is sh
he Unilan model of isotherm was employed.
d

.
ig. 7. Concentration profiles registered at the concentrationxm

ISO = 0.0169 of
SO in the mobile phase (see corresponding saturation level of the stat
hase inFig. 2b), the feed concentration of the solutexC5,F = 0.064.
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Fig. 8. Concentration profiles registered at the concentrationxm
ISO = 0.159 of

ISO in the mobile phase (see corresponding saturation level of the stationary
phase inFig. 2b), the feed concentration of the solutexC5,F = 0.050 the solute
was dissolved in the solvent used as the mobile phase.

comparable to the solute concentration. In order to illustrate
the competition, the concentration profile of the modifier and
the solute at the column outlet are superimposed in the same
figure.

For higher modifier concentration, the competition of the
solute and the modifier become negligible and the peak profile
converts to typical Langmuirian shape. This phenomenon can
be observed inFig. 8, wherein it is evident that the concentration
level of the modifier is much higher compared to that of the
modifier (compare left and right scale of the plot).

The quality of the comparison between simulations and
experiment for the system (B) is similar to that achieved for
the system (A). For high modifier content, the predicted profiles
were too symmetrical comparing to the experiment. Neverthe
less, the effectiveness of predictions was satisfactory.

5. Conclusion

The adsorbed solution model has been used for the predic
tion of competitive adsorption equilibria of the solute and the
active component of mobile phase on the basis of singe-specie
adsorption isotherm.

The single adsorption isotherms were determined on the bas
of excess adsorption data measured in the system of sing
component-inert. The isotherm model accounted for energeti
h f th
m

ting
o pos
t difie
c simu
l

ofile
w bile
p

evi-
a iden
w low
m ls in

the range of low solute and modifier concentration, inaccuracy
of the competitive model.

For typical for chromatography conditions of high con-
centration, excess of the modifier with respect to the solute
the model was found to be very effective; however, perfect
agreement between simulated and experimental profiles cannot
be expected. The method can be used for evaluation adsorption
behaviour of the solute in the presence of different solvents,
for which adsorption equilibrium is known. The successful
experimental verification indicated the adequacy of the model
for single-component equilibria and the predictive model for
binary equilibria of the solute-modifier.
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