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Abstract

A new two-component competitive adsorption model was derived to account for the competitive adsorption data of mixtures of ethylbenzoate
and 4tert-butylphenol, on a g-Kromasil column under RPLC conditions (mobile phase, methanol/water, 62/38, v/v). The derivation is based
on kinetic arguments and is an extension to multicomponent systems of the single-component BET isotherm. The model assumes that the
molecules of the first compound (A) can adsorb on layers made of molecules of either A or B, while molecules of B can only adsorb on
layers made of molecules of A. This makes the competitive isotherm consistent with the single-component isotherms of ethylbenzoate and
4-tert-butylphenol, the multilayer BET and the monolayer Langmuir isotherm models, respectively. The competitive adsorption data were
acquired by frontal analysis (FA) with equimolar mixtures of eight different concentrations. For the seven lowest concentrations, these data
were derived from the retention times of the shocks of the two compounds and the concentration of the intermediate plateau of the less
retained compound. At the highest concentration (25 g/l), the individual band profiles were measured by collecting and analyzing twenty
fractions. The low concentration datd & 10 g/l) are well accounted for by the two competitive isotherm models derived previously but these
models fail to describe the experimental data ¢éd-butylphenol at high concentrations. By contrast, the new model predicts very well the
experimental adsorption data for mixtures of ethylbenzoate aed-4utylphenol in the whole range of concentration studied. Our results
suggest that the adsorption constant déd-butylphenol onto layers made of ethylbenzodtg = 0.01201/g) is intermediate between
those of ethylbenzoate on layers made eé#-butylphenol b g = 0.01051/g) and of ethylbenzoate on itseify(a = 0.01451/g). This new
model should give an improved description of the band splitting observedtéat-Butylphenol in the presence of ethylbenzoate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction high concentrations. Under such conditions, the equilibrium
isotherms of the feed components between the two phases of
Elution band profiles at high concentrations are essentially the chromatographic system are rarely linear. The stronger
controlled by the thermodynamics of the phase equilibrium the non-linear behavior of the isotherm at the maximum
involved, unless the mass transfer kinetics is glibwa]. Ac- concentration of the band, the more skewed the band profile
cordingly, the recovery yield and the production rate that can and the lower the resolution of the band from its neighbors,
be achieved for a given industrial separation depend largely hence the lower the recovery yield and/or the production rate
on this thermodynamics, i.e., on the competitive equilibrium for a given purity[1]. This non-linear behavior affects the
isotherms of the feed components. For obvious economicresolution between bands at all column efficiencies, partic-
reasons, preparative chromatography must be carried out atlarly because it causes intense competition for adsorption
between the components that are not or are poorly resolved
mspon ding author. Tel: 1-865-974-0733; [1]. To a lesser degree, t.he mass transfer kinetics aﬁects the
fax: +1-865-974-2667. precise shape of the elution bands, adding to the profiles pre-
E-mail addressguiochon@utk.edu (G. Guiochon). dicted by thermodynamics alone a certain amount of axial
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dispersion and smoothing their edges. For these reasons, theoneous. Also, the fact that #rt-butylphenol could not be
use of computer-assisted optimization in the development of covered by any higher layer of molecules of ethylbenzoate
new applications of preparative liquid chromatography re- might be too strong a constraint in the model and should
quires the prior determination of accurate thermodynamic be released. As suggested by one reviewer of our previous
and kinetic data and the proper modeling of these data, i.e.,work, some competitive adsorption data should be acquired
the derivation of the competitive isotherms of the feed com- to test these competitive adsorption models.
ponents and of the rate coefficients of the various steps in- In this work, we acquired the adsorption data of equimo-
volved in the mass transfer kinetics across the col{tn4]. lar mixtures of ethylbenzoate anddr-butylphenol at eight

Numerous methods are available for the acquisition concentrations, on the samegd<romasil column and with
of equilibrium isotherm data and for the derivation of the same methanol/water (62/38, v/v) mobile phase as in
single-component isothermd,5]. Frontal analysis (FA) the previous work, using frontal analysis extended to binary
[1,5-7], elution by characteristic point (ECP),8,9], and the mixtures. The competitive binary isotherm models derived
pulse methodil,10]are the most accurate, the fastest, and the earlier did not account well for these experimental data.
most convenient, respectively. These methods have other adSo, we extended these models by releasing the main con-
vantages and drawbacks which must be taken into account instraint and allowing the adsorption of molecules of ethyl-
any specific case, in order to minimize the errors of measure-benzoate on layers made of molecules ¢é#t-butylphenol
ment and their cosfd]. By contrast, investigations of binary  molecules. Assumptions regarding the equilibrium between
or competitive equilibria remain far more difficjt1-17] neighboring layers and layers that are not directly in con-
The acquisition of competitive isotherm data by FA or by the tact with the mobile phase are necessary to derive the com-
pulse method is a far more ambitious project than that of the position of the adsorbed phase. This severely complicates
measurement of single-component isotherms. So, the pre-the calculations of the multicomponent adsorption isotherms
ferred method of derivation of competitive isotherms con- and leads to an isotherm that can be determined only numer-
sists in deriving them from the single-component isotherms ically. The experimental adsorption data and the prediction
of the components of the mixture involvgd,5,11,14,17] of the new model are compared.
For this purpose, assumptions must be made as to
whether the adsorbed and the bulk liquid phases are ideal
or not. 2. Theory

In the specific case of ethylbenzoate angrt-butylphenol,
we previously derived a new competitive adsorption 2.1. Determination of two-component isotherms by
isotherm on the basis of kinetic argumefit8], assuming competitive frontal analysis
that molecules of one of two components may adsorb on
those of the second one already adsorbed but that the con- Among the various chromatographic methods available
verse was forbidden. The corresponding single-componentto determine the competitive isotherms of two components,
isotherms, i.e., the isotherms obtained for one componentfrontal analysis (FA) is the most accurdfe20]. When the
when the concentration of the other one is zero were the ex-two compounds, 1 and 2, exhibit two front shocks and when
tended liquid—solid BET and the Langmuir isotherms. Con- the front shock of compound 1 appears first, a simple integral
versely, using these two single-component isotherms, wemass balance of the binary mixture gives:
could derive, using the IAS theory, a thermodynamically (Vi — Vo)Cf — (Vo — VI)(C, — CF)

consistent competitive binary isotherm model correspond- 4 1)
ing to these two single-component isotherfii8]. These Vads

two sets of competitive isotherm models were compared (Va — Vo)C3

with respect to the accuracy of their predictions of the ¢5 = ———= (2)

experimental band profiles of large samples of binary mix- Vads

tures of ethylbenzoate andtdrt-butylphenol (40 g/l each),  whereq] andg; are the equilibrium concentrations of the
using a packed Kromasil{g column and a mixture of two components in the adsorbed pha¥g; Vi, V2 and Vags
methanol and water (62/38, v/v) as the stationary and mo- are the column dead volume, the elution volumes of the two
bile phase, respective[iL8,19] Unexpected splitting of the  breakthrough fronts, and the volume of adsorbent in the col-
band profile of 4tert-butylphenol was observed under these umn, respectivelyC;, C; andC are the feed concentrations
experimental conditions. Both sets of competitive isotherms of components 1 and 2 and the concentration of component
predicted the peak splitting of #ért-butylphenol but did not 1 in the intermediate plateau, respectively. Accordingly, the
account quantitatively for the phenomenon. Calculations of single-component calibration curve of component 1 is nec-
the band profiles using the equilibrium-dispersive model of essary to measuméi at the column outlet.

chromatography predicted that the second band tefrt4- Compared to the use of FA for the determination of
butylphenol accounted for only less than 0.2% of the total single-component isotherms, the determination of the cali-
amount injected, instead of 5% measured. The hypothesisbration curve of the detector is the only additional difficulty
of an ideal mixture in the adsorbed phase was certainly er-encountered in the use of FA for the determination of
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binary isotherms. It must be emphasized, however, that the N, of adsorbate layers is formed. The equation of this new
method is accurate only insofar as there is an intermediatemodel is[22]:

plateau of component 1, i.e., that the breakthrough front of
the binary mixture has an horizontal inflection tangent that ¢* = ¢

separate two steep shock layers.

2.2. Models of single-component isotherm

The problem consists in finding a suitable isotherm model

to account for the competitive adsorption behavior of two
compounds, ethylbenzoate andett-butylphenol, knowing

their single-component isotherms. The problem is complex

1-(N+D)GLON + N oM
(1—bL0)2(1/bsC+(1—(bLON /1—bLO))
This last model will be the single-component isotherm con-

sistent with the competitive model that is derived in a later
section.

(5)

2.3. Models of binary competitive adsorption isotherm

In a precedent pap§t8], we derived two models of com-

because these two isotherms are quite different and the elupetitive adsorption isotherms in an attempt to describe the

tion profiles of binary mixtures are unusual, exhibiting the

individual elution band profiles of the two compounds in

conseqguences of a reversal of the elution order at high con-mixtures of 4tert-butylphenol and ethylbenzoate. We sum-

centrations.

2.2.1. The Langmuir isotherm

marize their equations.

2.3.1. Binary Langmuir—BET competitive isotherm derived

This model, which is the most frequently used in studies from the IAS theory

of liquid—solid chromatographic equilibria, describes well
the adsorption behavior of puretdrt-butylphenol on the
Cig-Kromasil column used in this world 8]. It is written:

x quC

9 = 1%pC 3)

In this modelgs is the monolayer saturation capacity of the
adsorbent an@ is the equilibrium constant of adsorption.

This model assumes that the surface of the adsorbent is

Using the framework of the IAS theory extended to
liquid—solid equilibria[23,24], the following competitive
isotherm equations were derivgtB]:
qA _ [bA,s + bA,AbB,sCBICA

gs (1—baACa)(L—baACA +basCa + b sCs)
98 _ [bB.s — ba.abB,SCA]CB
gs (1 —=0baACA)L—baACA + DA sCa + b sCs)

(6)

homogeneous, that the adsorption is localized, and that there

are no adsorbate—adsorbate interactions.

2.2.2. The extended liquid—solid multilayer BET model
The adsorption behavior of ethylbenzoate on thg-C
Kromasil column used here is well accounted for by an
extension of the BET model initially derived by Brunauer,

Emmett, and Tellef18]. It is the most widely applied
isotherm model in studies of gas-solid equilibria. This model

where A and B stand for the single components whose ad-
sorption isotherms are described by the BET and the Lang-
muir isotherm models, respectivelya s and bg s are the
adsorption constants of the molecules of A and B on the ad-
sorbent surface, respectiveby, a is the adsorption constant
of molecules of A on a layer made of molecules of A. The
model assumes an ideal behavior for the mixture of ethyl-
benzoate and tert-butylphenol in the adsorbed phase and

assumes multilayer adsorption and was developed to de-that the saturation capacity is the same for the two com-
scribe adsorption phenomena in which successive moleculapounds. Using the framework of the IAS theory, no inter-
layers of adsorbate form at pressures well below the pres-action parameter is introduced between the two compounds

sure required for the completion of the monolaj&r The
formulation of the extension of this model to liquid—solid
chromatography was derived and detailed eaft¥dy. Its
final equation is:

bsC
1 b C)(L = bLC + bsC)

*

q:

(4)

wheregs is the monolayer saturation capacity of the adsor-
bent,bs is the equilibrium constant for surface adsorption—
desorption over the free surface of the adsorbentianid

the equilibrium constant for surface adsorption—desorption

and all the parameters of the binary competitive isotherm
are those of the two single-component isotherms.

2.3.2. Binary Langmuir—-BET competitive isotherm derived
from kinetic arguments

The following five assumptions are made regarding the
adsorption behavior of the two compounds A and B:

(I) The adsorption and desorption of A and B follow a
first order kinetics.

(I) Molecules of both A and B may adsorb on either the
solid surface or on adsorbed molecules of A.

over a layer of adsorbate molecules. This model accounts(lll) Molecules of neither A nor B may adsorb on adsorbed

for local adsorption.
A variant of this isotherm model, which is more realistic

in liquid—solid adsorption, assumes that only a finite number,

molecules of B.
(IV) The adsorbed phase is composed of a finite nuniber
of layers.
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(V) The total monolayer capacity for A and B are not the
same §sa # gsp). Both are independent of the num-
ber of the layers in the multilayer system.

These assumptions result in the following binary compet-
itive adsorption model whelv tends towards infinit§l8]:

qA ba,sCa + ba,sbB.ACACB

= (7)
gsA  (1—=baaCA)[1 —baACA + basCa
+ bg,sCs+(ba,sbe,A—bB.sba A)CACB]
48 _ bg,sCg + (ba,sbe A — be,sba.A)CaCB (8)

1—baACA +ba,sCa + bg sCs
+ (ba,sbe,a — bg,sba A)CACB

qsB

e.ﬂ\.r\‘N

@ Compound A
% Compound B

Layer number

wherebp a is the adsorption constant of the B molecules Fig. 1. Scheme of the two-component adsorption model. Note the structure
on layers made of A molecules. This is a new, indepen- of the adsorbed system due to the non-adsorption of compound B on
dent parameter that is introduced in the kinetic competitive 'tself

model, in addition to the parameters of the single-component

isotherms. It accounts for the interactions between molecules. 6o is the fractional surface coverage of the adsorbent that

of B and the molecules of A on which they are adsorbed. It
does not exist in the IAS model derived above.

2.4. Extension of the kinetic binary competitive
adsorption isotherm

The precedent kinetic model was extended by allowing
the adsorption of molecules of A on molecules of B. This
introduces another intermolecular interaction parameter.

2.4.1. Assumptions of the second kinetic model

| The adsorption and desorption of A and B follow a
first order kinetics.

Il Molecules of both A and B may adsorb on either the e

solid surface or on adsorbed molecules of A.

Il Molecules of A may adsorb on adsorbed molecules of
B. Molecules of B cannot adsorb on other molecules
of B already adsorbed. This is the implementation to
the precedent model.

IV The adsorbed phase is composed of a finite humber,

N, of layers, as shown ifig. 1

V The total monolayer capacity for A and B are not nec-
essarily the samez{a # gsp). Both are independent
of the number of the layer in the multilayer system.

Assumption Il is the new one. It would be inconsistent to

assume that B molecules can adsorb on other B molecules
because the single-component isotherm of B is accounted

for by the Langmuir model which excludes any interactions
between adsorbate molecules.

2.4.2. Definitions
The following parameters are used in the derivation of the

adsorption isotherm model. Their definitions are illustrated .

in Fig. 1and formulated below.

e gsa andgs g are the monolayer capacities of components
A and B, respectively.

is free from adsorbate (but for solvent molecules).

Oa.A.i is the fractional surface coverage of layehat is
occupied by molecules of A, is not covered by any higher
layer of adsorbate molecules, and covers molecules of A
in the layeri — 1 (with 2 < i < N). Fori = 1, the
fractional surface coverage of layer 1 that is occupied by
A molecules on the adsorbent and not covered by any
layer of adsorbate moleculesds 1.

e Oa B, is the fractional surface coverage of layahat is

occupied by molecules of A, is not covered by any higher
layer of adsorbate molecules, and covers molecules of B
in the layeri — 1 (with 2 <i < N).

Oa,i = (Oa.A,i +0a.B,) (With 2 <i < N).

a; = 0aA.i/6a.i- This parameter represents the fraction
of the molecules of A that are present in the upper layer
adsorbed on molecules of A. Hencer-t; = 6a B.i/0A.i
represents the fraction of the molecules of A that are in
the upper layei adsorbed on molecules of B.

0g.; is the fractional surface coverage of layehat is oc-
cupied by B molecules and, according to the assumptions
of the model, covers the layér 1 of adsorbate molecule

A (with 2 <i < N). 6g 1 is the fractional surface cover-
age of the adsorbent surface by B molecules.

@A.ALi IS the fraction of the surface area of layethat

is occupied by molecules of A that covers molecules of
A trapped below the upper laye(2 < i < N) that is not
covered by any higher layer of adsorbate (witkkk <
i—1).

e ¢a Bk IS the fraction of the surface area of layethat

is occupied by molecules of A that covers B molecules
trapped below the upper layér2 < i < N) that is not
covered by any higher layer of adsorbate (witkkk <
i—1).

vB ki IS the fraction of the surface area of layerthat

is occupied by molecules of B, and, according to the as-
sumptions of the model, covers the sublayer 1 of ad-
sorbate molecules of A trapped below the upper layer
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(2 <i < N) that is not covered by any higher layer of Since there areV layers, this gives ® equations. The nor-

adsorbate (with X k <i—1). malization condition of the surface fractions gives the last
e Ca andCp are the concentrations of compounds A and equation:

B in the mobile phase, respectively.

e ga andgp are the total concentrations of compounds A i=N
and B in the adsorbed phase, respectively. fo + Z[QAJ +08.1]

. kf_‘\’s andkf\ g are the rate constants of adsorption and des- i=1
orption of compound A on the solid surface, respectively. =N

o k& sandkg g are the rate constants of adsorption and des- = o+ > [0ani+0asi+08]=1 (10)
orption of compound B on the solid surface, respectively. i=1

d .

o kaa @ndkp , are the rate constants of adsorption and e ifficulty in solving this system of equations re-
desorption of compound A on an)_/lntermedlate Iocal_layer sides in the fact that the proportias of molecules of
of compound A made on the solid surface, respectively. A adsorbed on molecules of A in theh upper layer is,

e k§ o and kd , are the rate constants of adsorption and a priori, unknown (2< i < N), which makes & un-
desorption of compound B on any intermediate local layer |, o\wn for only 2V + 1_equ_ations. A first guess will have
of compound A made on the solid surface, respectively. 7 pa done if one wants to solve the system of 2 1

d .

. k/‘j‘\,B_andkA’B are the rate constants of ads_orpt|on and des- equations. The guess assumes that dhevalues are all
orption of compound A on any intermediate local layer o a) to they value that will be assessed in the next sec-
of compound B made on the solid surface, respectively. ;o Then the number of unknowns drops fromV 3o
These.parameterg are the on_ly t\_/vo additional rate con-, 1 1, the exact number of equations provided by the
stants introduced in the new kinetic model. kinetic equations and the surface fraction normalization

equation.

Second, once théA, A, i, 65 p,; and 6g; are known,
. the suface fractiong of the molecules of A and B that

e The ratiosbas = k& o/k c andbaa = k3 4 /K9 4 :

M g ’ L y ’ are trapped below the upper layerdiave to be derived
are the equilibrium constants of adsorption of compound in ord(frp to calculate tth totalyamounts adsorbed. For

A onto the free solid surface and onto a layer made of | that i i d th 3 1 1

molecules of A, respectively. any layeri that is not covered, there arei3- 1) —

. unknown ¢ variables. In order to derive them, we will
o The ratioshs,s = k3 o/kS s andbs a = k& o/kS , are ¢

the equilibrium constants of adsorption of compound B write the equation stating kinetic “equilibrium” between

onto the free solid surface and onto a layer made of twc()j ksu0(:1es§|t\;]e 1|nier]?al< Igyeri ('_'I_eh" betweﬁ% _Iayjrs
molecules of A, respectively. andx + 1 wi < k = i—1). These equilibria de-

o The ratioba g = k2 B/kXBiS the equilibrium constant of scribe the exchanges between a B molecule and an A

adsorption of compound A onto a layer made of molecules molecule belonging to two neighboring Iayers.'Thls ex-
of B. change may lead to a local change of the interaction

— 19 /K8 o with {X.Yl=[A.A} {A.B] or c_onfiguration ir_1 the adsorbed_phas_e SO t_hat the equilib-

* ?E(S’YA} x.v/kvs X YI={A AL {A.B) rium constant is not necessarily unity (sEg. 2a—d. If
o - the exchange occurs between the layeand the layer
txy = k3 /K9, with {X, Y}={A, B} or {B, A}. : i

: ;é’lY: 1—)|f’\b(A/ BAVfBCA X Y)={A. By or {B. A} k + 1, the layerk + 2 should also be considered in the
o Ky= 1+bA:BtA,’BCA/tB,A- calculation of the equilibrium constant. From the adsor-
[ ]
[ ]
[ ]

2.4.3. Combinations of parameters

KL = bag/ba . bent surface { = 1) up to the__highest Iayer inyolved

Ks = bB’SbA A’/bB AbA s, (k. = .i - 1), ther@T grei — 1. gqumbrlum relationships of

o= 1/(i+bA BbBVACB,'/bA ). this kind. The activity coefficients of the solutes were as-
T ' sumed to be equal to their respective fractional surface

2.4.4. Strategy followed to derive the competitive isotherm coverage:

We will first write the 2V + 1 surface fractions of the
adsorbent surface that are occupied by the free adsorbeniy(SABA < SBAA) = 592 = Kg= i
surface and by either component A or B adsorbed on the top YA.LiPA B3
of each of the 1< i < N layers of the adsorbed phase in (11-1)
contact with the liquid mobile phase. Then, we write phase
equilibrium as:

2
YAA3iPA B2,

2
PAALIPA B 3.

30p.i , K(AABA < ABAA) =Kj s=1=

ZAl_o (9iA) RROVEST #Y
(11-2)

0B . . .

—— =0, withl<i<N (9-iB)

ot
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K K(AABA < ABAA)

2
PAAK+2,iPp B k+1,i

=Kj 1 =1= 5 (11-k)
PAAKIPA B k+2,i
, OAA.iPA B 1i
K(AABA < ABAA) =Kl , ; ;=1= — Bl
(pA,A,i72,i0A’B,,'
(11-(i-2))
TS+A+B+A C
. (1— ;)22 .
@) Ky = Dosas K(AABL < ABAL) =Ki_, =K =-—— A&
® bysbp, (pA,A,i—l,iQB,i
(11-(i-1))
K
A-A-B-A  ~Sm———p-  A-B-A-A where S represents the adsorbent surface area fartte
. liquid phase in contact with the adsorbed phase.
oy i s . .
v In addition to these equations, there are 1 equations
A-A-B+ A coming from the normalization of all of the sublayers’ frac-
. tions of surface area of the upper layer
BA .
PAA kI T PABLI + PBLi = OAi+ 0B (12{k.i})
A-A+B+A AB+A+A

and finally there aré — 1 other equations arising from the
assumption made in the model (i.e., that the B molecules
can not adsorb on themselves but only on molecules of A):

©B.k,i = PA,Bk+Li (13-{k,i})

This makes a total of @— 1) equations foronly @ —1) — 1

¢ unknowns. Théeqg. (11-(i-2))will be omitted at this stage
because they involve;, which was already fixed by the
initial guess.

Accordingly, this last equation provides a useful check of
the validity of the initial guesa for the coefficients;. If the
difference between and; is large, the whole process will
be repeated (resolution of the system of the21 Egs. (9)
and (10)) from a new values given byEq. (11-(i-2))until
convergence is reached.

Finally, the total amounts of compounds A and B that
are adsorbed at equilibrium can be calculated by the double
sum (first the sum on the levebf the top layer and second
the sum on the levet of the sublayers) of all the fractions
of surface area and by multiplying them by the saturation
capacity of the corresponding compound:

Ry =N k=i—1
S+B+A !
gA = gsA [Z <9A,i + ) oankit @A,B,k,l>:| (14-A)
(@ K.,= Lasbap _ KK, i=1 k=1
7" busby,
i=N k=i—1
Fig. 2. (a) Determination of the equilibrium constakig, associated to — O . 14-B
the exchange of a molecule of A and B between the fitst(1) and 18 = 9sB Zl B.i + kzl ¥B.k.i ( )
1= =

the secondi = 2) layers. (b) Determination of the equilibrium constant

K associated to the exchange of a molecule of A and B between two
neighboring layersk(<> k + 1) in the adsorbed phase. (c) Determination 2-4.5. Development of the system of tB¥ ¢ 1) Egs. (9)

of the equilibrium constant associated to the exchange of a molecule of and (10)
A and a molecule of B between the last but oke=(i — 1) and the last

(k=) layers. (d) Same as c) for= 2. 2.4.5.1. Adsorption—desorption equilibrium on the first
layer. There are three ways for the surface fractiam
to increase:
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2.4.5.4. Adsorption—desorption equilibrium on layaf.

e when A desorbs from the second layer on a molecule of The following equations are obtained:

A, and

e when B desorbs from the second layer on a molecule of kf\,ACAGA,Nfl + kA gCabB.N-1

A.

Similarly, there are three ways that the surface fraction
Oa.1 may decrease:

e when A adsorbs on the first layer of A molecules,
e when B adsorbs on the first layer of A molecules, and
e when A desorbs from the first layer.

These different processes may be written as follows:
ki sCafo + a2k AOa 2+ kg o0B.2
— (K4 ACA + kB ACB + k3 9)0A1 =0 (15-1A)
For compound B, the situation is somewhat simpler be-

cause B may not adsorb on itself (model assumption III).
The surface fractiofig 1 increases:

e when B adsorbs on the free surfagg and
e when A desorbs from the second layer on a molecule B.

The surface fractiofiz 1 decreases:

e when B desorbs from the first layer, and
e when A adsorbs on molecule B in the first layer.

Hence:

kS,SCBGO + (11— a2)kg‘,39A,2 — kg’seB,l — ki’BCAeB,l
=0 (15-1B)

2.4.5.2. Adsorption—desorption equilibrium on the second
layer. By iteration to the second layer, we obtain a similar
pair of equations for the variation of the surface fractions
Oa.2 andop 2:
kz’ACAGA,l + kz,BCAQB,l + Ot3kg\’A9A,3 + kg’AQB,g

— (k& ACA + k& ACB + a2k o + (1 — 02)kd 5)0a,2 =0

(15-2A)

kg ACBOA1+ (1 — Ots)k/ci,B@As

~ (k3 gCA + k8 p)0B2 =0 (15-2B)

This result is easily generalized to the cases of any layer® = (1+ ba.gbeACg)/(ba.n)

from 3 toN.

2.4.5.3. Adsorption—desorption equilibrium on layer
The following equations are obtained:

k& ACAOA.i—1 + k& gCABB.i—1 + iy 1kQ AOA.i+1
+ k8 A0B.i+1 — (k& ACA + k& ACB + ctik§ A

+(1— kY g)0ai =0 (15-iA)
kg ACBOAi—1+ (1 — ai+1)kﬂ,59A,i+1
— (k3 gCA + k3 A)B =0 (15-iB)

—(ank§ o+ (L — an)kQ g)fan =0 (15-NA)

k& ACBOAN-1 — kS AlB.N =0 (15-NB)

2.4.5.5. System of equationsThe last equation of the sys-
tem of 2V 4 1 equations is obtained by writing that the sum
of the free surface fractiofy and of the fractions of the sur-
face occupied by molecules of B4 ;) and Bfg ;) and that

are not covered by any higher layer, isElg( (10). We now
dispose of a system of\241 equations but this system con-
tains 3V unknowns o, 6a.1, 8.1 andba ;, a4, Og; for 2 <

i < N). As aforementionedy — 1 equations are still miss-
ing to complete a determined system. This situation arises
because we do not know the fractianof A molecules ad-
sorbed on other A molecules in tk uncovered layer. An
initial guess must be made. Let us consider a fictitious het-
erogeneous adsorbent surface made only of molecules of A
and B in equilibrium with a solution of molecules of both A
and B (with no underlying or exposed adsorbent). It would
be much like the surface of a mixed+AB solid. Thengx or

the fraction of A molecules adsorbed on A molecules is eas-
ily derived from the three simultaneous equilibria that may
take place in this hypothetical system and which describe
the three possible exchanges between the adsorbed and the
mobile phases:

=A+As=AA K =bana (16-AA)
=A+B&=AB  K=bga (16-BA)
=B+ A =BA K =bap (16-AB)
Defining
[= AA]
= 17
“ T [=AA] + [= BA] (7

and sincefE A] = [= AA] +[= BA] and [= B] = [= AB],
we have
1

(18)

We will assume as the first guess to solve the equation
system that all the; values are equal t®@. This assumption
gives N — 1 additional equations:

o2 = a3 =q=---=ay =0« (19-i)

This simplification, based on a physical approximation
that cannot describe correctly the actual adsorption system,
can serve as an acceptable initial guess to begin an iteration
process and solve the whole problem. The number of un-
knowns in the system is now equal to the number of equa-
tions and the system can be solved.
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2.4.6. Resolution of the system of equation

Using the definitions and notations defined earlier and

eliminating the surface fractions of B by substituting
Eqg. (15-iB) into EqQ. (15-iA), the system of\2+ 1 equations
just derived can be rewritten as follows.

2.4.6.1. For the first layer.

Kr,—-1
14+ raanbaaCa +re.absaCs X Oa.1

(1— a3)re.AtaB

OA.3
Koig A

= ba.sCabp + aora pla 2 +

(20-1A)

2.4.6.2. For the second layer.Following the same proce-
dure for the similar relationships for the third and second

layers, we obtain:
Kr—1
K>

0o + ba ACAOA,1 + a36A 3

[062 + (A —a2)tag +baaCa +18AbBACB (

(1 — a2)ta Bra,BbA BCA ]
- Oa,2
K1
_ 1a.BbA BbB SCACB
K1

13
+(1—ag) Lo 4 (20-2A)
K>

2.4.6.3. For theth layer.
i > N — 2), we obtain:

For the subsequent layer§3 >

Kr,—1
[ai + (A —aptas +baaCa +18.AbBACE ( )

K>
1- Oti)l/iBbA,BCA 9
Koatg A A

_ 1a.8bA,BbB ACACB
K>

On,i—2 +ba ACAOA i1

IaB .
+ait16a,i41+ (1 — ai+2)K_29A,i+2 (20-iA)

2.4.6.4. For the § — 1)th layer.

|:05N—1 + A —ay-1)tap +baaCa

1- Olel)ti,BbA,BCA 0
A N-1
Kots A

_ 1A.BbA BB ACACB
K>
+ba ACAOA N—2 + anOA N

Oa,N-3

(20-(N-1)A)
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2.4.6.5. For thenth layer.

oy + (L —an)iaB —

1- “N)t%\,BbA,BCA o
AN
Kot A

_ 1a.BbA,BbB ACACB
K>

Oa,N—2 +ba ACAOA N-1
(20-NA)

2.4.6.6. Fractional surface coverage of BThese surface
coveragesfg ;, can be derived according to Eq. (15-iB):

bg.sC r
1= "800+ (1—a) 2o (20-1B)
K1
be.ACB IA.B .
B, = Oni—1+ (1 —oaiy1)——6air1 (20-iB)
B.AK2
O.n = be ACBOA N-1 (20-NB)

2.4.6.7. Fractional surface coverage of AStarting from
layer N and substituting Eq. (20-NA) into Eq. (20-(N-1)A),
each surface fractiofi ; can be successively written under
the form:

YibA,i = Bij10a,i-1+ Bi20A,i-2 (21-iA)

Eq. (10) provides the free surface fractidl, allowing
the calculation of the surface fractions of molecules A and
B in the upper layet (i.e., of 6a a.i, 6a B.i, andég; for
2<i < N, as well as 0ba 1 andfg 1 in the monolayer in
contact with the adsorbent).

2.4.7. Determination of the internal fractional
surface coverages

The amount of A and B trapped below these top layers
(according to the description of internal piled layers shown
in Fig. 1) must be calculated to obtain the total amount
adsorbed. For instance, let us consider the upper layer,
YA.Aki» PA.B.ki andegk; are the fractional surface cov-
erages in the adsorbed phase in Atfe sublayer (1< k& <
i —1). There are @ — 1) — 1 unknowns since only two vari-
ables are defined far = 1 (pa.1.; andgg 1), SO we need
as many independent equations relating these coverages in
order to derive them.

First, we write the relationships stating equilibrium in the
adsorbed phase regarding the exchange of a B for an A
molecule between two consecutive sublayérs k + 1).

This gives the following — 2 equations:

(22-i-2,i})
(22i-3,i})

2 2
OAAiPA B.i—1.i = On BiPAA -2,

2 2
PAAI—-LiPAB,i—2,i — PAB,i—1,iPAAi-3i
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(PA,A,k,iﬂl’,%\,B,k_l,,‘ = §0§,B,k'i§0A,A,k72,i (22-{k-2,i})

¢A,A,4,i¢,/2\73,3,i = s0/2\,3,4,,-§0A.A,2,i (22-{2,i})
2 2 :

PAA3IPA B2 = KSYa B 3i¥ALi (22-{1,i})

From the assumption made in the model that a molecule 1—

of B never adsorbs on a molecule of B (assumption Il1), the

interaction configuration in the adsorbed phase remains un-If i

changed whie a B molecule is exchanged for an A molecule
between two neighboring layers (e.g., from laydo layer
k+1for 2> k > i— 2) so the equilibrium constant is unity
(seeFig. 2b). The converse situation is different, as shown in
Fig. 23 when a B molecule is exchanged for an A molecule
between layers 1 and 2 (or between layers 1 andi in
Fig. 2c and {§, see later. A change in the interaction config-

uration takes place in the adsorbed phase. By decomposing
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«; values has the advantage of decoupling the Egs. (9) and
(10) from those used to derive tlgesurface fraction areas
(Egs. 22{k-2,i}, 24-{k,i} and 25{k,i}). However, this par-
ticular exchange exists and our solution must, eventually be
consistent with our initial estimate, at least within a certain
agreement criterion. The corresponding relationship and the
associated equilibrium constaki{ are (sedig. 29:

(26-{i-1,i})

2 then it is easily shown that this same equation
becomes (seEig. 20):

2,2
oi)“Op ; = KLOB,iwA Ai—1,i

(26{1,2))

The first guess chosen for the values ¥i, o; = o) will
be tested by calculating the following relative errors:

Aa; o —1+ (/KLOBipaAi-1i/0Ai)l

Q; 1-(/KLOBipA.A,i-1i/0A.i)

(1—2)%0% , = KsKL0B 2¢A 1.2

(27)

the exchange process into fictitious intermediate steps it islf this error is larger than 0.1%, the values will be reini-

easily demonstrated that (sEg. 2):

__ besbaa

Ks=
bg.aba s

(23)

Second, we have— 1 normalization equations that must
be fulfilled:

PAAi-1i+@ABi-1i+¢Bi-1i="0; (24-{i-1,i})
OAA ki + OA Bk + ©Bki =0 (24-{k,i})
AA2i+9AB2i+¢B ki =0i (244{2,i})
¢ALi +¢B1i =6 (24-{1,i})

where6; = 6a i +6aB.i + 0B,
Finally, the assumption that B molecules adsorb only on A
molecules but not on other B molecules givel equations

¢B,i-1,i = OAB,i (25-{i-1,i})
©B.k,i = PA,B.A+Li (25-k,i})
¥B,1i = YAB.2i (25-{1,i})

Thismakesatotalofi —2)+(—-1)+(G—-1) =3(—-1) -1
equations that are required to solve the systemof3) — 1
unknowns.

Note that we decided to omit the exchange<BA be-
tween layers — 1 andi. Their inclusion would lead to the
exact solution for the value af; but also toN — 1 addi-

tional constraints. But we already made an assumption re-

garding the values of th&/ — 1 «;. They are all supposed
to be equal tax as aforementioned. This first guess for the

tialized to the new guess given by equation{24-,i} and
the whole procedure will be repeated until convergence for
all «; values.

An example of application is given in the appendix. It
shows the derivation procedure in the particular case of an
adsorbed phase made of five layers.

2.5. Numerical calculations

In all the numerical calculations applied to derive the
final theoretical isotherm data, the multilayer adsorbed sys-
tem was limited to five layers (see furth®ection 4.3. The
concentrationCa and Cg in the mobile phase were fixed
to arbitrary values. The values of the parameters listed in
Section 2.4.3(single-component isotherm parametéysg,
rx.v, tx.y, K1, K2, KL, Ks anda) were fixed. The numer-
ical values of the parameteys, 8;1 andg; 2 in Eq. (21-iA)
can then be calculated from Eqgs. (g8}), (28-{i,1}) and
(28-{i,2}) described in theAppendix A The system of
2N + 1 equations (Egs. (10), (20-iB) and (21-iA) associated
to equilibrium of the upper layerd is solved numerically
by using the SOLVER tool option available in the EXCEL
spreadsheet. The solutions provide the initial set of fractional
surfacesva a.i, Oa.B; andog; of the five upper layers as
well as the fractional surface coverage of the free surface

In a second step (see in tA@pendix A), the numerical
solutions (also accomplished by using the SOLVER tool in
EXCEL) of the Egs. (32), (36) and (37) allow the deter-
mination of all the fractional surface coverages associated
with the layers of molecules trapped below the upper lay-
ers with respect to the relations given by Eq.(222,i})
(system equilibrium), Eq.(24k,i}) (surface normaliza-
tion condition) and Eq.(2%k,i}) (model assumption #lI).
Eq. (26{i-1,i}) deliver finally a new guess for the; val-
ues. According taeq. (27)and the convergence criterium
of 0.1% for all thew; values, the numerical resolution of
the same system ofA2+ 1 equation is repeated or not.
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The final amount adsorbed (Egs. (14-A) and (14-B)) can 3.3. Apparatus
be calculated once the convergence of alldheoefficients
has been reached. The competitive isotherm data were acquired using a
Hewlett-Packard (Palo Alto, CA, USA) HP 1090 liquid
chromatograph. This instrument includes a multi-solvent

3. Experimental delivery system (tank volume, 1 dreach), an auto-sampler
with a 25l loop, a diode-array UV-detector, a column ther-
3.1. Chemicals mostat and a computer data acquisition station. Compressed

nitrogen and helium bottles (National Welders, Charlotte,
The mobile phase used in this work was a mixture of NC, USA) are connected to the instrument to allow the
HPLC grade water and methanol (62% methanol, 38% wa- continuous operation of the pump and auto- sampler and
ter, v/v), both purchased from Fisher Scientific (Fair Lawn, solvent sparging. The extra-column volumes are 0.058 ml
NJ, USA). The same mobile phase was used for the deter-and 0.90 ml as measured from the auto-sampler and from
mination of the single-component adsorption isotherm datathe pump system, respectively, to the column inlet. All
and for the recording of large size band profiles of the two the retention data were corrected for this contribution. The
single components and of some of their binary mixtures. flow-rate accuracy was controlled by pumping the pure mo-
The solvents used to prepare the mobile phase were filteredbile phase at 23C and 1 ml/min during 50 min, from each
before use on an SFCA filter membrane, @2 pore size pump head, successively, into a volumetric glass of 50 ml.
(Suwannee, GA, USA). A relative error of less than 0.4% was obtained so that we
The solutes used were uracil, tdrt-butylphenol, and  can estimate the long- term accuracy of the flow-rate at
ethylbenzoate. All were obtained from Aldrich (Milwaukee, 4 pl/min at flow rates around 1 ml/min. All measurements

WI, USA). were carried out at a constant temperature of @3fixed
by the laboratory air-conditioner. The daily variation of the
3.2. Materials ambient temperature never exceedé€1
A manufacturer-packed, 250 mm 4.6 mm Kromasil 3.4. Competitive isotherm measurements by frontal

column was used (Eka Nobel, Bohus, Sweden, EU). This analysis (FA)
column was packed with a;g-bonded, endcapped, porous
silica. This column (Column #E6021) was one of the lot ~ One pump of the HPLC instrument was used to deliver
of ten columns previously used by KeJ25], Gritti [26] a stream of the pure mobile phase, the second pump, a
and Felingef27] for their study of the reproducibility of  stream of the concentrated solution of the compound(s)
the chromatographic properties of RPLC columns under studied in the same mobile phase. The concentration of
linear and non-linear conditions. The main characteristics the compound(s) studied in each FA run is determined by
of the bare porous silica and of the packing material used the concentration of the mother sample solution and the
are summarized iffable 1 flow rate fractions delivered by the two pumps. The break-
The hold-up time of this column was derived from the re- through curves are recorded successively, at a flow rate of
tention time of uracil injections. With a mobile phase compo- 1 cn?/min, with a sufficiently long time delay between each
sition of 62/38, the elution time of uracil is nearly the same as breakthrough curve to allow for the reequilibration of the
that of pure methanol or sodium nitrate. The product of this column with the pure mobile phase. The injection time of
time and the mobile phase flow rate gives an excellent esti-the sample varied between 5 and 12 min in order to reach
mate of the column void volume. The void volume of the col- a stable plateau for both components at the column outlet.
umn and its total porosityr in 62/38 (v/v) methanol/water  The signals of 4ert-butyl phenol and ethylbenzoate were

mobile phase are 2.40 énand 0.577, respectively. both detected with the UV detector at 295 nm.

For the injected solutions whose concentration ranged
Table 1 between 1 and 19 g/l, it was assumed that the breakthrough
Physico-chemical properties of the packed Kromagy-(Eka) #E6021 profile of each single-component solution exhibits a front
column shock-layer so that Egs. (1) and (2) were used to calculate
Particle size jgm) 5.98 the amounts adsorbed. On the other hand, for the mixture
Particle size distribution (90:10, % ratio) 1.44 solution of 4tert-butyl phenol and ethylbenzoate at 25g/l
Pore size (A) 112

each, the concentration of each compound in the elution

Pore volume (ml/g) 0.88 . . . .

Surface area (Rig) 314 prgﬂle had to be determined by fraction .coIIectlon and anal-
Na, Al, Fe content (ppm) 11<10, <10 ysis because the front part of the profile of ethylbenzoate
Particule shape Spherical was clearly not a shock layer and, therefore, Egs. (1) and
Total carbon (%) 20.0 (2) do not apply in this case. The individual band profiles

Surface coveragguol/n) 3.59 were measured accurately by collecting 20 fractions of
Endcapping Yes

250ul (i.e., 18 droplets each), at a constant flow rate of
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1 ml/min, between the elution times of 11.6 and 16.6 min. 17504

Ten microliter aliquotes of each fractions were then injected . 25 g/L
into the same column, using a 70/30 (v/v) methanol/water 1500

mixture as the mobile phase. After a preliminary calibra- : 19 gL
tion, the measurement of the areas of the two separateq5 1250+

peaks, recorded at 285nm, allowed the determination ofg 1 I;g/L

the concentration of each individual component in each = 1000+
collected fraction. The individual and total band profiles in § 1 10 g/L
the mixed zone were reconstituted by assigning a time to %91 "t
each fraction. This time is determined by the actual collec- ] 6.25 g/L
tion time minus the sum of the times needed for the mobile 500 4 gL
phase to percolate through the extra-column volume (55s at ] 25g/L
1 ml/min) and through the capillary connecting the detector 2501 1 alL
cell and the collector vials (10s at 1 ml/min). 0 g
10 15 ' 20
(a) Time [min]

4. Results and discussion

1750
4.1. Competitive binary adsorption data. Competitive 1
breakthrough profiles and isotherms 1500

Fig. 3a shows eight breakthrough curves recorded at = 1250
295 nm for the binary, equimolar mixture of ethylbenzoate 1
and 4tert-butylphenol. The adsorbed amounts are easily
calculated using Eqgs. (1) and (2), from the lowest concen-
tration 1-19 g/l, provided that the calibration curve of the
first component is known, allowing the determination of
the height of the intermediate plateau concentration. These
equations provide accurate estimates of the amounts of each
compound adsorbed at equilibrium because the band profiles
of both components have a front shock, hence of the com-
petitive isotherms for the binary mixture studideid. 4). 0 10 20 30

It is noteworthy that, while the front shock of tdrt- (b) Arbitrary time [min]
bUtylpheno_l 1S e_lqted after that O_f ethylbenzoate at_IOW Fig. 3. (a) Experimental breakthrough curves of equimolar mixtures of
concentrations, it is eluted before it at high concentrations. ethylbenzoate and trt-butylphenol for eight concentrations. The arrows
This result was expected because it had been reportedocate the position of the front shock of tdet-butylphenol when the
earlier that the single-component isotherms of these two concentration increasedote: First, the reversal position of the two
compounds intersect, so that the chord of the isotherm of shocks at the concentration of 6.25 g/l, where only one shock is observed.

. . Second, note that the front shock of ethylbenzoate becomes a diffuse
4-tert-butylphenol is higher than that of ethylbenzoate at front beyond 14 g/l. (b) Same as (a) concerning the rear part of the FA

low concentrations and lower at high concentratifi]. breakthrough curves (thick lines). Note the progressive band splitting
So, it is not surprising to observe the same phenomenonof 4-tert-butylphenol when the concentration increases. For a sake of

for the competitive isothermF{g. 4). The intersection of comparison, the rear profile measured for a 40 g/l mixture is shown as a
the two isotherms Is observed for a concentration of about dotted line[19]. Remark the constant height of the isolated band, whatever
. . . the concentration applied.

6.25 g/l which is also the one for which the breakthrough

curve of the mixture exhibits only one front shock instead

of two at, e.g., 4 and 10g/l. tions. This observation is confirmed by the most unusual
A far more surprising result is that the competitive shapes of the individual breakthrough fronts of the two

isotherm of 4tert-butylphenol is profoundly different from  components for a concentrated solution at 25g/l of each

the single-component isotherm. The latter is well accounted compound. These profiles were determined by the analy-

for by the Langmuir model. The former is no longer convex sis of twenty fractions collected during the elution of the

upward but exhibits an inflection point at around 13g/l. breakthrough front (SeEig. 5). There is no displacement

The competitive isotherm of this compound cannot be ac- effect of the first eluted component: the plateau eluted be-

counted for by the Langmuir isotherm model. The fact that tween 10 and 11 min after injection is at a concentration

it is an S-shaped isotherm of type Il means that the pres-significantly lower than that of the feed.

ence of ethylbenzoate affects considerably the adsorption The rear diffuse profiles of the eight breakthrough exper-

of 4-tert-butylphenol on octadecyl silica at high concentra- iments are shown irrig. 3h Their shapes are also most

Abs [mAU]
>
8

750
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Fig. 4. Experimental competitive adsorption data measured by FA for mix- Fig. 6. Comparison between the competitive experimental isotherms of
tures of ethylbenzoate (squares) antert-butylphenol (circles) at eight ethylbenzoate (empty stars, dotted line) aneé#-butylphenol (solid stars,
concentrations (1, 2.5, 4, 6.25, 10, 14, 19 and 25g/l). Note the rever- dotted line) and the competitive isotherm models previously derived and
sal order of the amounts adsorbed at 6.25 g/l and the S-shaped isotherngiven in Section 2.3(up triangles: IAS model; down triangle: kinetic
for 4-tert-butylphenol whose single-component isotherm is strictly lang- model). Note the good agreement at low concentrations but the strong
muirian. discrepancies for 4ert-butylphenol at high concentrations.

unusual. At low concentrations, below 6.25 g/l, the concen- this new band remains constant (at about 1.3 g/l) and is in-
tration at which the two isotherms intersect, the desorption dependent of the feed concentration, from 6.25 to 40 g/l (see
profiles have a shape similar to the conventional ones, with Fig. 30). This phenomenon is confirmed by an observation
an intermediate plateau for the more retained compound, i.e.,reported previoushf19] that the nearly complete separa-
4-tert-butylphenol in this range. This plateau results from tion of a third band of 4ert-butylphenol takes place for a
the tag-along effedil]. Beyond this concentration, however, 0.5-2ml sample of a 40 g/l solution and that the height of
the intermediate plateau vanishes, a valley is formed and itthis band is also independent of the volume injected. This
becomes deeper with increasing solution concentration, asband splitting could be accounted for only qualitatively with
if a new band was progressively separated from the mainthe IAS and kinetic competitive isotherm models derived
part of the band profile. It is remarkable that the height of earlier Section 2.3and[19]). We compare now the experi-
mental adsorption data to those predicted by the two theo-
retical models in order to study the limits of such models.

C. =25t -ccerrerinnncccnnncicionscennnnnng

el 4.2. Comparison between the experimental adsorption

2. data and the previous isotherm models

C [g/L]

Fig. 6 compares the experimental isotherm data with
those predicted by the two models derived ear[iE9].
—m— Ethylbenzoate These two competitive models were consistent with the
—e— 4-tert-butylphenol best single-component isotherms derived for ethylben-
zoate and 4ert-butylphenol, the Langmuir and the BET
single-component isotherms, respectively. The parameters
used for the competitive IAS modeSéction 2.3.1 were
those of the single-component isotherms derived by fitting
the single-component isotherm data to this mofe)],
A B TG T TN A T TSP T T gsa = 23779/, bo s = 0.031361/g,ba o = 0.01111/g,
Time [min] gss = 164 g/l, andg s = 0.05613 I/g. The parameters used
_ N _ for the competitive kinetic modeBction 2.3.pwere also
Fig. 5. InlelQuaI band profllgs Qf the two-component breakthrough curve those derived by fitting the data to the single-component
measured with a concentration in the feed of 25 g/l each for ethylbenzoate . .
(squares) and #ert-butylphenol (circles). Note the complex shape of each isotherm model. A last parameter of this second model,

band profile that forbids the use of Eqgs. (1) and (2) to calculate the PB.A, accounts for the adsorption of molecules of B on
amounts adsorbed. layers made of molecules of A. The value of this parameter
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(be,a = 0.0261/g) was obtained by fitting the experimen-

tal band profiles of a binary mixture to those calculated 320 4

with the isotherm. Results showed that both the kinetic

and the IAS competitive models predict well the adsorp-

tion behavior of the two components at low and moderate

concentrations, typically below the intersection point of the

competitive isotherms of the two components. Beyond this

concentration, discrepancies appear for both models, partic- 160 4

ularly for 4-tert-butylphenol. Both isotherms predict that the

competitive isotherm for 4ert-butylphenol remains con-

vex upward at high concentrations while experimental data 80

demonstrate that it is a S-shaped isotherm, first convex up-

ward at low concentrations, then convex downward at high

concentrations. o
Accordingly, these two earlier models largely under- 0 10 20 30 40

estimate the amount of #rt-butylphenol adsorbed on C, [g/L]

the stationary phase at high concentrations. This demon-_. ) i .

. . Fig. 7. Comparison between the single-component adsorption data (empty
strates, first, that the mIXtur_e of ethylpenzo_ate arterg- stars) of ethylbenzoate and the best multilayer BET model (solid line)
butylphenol cannot be considered as ideal in the adsorbedassuming five piled layers.
phase. Second, it shows that, although the kinetic model,
which allows molecules of B to adsorb on layers made
of molecules of A, gives a slightly better agreement with would complicate the calculation of the amounts adsorbed
the experimental adsorption data, it remains unsatisfac-for no apparent gain. Furthermore, this choice makes more
tory, probably also because of the nonideal behavior of physical sense than that of an infinite nhumber of molec-
the adsorbed phase. The large increase of the amount ofilar layers which would hardly fit inside pores that have
4-tert-butylphenol adsorbed at high concentrations, the cor- an average diameter of 110 A. Under these conditions, the
responding change in the sign of the isotherm curvature, best single-component isotherm parameters for ethyben-
and the reversal of the elution order of the two components zoate aregsa = 1817g/l, bao.s = 0.041541/g,bp p =
are not accounted for by this competitive model either. This 0.014491/g instead ofsa = 237.7 g/l, ba s = 0.03136 /g,
is probably the reason why the kinetic approach did not lead ba o = 0.01111/g when an infinite number of layers is
to an accurate description of the overloaded band profilesassumed. Note that the saturation capacity of ethylbenzoate
of the two compounds studied and, more particularly, of the is now closer to that of 4ert-butylphenol gsg = 164 g/l),
band splitting observed for #rt-butylphenol[19]. a result that seems to be far more acceptable since both

To take these results into account, we designed a newlow-molecular-weight compounds have exactly the same
kinetic competitive isotherm based on the same set of molar mass My = 1502 g/mol).
assumptions but completed with an additional, physical This new model introduces in the competitive model two
assumption, that molecules of A could adsorb on a layer parametersha g and bg A, to account for the interactions
made of molecules of B. This will lead to larger amounts between the molecules of A and of B. These parameters can-
of A adsorbed at high concentrations. not be derived from the single-component adsorption data

but only from the competitive adsorption data. They were
4.3. Comparison between the experimental adsorption obtained by fitting to the model the experimental data ac-
data and the new isotherm model quired for the binary solution at 25g/l. The amounts ad-
sorbed were accurately measured by analyzing the 20 frac-

This competitive model uses the parameters of the tions collected during the five minutes that takes the elution
single-component isotherms for the terms that are not prod-of the breakthrough of the solution (s€&. 5). This ap-
ucts of both concentrations. The values of the other param-proach was preferred to the use of the amounts adsorbed at
eters are then estimated from the experimental adsorption19 g/l or 14 g/l Fig. 4 because Egs. (1) and (2) give only
data of the two components by parameter identification. approximate values of the actual mass adsorbed for reasons
Since a numerical solution is required for the calculation aforementioned.
of the competitive adsorption data, a certain, finite hum-  Finally, the model includes two other independent param-
ber of layers must be assumed to calculate the theoreticaleters,tx vy andrx_ y (see definitions, Section 2.4.3.). These
competitive isotherm. For the sake of simplicity, we as- parameters are the ratios of two desorption rate constants. If
sumed this number of layers to be five. The multilayer BET we assume that the rates of adsorption of the molecules A
isotherm (Eq. (5)) fits excellently the single-component and B, either on the adsorbent surface, S, or on any succes-
adsorption data of ethylbenzoate in the range 0-40 g/l (Seesive layer made of either adsorbate molecules are the same,
Fig. 7). It seemed useless to consider more layers, which we can writerx y andrx_ y as functions of the adsorption

240

q,” [g/L]
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constantby y. From the definitions inSection 2.4.3 we 9
have:
b A
Xy =—— (40) 8
bx.,y
b qBICB
Y = (41) 7
bx.y

Then, the model contains only two variable parametgys
andbg A. And we have also two equations to solve:

ga (Ca =25¢/l,Ce =250/1,ba B, bBA) = gaexp (42)
g (Ca =250/1,Cg =25¢/1,baB, bBA) = gBexp (43)

The best set of values derived from the numerical solu- 4

tions of Egs. 34 and 35 iBp g = 0.01051/g andbg o = 0 ' o 20 3 40

0.01201/g, with an accuracy o£0.00021/g.Fig. 8 com- C, [g/L]

pares the isotherm calculated from this set of parameters,

in the range 0-25 g/| (Iines), with the FA data (Symbols). Fig. 9. Plot of thg competitive is'othgrm ChOI’d. pitelf{-butylphenol cal- '

The agreement is much better than with the two previ- culated from the |mp|er_nente_d kinetic c_ompetmve model. Compare with
- o - the shapes of the predicted isothermsFigs. 6 and 8

ous models, particularly for the competitive isotherm of

4-tert-butylphenol at high concentrations. A slight differ-

ence is observed between the two sets of data regarding

the intersection point of the two isotherms. It is predicted minimum, and increases beyond 25g/l. This is the direct

to take place at a concentration around 9g/l instead of consequence of the possibility for ethylbenzoate molecules

an experimental value of 6.25g/l derived from the reten- to adsorb on layers made of molecules of B, which in turn,

tion times of the front shocks of the two breakthrough can adsorb on layers of molecules of A. This suggests that a

curves (using Egs. (1) and (2)). Nevertheless, the shapessynergetic adsorption phenomenon takes place in the studied

of the two isotherms are now consistent with that of the system.

experimental data, that is with a S-shape isotherm. For in-  Finally, a plot of the evolution of the convergentvalues

stance,Fig. 9 shows that the slope of the isotherm chord (seeSections 2.4.2 and 2.4.and Egs. (11), (13) and (15))

of the 44ert-butylphenol isotherm strongly decreases with for concentrations ranging between 0 and 40 g/l and for two

increasing concentration at low concentrations, reaches ato five layers is shown irFig. 10 Except for the highest

0.45 —
140 - % - q, experimental | & C——n—" —n O
] - *-q _experimental o \v\'\ e _goun—"
1204 —°—a, !mplemented k!net!c model i _f‘%"
— —8— g, implemented kinetic model - v
-l 1 b, =
= QL. . .. W
) 100 s i 1 ._ ¥
bt % ° e ™ oL
™ . 7 A 3
o x 0.35 -] ~g. Y.
60 7 &
] A e
. 0.30 - TR e
40+ \“v\ “%
| e
20 Yoo
2
1 0.25 T T r T v T T T T T
0 . . . . . . . i i . X 0 8 16 24 32 40
0 5 10 15 20 25 CA=cE [g/L]
C,=C, [glL]

Fig. 10. Plot of thex; values (or proportion of molecules of A adsorbed
Fig. 8. Comparison between the competitive experimental isotherms of on layers made of molecules of A in the upper layers, i.e., here, layers
ethylbenzoate (empty stars, dotted line) an@ér-butylphenol (solid stars, 2, 3, 4 and 5) versus the mixture concentration in the mobile phase.
dotted line) and the competitive isotherm models previously derived in Theq; are obtained after the numerical calculations have converged with
Section 2.4 (connected hexagones) assuming five layers maximum in the 0.1%. Except for the upper layer 5, note thatdecreases with increasing
adsorbed phase. Compare witly. 6the agreement at high concentrations  concentration of the mixture, showing that molecules of A are more often
between experimental data and the model prediction terdbutylphenol. adsorbed on molecules of B than on other molecules of A.



F. Gritti, G. Guiochon/J. Chromatogr. A 1028 (2004) 121-137 135

layer ( = 5), o; decreases with increasing concentration Appendix A. Example of resolution: caseof N =5
of the equimolar mixture used. In other words, the higher layers — i € [1,5]
the concentration, the more frequently a molecule of A is

adsorbed on a molecule of B in the layer directly in contact  The solution of the system of Egs. (9-iA), (9-iB) and (10)
with the mobile phase. However, this physical model of the is given under the form provided by Eq. (21-iA). We write

adsorbed phase, as a binary multilayer system, needs to béere the exact solution fgf, ;1 and g; 2:

validated. To this purpose, we discuss, in a forthcoming (1—a5)2 b 5CA
A,BDA,

paper, the_ calculatign of overloaded band p_rofiles usipg this 5 =as+(1—as)ia B — (28-{5,0})
new kinetic competitive isotherm model. This calculation is Kats.A
long and qm‘lcult because pf the complex approach used to Bs1 = baaCa (28-(5,1})
calculate isotherm data points and may require a completely b b O
original approach. __ IABbABOBACACE
Bs,2 = X (284{5,2})
5. Conclusion ya=aa4+ (1 —aa)tas + ba aCa
2
The new competitive isotherm model is consistent with _oshs1 (1~ xa)ip gbaBCA (28-{4,01)
the single-component isotherms of the two compounds 5 Katg.A
studied, ethylbenzoate andtdr-butylphenol, a five lay- o4Bao
ers BET and a Langmuir isotherms, respectively. This £41=baACa + y4’ (284{4,1})
new model accounts well for the adsorption data mea-
sured by frontal analysis for equimolar mixtures of these Bao= ta.8bA DB ACACB (28-(4,2})
two compounds. Two simpler models which were pre- =~ K>
viously derived from a similar physical model failed to
describe the experimental competitive adsorption data Ko—1
at high concentrations. The main discrepancy concerned?® =3+ (1 —a3)iag +baACA +8.AbB.ACE K>
the adsorption of 4ert-butylphenol whose experimental _ 2
isotherm is clearly S-shaped, not strictly convex upward _cabar (1~ 03)fh gbaBCA
as predicted by these earlier models. By contrast, the new va Kats A
kinetic model accounts well for the competitive adsorp- (A —oas)aBpfs1Pa1 (1 —as)iapps?2
tion data. The adsorption constant oftett-butylphenol Koysys Koys
onto layers made of ethylbenzoateg(, = 0.01201/g) (28-{3,0})
is intermediate between the adsorption constant of
ethylbenzoate on layers made of teft-butylphenol _
(bas = 0.01051/g) and that of ethylbenzoate on itself B3,1=0baACa + 2aPa2 + a ai()tA’BﬁS'lﬂA"Z
(baa = 0.01451/g). va 2Y5v4 2843.11)
The development of this new model, despite its long '
derivation and its numerical definition, constitutes a progress
in our understanding of the splitting of the band profiles 30 = tA.8bA,BbB.ACACB (2843,2})
of 4-tert-butylphenol when in mixtures with ethylbenzoate ' K>
at high concentrations, a most unusual phenomenon. A
forthcoming paper will discuss the use of this isotherm Kr,—1
model and of the Rouchon program of calculation of over- Y2 =2+ (1 —a2)iag +baaCA +18.AbB.ACE Ko
loaded band profiles in chromatography to account for this azfz1  (1—a2)iapra.sbapCa
phenomenon. - Va - K1
(A —aa)iaBfaifz1 (11— aa)inpfa2
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B21
y1=1+baaraanCa + bgarg aCs — WZVA,A?

_rBAbBACE (1 —oa3)rAalaBf3 1621

K> Kotg Ay3y2
1-— t
_(1—oa3)rpataBphs2 (281,01
Kot AY3
P22 (1—oa3)reataBP31622
B1,1 = ba,sCa + apra n—=
V2 Kotg Ay3y2
(28-{1,1})
P12=0 (2841,2}))

In this first part of the calculation, thg are assumed to be all
equal to the initial guess, (Eq. (18)). A first approximation

of the composition of the upper layers 1-5 is then easily By =

achieved (i.e., all theé fractions are known).
The surface fractiong, describing the composition of the

F. Gritti, G. Guiochon/J. Chromatogr. A 1028 (2004) 121-137

The knowledge of botlpg 15 and¢g 2 5 allows the cal-
culation of all the othep fractional occupancies under the
upper layerj = 5.

A.2. Upper layerj = 4

From the equilibrium Eq. (222,4}), the normalization
Eq. (244{2,4}) and the model Eq. (2%1,4}), we express
@A B.3.4 @s a function ofda g 4, Oa a4 and g 1.4, as the
solution of the second degree equation:

QA B34+ Bapa B34+ Balpsra—04) =0 (33)
with
92
A.B.4 (34)
Oa.A.4

Using the equilibrium Eg. (2%4,4}), the model

different sublayers, 1-4 of the adsorbed system below eachgq. (25{1,4}) and introducing the solution d&q. (33)for

upper layer can now be obtained numerically as follows.
A.l. Upper layer; =5

First, from the equilibrium Egs. (223,5}) and (22{1,5}),
the normalization Eq. (244,5})) and the model
Egs. (25{1,5}) and (25{2,5}), we expresspa g 45 as a
function OfQA,B,5, OA. A5 ¥B.25 andch,1,5:

¢B

25
¢A.B.45 = VKsBs(05 — ¢B,15) (29)
¥B,1,5
with
92
Bs = B3 (30)
Oa.A5

Second, from the equilibrium Eq. (Z2,5}), the normal-
ization Eqgs. (24(2,5}) and (29), we expresga a. 45 as a
function of Bs, ¢g 25 andgg 1 5:

(05 — ¢B,1,5 — ¥B,2,5)

PAA LS = KsBs(0s — ¢B,1,5) (31)

405,1,5
Finally, from the model Eq. (2%4,5}) and the normal-
ization Eq. (24{4,5}), on the one hand, and from the model

Eq. (25{3,5}) and the normalization Eq. (2#3,5}), on the
other hand, we obtain the following two equations-two un-
knowns system:

¥B,2,5
05 =6nB.5+ VKsBs(05 — ¢B,15)
¥B,1,5
(05 — ¢B,1,5 — ¥B,2,5)
+ 5 KsBs(05 —¢p15)  (32-1)
¥B,1,5
¥B,2,5
05 = v KsBs(05 — ¢B,1,5)
¢B,1,5
¢%25
+¢B.25 + Ks(5 — ¢B,1.5) 5~ (32-2)
¥B,1,5

@A B.3.4, WE Can expresga a.34 as a function ofpg 1.4
only.

2

B, + \/3421 + 4B4(04 — ¢B,1,4)
2

oA A 34=Ks

y 04 — ¢B.1,4 (35)

2
¥B,1,4

Sincegp 34 = 6a .4 and using the normalization condi-
tion for the sublayek = 3, we can solve numerically the
following equation and deriveg 1 4:

2
—B4+ \/B?l + 4B4(64 — ¢B.1.4) 04 — ¢B.1,4

K
S 2

2
¥B,1,4

—Bs+ \/33 + 4B4(04 — ¢B,1,4)
2

+ +6aBa=0s (36)
Then all the othep values describing the adsorbed system
under the upper layer,= 4, are easily derived as well as

the coefficienty; from Eq. (26{3,4}).

A.3. Upper layerj = 3

Following the same procedure, from the equilibrium
Eqg. (22{1,3}), we derive:

¥8.1.3 = KsBa(f3 — ¢8,13) (37)
With
02
By — AB3 (38)
0a.A.3

¢B.1.3 Is easily derived from this second degree equation.
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A.4. Upper layerj = 2

The solution forgg 12 is trivial from Eq. (24{1,2}):
¢B.12 = 6A B2 (39)
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