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Abstract

The shape of breakthrough curves and elution profiles depends strongly on the course of the specific equilibrium functions characterizing
the chromatographic system. For a highly efficient system the equilibrium theory provides a methodology how to predict the band profiles.
The concept is frequently applied to analyze single component systems characterized by isotherms possessing simple shapes (Langmuir or
a eir courses.
T tion profiles.
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nti-Langmuir behaviour). However, adsorption isotherms often possess more complicated shapes and have inflection points in th
his leads to the development of composite concentration waves and results in complex shapes of breakthrough curves and elu

n this paper, the equilibrium theory is used to predict breakthrough curves for a chromatographic system characterized by an
sotherm with two inflection points. The results obtained are validated by comparing with numerical solutions of the equilibrium d

odel.
2006 Elsevier B.V. All rights reserved.
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. Introduction

There are several models available which are capable to
redict elution profiles for chromatographic processes under
verloaded conditions[1,2]. In general these models take into
ccount the distribution equilibria and, in different detail, mass

ransfer resistances. Typically the corresponding balance equa-
ions must be solved numerically. Instructive analytical solutions
an be derived using the equilibrium theory of chromatogra-
hy which neglects all mass transfer limitations[3–5]. These
olutions describe essential features of the development of con-
entration profiles in chromatographic columns.

In order to apply the equilibrium theory to describe chromato-
raphic processes the underlying distribution equilibrium func-

ions must be provided. Under diluted conditions these functions
re linear and migration speeds do not depend on concentration.

∗ Corresponding author. Tel.: +49 391 67 18643; fax: +49 391 67 12028.
E-mail address: andreas.seidel-morgenstern@vst.uni-magdeburg.de

A. Seidel-Morgenstern).

If larger sample sizes are introduced in a chromatographic
umn the nonlinear range of the equilibrium functions beco
important and migration speeds depend on concentration
leads to the formation of compressed and dispersed fronts
migration speeds and the shapes of the corresponding
can be predicted using the equilibrium theory exploiting
method of characteristics[3–9]. The application of the conce
is in particular simple and capable to predict the develop
of the band profile for a single component characterized b
isotherm which is completely convex or concave. Applying
gant coordinate transformations also analytical solutions
derived which describe the behavior of mixtures obeying ce
types of competitive adsorption isotherms[3–5]. The power
ful concept was further already extended successfully in o
to predict the performance of more sophisticated multicol
arrangements, as e.g. applied in the simulated moving bed
cess[10,11].

First results regarding the relation between the courses
isotherms and the shapes of single component elution pr
were reported in[12] for equilibria of the Langmuir or ant
Langmuir type. Later Klamer and Van Krevelen[13] pointed ou
021-9673/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2005.12.094
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that adsorption isotherms often possess inflection points. They
investigated the chromatographic behavior of a solute character-
ized by an isotherm with a single inflection point and they briefly
illustrated already the complex profiles in case of an adsorption
isotherm with two inflection points. Instructive schematic illus-
trations regarding the impact of inflection points in the course of
an adsorption isotherms on the shape of band profiles were pro-
vided in[5,6] applying equilibrium theory. However, still there
is a lack in explicit demonstrations of this relation using concrete
parameters of an isotherm model and a specific chromatographic
system.

In this paper, selected aspects of the equilibrium theory will
be shortly revised. For illustration simple isotherms (of the Lang-
muir and anti-Langmuir type) will be used. Then examples of
more complex isotherm shapes will be given. An experimental
result will be presented to demonstrate the strong correlation
between isotherm course and shape of breakthrough curves. In
the main part of the paper the equilibrium theory will be applied
in order to analyze step responses for a chromatographic system
characterized by an adsorption isotherm possessing two inflec-
tion points. Finally, results of numerical simulations applying
the equilibrium dispersive model will be presented in order to
validate the analytical results obtained.

2. Relation between curvatures of adsorption isotherms
and shapes of adsorption and desorption fronts
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breakthrough curves depends (a) on the direction of the process
(adsorption forcInit < cinj , desorption forcInit > cinj ) and (b) on
the shape of the isotherm.

In case of nonlinear isotherms compressed fronts (shocks)
or dispersed front (waves) propagate through the fixed-bed with
characteristic velocities. Hereby the velocity of a shock is related
to the isotherm chord between the two limiting concentrations
before (c−) and after (c+) the shock according to:

ushock(c
−, c+) = u

1 + F ((q(c+) − q(c−))/(c+ − c−))
(4)

The velocity in a simple wave depends on concentration
according to:

uwave(c
∗) = u

1 + F (dq(c)/dc)|c∗
(5)

Eqs.(1)–(5)have been studied intensively for different simple
adsorption isotherm models (e.g.[1–11]). Fig. 1 illustrates for
Langmuir and anti-Langmuir systems the close relation between
the curvature of the isotherm and the shape of adsorption and
desorption fronts. Hereby an important and general rule is the
fact that operating lines for an adsorption step (cinj > cInit ) or a
desorption step (cinj < cInit ) are given by the closest connection
between these two concentrations below or above the isotherm.
These two operating lines form in mathematical terms thecon-
vex hull of the isotherm. Thus, the operating lines follow either
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The basis of the equilibrium theory of chromatograph
o neglect all kinetic effects causing band broadening an
ssume that the distribution equilibrium of a solute betwee
obile and stationary phases is permanently established.

he following mass balance equation holds true[1–5]:

∂c

∂t
+ F

∂q(c)

∂t
+ u

∂c

∂x
= 0 (1)

In the above,c andq are the concentrations in the mob
nd stationary phases andF is the phase ratio for which hol
= (1− ε)/ε with ε being the total column porosity. In Eq.(1)

he mobile phase velocity u is assumed to be constant a
ypically the case in liquid chromatography.

The solution of Eq.(1) requires the specification of in
ial and boundary conditions. Typically is assumed a fixed
niformly preloaded with an initial concentrationcInit and a rect
ngular injection profile introduced betweent = 0 andt = tinj :

(t = 0, x) = cInit (2)

(t, x = 0) =
{

cinj for 0 < t ≤ tinj

cInit for tinj < t
(3)

If the injection timetinj is large enough the whole fixed-b
s completely transformed from the first equilibrium state co
ponding to the initial condition (cInit , q(cInit )) into a new equi
ibrium state corresponding to the injection concentration (cinj ,
(cinj )). This problem is the classical and extensively stu
iemann problem[5]. Exploiting the method of characterist

here is a complete theory available providing the solution o
1)and discussing its properties[3–5]. The shape of the resultin
s,

s

he slope of the equilibrium function or the chords between
haracteristic concentrations. The operating lines can be co
red as rubber bands connectingcInit andcinj on both sides o

he isotherm[6,14]). Fig. 1 illustrates the well-known fact th
or Langmuir the adsorption front systems is sharp wherea
esorption front is disperse. The opposite holds true for
angmuir systems.

. Isotherms with inflection points and example for
orresponding breakthrough curves

Several studies devoted to classify the possible shapes
le component adsorption isotherms have been performed

15,16]). Fig. 2presents the classification of typical adsorp
sotherms of dissolved substances given by Giles et al.[16].

Experimental results demonstrating the effect of the isoth
hape on the course of breakthrough curves were given e
17]. Fig. 3 shows breakthrough curves measured at 20◦C for
he (+)-enantiomer of Tr̈oger’s base with ethanol as the mob
hase and microcrystalline cellulosetriacetate as the stati
hase. The adsorption isotherm is characterized initially b
nti-Langmuir behavior which turns after an inflection point
angmuir behavior (case I inFig. 2). As a consequence st
esponses betweencInit = 0 and a feed concentration below
nflection point lead to a dispersed adsorption front and a s
ned desorption front. The opposite holds true if the exch

s performed above the isotherm inflection point as can be
rom the results of the second stages of the staircase e
ent. The small initial increase in the detector signal is du
n impurity in the feed solution. Information regarding the ra
f retention times and more details including a suitable isoth
odel is given in[17].
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Fig. 1. Illustration of the relation between the shape of the adsorption isotherms (left, fat lines) and the shape of corresponding step response curves. (a) Langmuir
isotherm, (b) corresponding sharpended adsorption front and dispersed desorption front, (c) anti-Langmuir isotherm, and (d) corresponding dispersed adsorption
front and sharpened desorption front.

Interesting experimental results for an even more complex
system characterized by an isotherm with two inflection points
was reported in[18].

4. Parameters for case study

The analysis presented below was performed for a situation
corresponding to the isotherm type encircled as case II inFig. 2.

F sorp-
t t-
i

Thus, the equilibrium function is initially of the Langmuir type
and has then two inflection points. Such a case was already
discussed in[18,19]. Based on concepts described in[20] the
isotherm illustrated inFig. 1 of [19] was described quantita-
tively using the following flexible model equation assuming the
existence of two different types of adsorption sites on a hetero-
geneous surface.

q = qs1c
b1 + 2b2c

1 + b1c + b2c2 + qs2c
b3

1 + b3c
(6)

Using this equation and the five parameters given inTable 1
the isotherm presented in[19] could be well represented. For
the goal of this study the physical significance of the parameters
of Eq. (6) is of no relevance.Fig. 4 shows the course of the

F tiomer
o e cel-
l

ig. 2. Typical shapes of the equilibrium functions for single component ad
ion from solution (according to Giles et al.[16]). Experimental (I) and theore
cal (II) results are given for the two cases encircled.
ig. 3. Experimentally determined step response curves for the (+)-enan
f Tröger’s base (mobile phase: ethanol, stationary phase: microcrystallin

ulose triacetate, isotherm of case I inFig. 2) [17].
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Table 1
Parameters of analyzed adsorption isotherm (Eq.(6), Fig. 4)

Parameter Value

qs1 0.84 g/L
qs2 8.83 g/L
b1 −0.454 L/g
b2 0.0792 (L/g)0.5

b3 3.71 L/g

isotherm,q(c), together with the concentration dependence of
the local slopes, dq/dc, and the cords with the origin,q/c. If
the liquid concentration is relatively low (between 0 andcB) or
high (abovecE) the branch of the isotherm is of the Langmuir
type. The intermediate concentration range (betweencB andcE)
exhibits anti-Langmuir behavior.

In Fig. 4are marked several characteristic concentrations. B
and E mark inflection points of the adsorption isotherm, slope
and chord are identical at D, the chord at point H equals to that
at point D, the slopes at points A and G are equal, slope and
chord are identical at point F. These points are important for the
development of the band profiles as will be shown below.

Besides the adsorption isotherm, also geometric parameters
of the column, the phase ratio and operating conditions regard-
ing flowrate and injection characteristics must be provided in
order to analyze concrete concentration profiles. The reference
parameters used in this study are summarized inTable 2. They
reflect typical laboratory scale HPLC situations.

5. Breakthrough curves for selected feed concentrations

Below the construction of band profiles will be demonstrated
based on the equilibrium theory of chromatography. The adsorp-
tion isotherm given inFig. 4 and different feed concentrations
will be considered starting from higher values forcinj going
to lower values. The injection time assumed (tinj = 1.661 min) is
l plete

F se II
i
p s A,
B 53 g/L
r

Table 2
Parameter of the chromatographic system used in conjunction with the isotherm
model summarized inTable 1

Column length L = 25 cm
Column diameter D = 0.46 cm
Total porosity F = 0.25 (� = 0.80)
Volumetric flowrate V̇ = 1 mL/ min
(Mobile phase velocity) (u = 7.523 cm/min)
(Void time) (t0 = 3.322 min)
Injection volume Vinj = 1.661 mLa

(Injection time) (tinj = 1.661 min =t0/2)

a Standard value (used in most calculations).

breakthrough is achieved, i.e. a plateau concentration corre-
sponding to the feed concentration appears at the column outlet.

5.1. cinj = 5.8 g/L > cH

According to the “rubber band rule” the operating lines
described above, for injection concentrations larger thancH the
adsorption front will travel according to Eq.(4) as a shock with
c− = 0 andc+ = cinj leading to the following shock propagation
velocity:

ushock,0/cinj = u

1 + F (qinj (cinj )/cinj )
(7)

In contrast, the operating line of the desorption front is more
complex and consists out of three parts. Betweenc = 0 andcA
and betweencG andcH simple waves form. The velocity with
which in these ranges concentrations propagate is described by
Eq. (5). BetweencA (=c+) and cG (c−) a shock exists which
possesses the following velocity:

ushock,A/G = u

1 + F ((qG(cG) − qA(cA))/(cG − cA))
(8)

The development of the band profile in the column is shown
in Fig. 5. At three different times are presented the characteris-
tics in time-space-diagrams (where the slopes are the reciprocal
velocities of the specific concentrations) and the locations and
s lumn.
W luded
c ave.
I n the
s
c lse
p e. The
r wn in
F

5

ent
G . To
u rption
f

wo
s a
arge enough to assure for the situations analyzed that a com

ig. 4. Courses of an adsorption isotherm with two inflection points (ca
n Fig. 2) and the corresponding chords and slopes (according to Eq.(6) with
arameters given inTable 1). The liquid phase concentration values of point
, D–F. G and H are 0.7098, 1.442, 2.723, 3.279, 3.8285, 4.3457 and 4.6

espectively.

,

hapes of the adsorption and desorption fronts inside the co
hereas in a shock these velocities are the same for all inc

oncentrations, there are individual values in a simple w
n the plots is also considered the time difference betwee
tart of the adsorption and desorption fronts, i.e.tinj . With pro-
eeding time (from top to bottom) the initially rectangular pu
ropagates deeper into the column and changes its shap
esulting breakthrough curves at the column outlet are sho
ig. 6for the adsorption and desorption fronts.

.2. cG < cinj = 4.5 g/L < cH

If the injection concentration is smaller and falls into segm
H (seeFig. 4), the shape of the profile gets more complex
nderstand the development of the adsorption and deso

ronts, the corresponding operating lines are illustrated inFig. 7.
Now also the adsorption front will split into three parts. T

hocks with (slightly) different velocities will be divided by
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Fig. 5. Illustration of the development of the band profile in the column when
the injection concentration iscinj = 5.8 g/L (and thus larger thancH, Fig. 4).
The characteristics of the adsorption and desorption fronts and the correspon
ing internal concentration profiles are shown for three different times (0.6× t0;
0.8× t0 andt0, from top to bottom).

(small) wave betweencD andcY (Fig. 7). The desorption branch
will still consist out of two waves and a shock in between. The
high concentration wave exists only in a very small concentration
range (betweencG andcinj ). All relevant propagation velocities
can be again calculated using Eqs.(4) and (5).

Similar toFig. 5, the development of the band profile in the
column at three different times is illustrated in detail inFig. 8.
The resulting concentration profile appearing at the column out
let is given inFig. 9.

Fig. 6. The elution profile of the solute at the column outlet (x = L = 25 cm)
corresponding toFig. 5(cinj = 5.8 g/L).

5.3. cE < cinj = 4.0 g/L < cG

The shape of elution profile for an injection concentration in
the segment EG is shown inFig. 10. In contrast to the previous
case (Figs. 7–9) the high concentration wave of the desorption
front disappears. The velocity of the shock in the desorption
front is not anymore related tocA but to a (slightly) larger con-
centrationcI . The difference between the two velocities of the
shocks in the adsorption front becomes more pronounced as,
consequently, the simple wave betweencD andcY. The latter
concentration is (slightly) larger compared toFig. 9.

5.4. cD < cinj = 3.0 g/L < cE

In Fig. 11 is shown the profile at the column outlet for an
injection concentration betweencD and cE. In the adsorption
front there is at first a shock between zero andcD, followed by

F erm)
a .
b as
d

d-

-

ig. 7. Illustration of the operating lines (fat) for adsorption (below isoth
nd desorption (above isotherm) for an injection concentrationcinj = 4.5 g/L, i.e
etweencG andcH (compare withFigs. 1 and 4). The isotherm is shown
otted line.
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Fig. 8. Development of the band profile in the column when the injection con-
centration iscinj = 4.5 g/L (and thus larger betweencG and cH, Fig. 4). The
characteristics of the adsorption and desorption fronts and the corresponding
internal concentration profiles are shown for three different times after the begin-
ning of the injection (0.6× t0; 0.8× t0 andt0, from top to bottom).

Fig. 9. The elution profile of the solute at the column outlet (x = L = 25 cm)
corresponding toFig. 8(cinj = 4.5 g/L).

Fig. 10. The elution profile of the solute at the column outlet corresponding to
an injection concentrationcinj = 4.0 g/L.

a wave up to the injection concentration. In the desorption front
the concentration decreases at first as a shock from the injection
concentration tocII followed by a decrease down to zero in a
simple wave.

Fig. 11. The elution profile of the solute at the column outlet corresponding to
an injection concentrationcinj = 3.0 g/L.
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Fig. 12. The elution profile of the solute at the column outlet corresponding to
an injection concentrationcinj = 2.0 g/L.

5.5. cB < cinj = 2.0 g/L < cD

If the injection concentration drops in the range between
points B and D the simple wave in the adsorption front disap-
pears. Compared to the previous case, the velocity of the shock
in the desorption front is higher. The shape of the concentration
profile as constructed for the column outlet is shown inFig. 12.

5.6. cinj = 1.0 g/L < cB

Finally, the most simple case is considered which correspond
to the standard Langmuir situation already illustrated inFig. 1.
The profile at the column outlet (Fig. 13) exhibits a single shock
for adsorption front. The velocity of this shock is smaller than for
the previous situations leading to a larger retention time. The des
orption front is characterized by a single simple wave. InFig. 13,
can also be recognized that the sample size injected is just su
ficient to reach the injection concentration at the column outlet

F ing to
a

Smaller injection times would lead to larger retention times of
the adsorption fronts and to maximum outlet concentrations
below the injection concentration. A limiting situation results
for very small sample sizes where low concentrated adsorption
and desorption fronts coincide at the analytical retention time,
tR,analytical= (L/u)(1 +F(qs1b1 + qs2b3)).

6. Numerical validation and simulation of
chromatograms

In order to check and evaluate the results obtained by applying
the equilibrium theory, additional calculations were carried out
using the equilibrium dispersive model.

6.1. Equilibrium dispersive model

The mass balance equation of the equilibrium dispersive
model is[1]:

∂c

∂t
+ F

∂q(c)

∂t
+ u

∂c

∂x
= Dap

∂2c

∂x2 (9)

In contrast to Eq.(1) a dispersion term is added. Into the
apparent dispersion coefficientDap are lumped all band broad-
ening effects. For efficient columns this coefficient is directly
related to a finite number of theoretical plates,N, according to:

D

licit
fi

6

on-
c ts

F solid
l rsive
m jec-
t

ig. 13. The elution profile of the solute at the column outlet correspond
n injection concentrationcinj = 1.0 g/L.
s

-

f-
.

ap = uL

2N
(10)

Eq. (9) was solved using the reliable and efficient exp
nite difference method proposed by Rouchon et al.[1].

.2. Numerical simulation of elution profiles

Fig. 14 presents for different characteristic injection c
entrations and a plate number ofN = 10000 simulation resul

ig. 14. Comparison between analytical solution of the equilibrium theory (
ines) and simulated elution profiles calculated with the equilibrium dispe

odel (Eq.(9)) andN = 10,000 (dashed lines) for different characteristic in
ion concentrations (Fig. 4) andtinj = 2× t0 = 6.644 min.
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Fig. 15. Comparison between analytical (equilibrium theory) and simulated
(equilibrium dispersive model with different plate numbersN) elution pro-
files for an injection concentration ofcinj = 4.5 g/L and an injection time of
tinj = 6.644 min.

obtained with the equilibrium dispersive model. The results are
hardly distinguishable from the results provided by the equi-
librium theory. Differences can be only identified comparing
the perfect shocks predicted by the equilibrium theory and the
slightly dispersed fronts predicted by the rate model.

In order to study the influence of the plate number on the con-
vergence of the solution of the rate model into the analytical solu-
tion of the equilibrium theory, different values betweenN = 1000
and N = 10,000 were used. As for the calculations shown in
Figs. 7–9, in Fig. 15an injection concentration ofcinj = 4.5 g/L
was considered. Obviously there is a gradual convergence of the
numerical into the analytical solution for increased plate num-
bers. However,Fig. 15 also reveals that a plate number even
higher then 10,000 would be required to describe properly the
positions for the transitions between shocks and simple waves
which are predicted by the equilibrium theory.

6.3. Critical Injection time

The above discussion was restricted to situations where the
injection time was large enough to assure that the injection
concentration was reached at the column outlet. Using the equ
librium theory it is possible to calculate the migration speed
of the injection concentration in the adsorption and desorption
fronts. Regarding their corresponding retention times at the col
u

t

t

Fig. 16. Dependence of the critical injection time that still assures the survival
of the injection concentration at the column outlet (Eq.(13)).

Matching these two times it is possible to calculate a critical
injection time according to:

tinj,crit = L

(
1

uads(cinj )
− 1

udes(cinj )

)
(13)

If for a given injection concentrationcinj the injection time
is smaller thantinj,crit the maximum concentration of the elution
profile at the column outlet will drop belowcinj . For the isotherm
given in Fig. 4 the dependencetinj,crit versuscinj (Eq. (13)) is
shown inFig. 16. Due to the complex shape of the isotherm a
nontrivial dependence results.Fig. 17 shows forcinj = 0.4 g/L
theoretical concentration profiles in the column according to
the equilibrium theory at two different times. Since the used
injection time of 1.661 min is smaller than the critical injection
time of 1.841 min the maximum outlet concentration is smaller

F ction
c r
t at
t
w

mn outlet (x = L) holds:

R,ads(c
inj ) = L

uads(cinj )
(11)

R,des(c
inj ) = L

udes(cinj ) + tinj (12)
i-

-

ig. 17. Band profiles in the column based on equilibrium theory for an inje
oncentrationcinj = 0.4 g/L and an injection timetinj = 1.661 min which is smalle
han the critical timetinj,crit = 1.841 min (Eq.(13)). The profiles are given

1 = 6.09 min wherecmax= cinj is atL(tinj /tinj,crit ) = 22.56 cm and att2 = 6.76 min
herecmax= cinj is at the column outlet.
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Fig. 18. Elution profiles forcinj = 5.0 g/L (>cH), N = 10,000 and different injec-
tion times above and below the critical injection timetinj,crit = 0.537 min.

than 0.4 g/L. Eq.(13)also allows calculating the last position in
the column where the injection concentration is still maintained.
The result (x = 22.56 cm) is illustrated in the figure.

Fig. 18 presents numerical results forcinj = 5 g/L (>cH),
N = 10,000 and 6 different injection times which are above (1.0
and 0.7 min) and below (0.5, 0.35, 0.3 and 0.2 min) the critical
time tinj,crit = 0.537 min). The results fortinj > tinj,crit are again in
good agreement with (not shown) predictions of the equilibrium
theory. Due to the limited efficiency already fortinj = 0.7 min the
injection concentration is hardly reached at the column outlet
For the cases wheretinj < tinj,crit the maximum concentrations at
the column outlet are smaller than the injection concentration. To
predict these profiles using the equilibrium theory the unknown
maximum concentration must be determined using additiona
mass balance considerations which are outside the scope of th
paper.

7. Conclusion

The paper demonstrated how the equilibrium theory of chro-
matography can be applied in order to predict adsorption and
desorption fronts in cases where the adsorption isotherms po
sess inflection points. The analysis was undertaken for a specifi
isotherm characterized by two inflection points (Langmuir/anti-
Langmuir/Langmuir behavior). The development of corre-
s was
i uffi-
c tlet
A rical
c sive
m h th
a

the
i con-
c n to
e

The approach presented can be extended easily to predict
breakthrough curves for single solutes possessing other and even
more complex isotherm shapes.

Although a real chromatographic system provides only a
finite efficiency, quickly accessible predictions provided by the
equilibrium theory are considered to be very useful in order to
understand the development of band profiles and to design sep-
aration processes.

8. Nomenclature

b1 parameters of adsorption isotherm, Eq.(6) (L/g)
b2 parameters of adsorption isotherm, Eq.(6) (L/g)2

b3 parameters of adsorption isotherm, Eq.(6) (L/g)
c concentration of solute in the mobile phase, Eq.(1)

(g/L)
cInit initial concentration of solute in column, Eq.(2) (g/L)
cinj injected concentration of solute, Eq.(3) (g/L)
D column diameter (cm)
Dap apparent dispersion coefficient, Eq.(9) (m2/s)
F phase ratio, Eq.(1) (−)
L length of column (cm)
N number of theoretical plates (−)
q concentration of solute in the stationary phase, Eq.(1)

(g/L)
q q.

t
t
t
t on

t
u
u )
u
u

V
V

x
ε

A

ation
( ering
A

R

rative
.
ca-

cel
ponding elution profiles in the chromatographic column
llustrated for situations where the injection time was s
ient to maintain the feed concentration at the column ou
ssuming relatively high plate numbers additional nume
alculations were carried out using the equilibrium disper
odel. The results achieved were in good agreement wit
nalytical solutions provided by the equilibrium theory.

To describe with the equilibrium theory situations where
njection time is not large enough to reach the injection
entration at the column requires future work. An equatio
stimate the critical injection time is provided in this paper.
.

l
is

s-
c

.

e

si saturation capacity of sitei in adsorption isotherm, E
(6) (g/L)

0 retention time of a non retained component (min)
time (min)

inj injection time, Eq.(3) (min)
inj,crit critical injection time regarding erosion of injecti

concentration, Eq.(13) (min)
R retention times (min)

velocity of mobile phase Eq.(1) (cm/min)
ads(c) velocity of concentrationc in adsorption front (cm/min
shock velocity of a shock, Eq.(4) (cm/min)
wave(c) velocity of concentrationc in a simple wave, Eq.(5)

(cm/min)
inj injection volume (mL)

˙ volumetric flowrate (mL/min)
axial position in column (cm)
total column porosity (−)
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