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evaporation, leading to an initial concentration of about 0.5
mmol L-1. Stirring times required to reach equilibrium were
respectively 2 h for Sil Z and 1 h for Fau Y. Once equilibrium
was attained, a gas sample was taken and analyzed by gas
chromatography (HP 5890 II). Using the conventional
assumption that the clay binderswith a low specific surface
area as compared to the zeolitessdoes not take part in the
adsorption mechanism (5), adsorbed quantities were nor-
malized for pure zeolite material.

In case of binary mixtures, adsorption procedure was kept
unchanged except that co-adsorption was performed using
three different initial compositionssbeing equimolar (Z1 )
Z2 ) 0.5) and rich in components 1 and 2 (respectively, Z1

) 0.85 and Z1 ) 0.15). The selectivity of adsorbent (η1/2) was
either directly represented in an X-Y isobaric equilibrium
diagram or determined by calculation using eq 1 where Xi

and Yi are respectively the adsorbed and gas-phase molar
fractions of the ith component and are plotted versus total
pressure:

Reproducibility and repeatability of experimental data were
checked by three different manipulators. Experimental errors
were equal to 3% for equilibrium concentration and ranging
from 3 up to 7% for adsorption capacity with increasing
pressure.

Theoretical Models
Single-Component Isotherms Correlation. The experimen-
tal adsorption isotherms were fitted using Freundlich,
Langmuir, Toth (which was intensively used to describe
adsorption isotherms on zeolites (22)), and Dubinin-
Astakhov equations. The models express the adsorbed
quantity, Q (mol kg-1), as a function of gas-phase pressure,
p (Pa), as follows:

Freundlich Equation.

Langmuir Equation.

Toth Equation.

Dubinin-Astakhov Equation. Dubinin’s approach is based
on the earlier potential theory of Polanyi and on the concept
of micropore filling. The Dubinin-Astakhov (D-A) approach
is an extension of Dubinin-Radushkevich equation and
represents the isotherm in terms of fractional filling (θ )
W/W0) of the micropore volume with W0 being the maximum
adsorption capacity.

In eq 5, Ap is the Polanyi adsorption potential defined by
eq 6, and m is the D-A equation adjustment parameter,
ranging classically from 1.5 to 3 for activated carbon and
from 2 to 4 or 5 in the case of zeolites (23):

Optimization of the models parameters was carried out using
the Simplex algorithm, by minimizing the objective function,
F(X), where X is the set of adjustable parameters and n is the
number of experimental points:

Binary Mixtures Modeling with IAST and RAST. Con-
sidering the adsorbed phase as a liquid, the IAST is based on
the fundamental hypothesis that the multi-component
adsorbate phase has the same spreading pressure (π) as that
of the ideal single solution of the ith component, the
spreading pressure being the difference between the inter-
facial tensions of the naked solid and that of the surface
covered with adsorbate. Algorithm of adsorption capacities
determination requires an accurate description of the pure
component isotherms, but integration of the chosen model
in the Gibbs equation may be more or less direct, depending
notably on its number of adjustable parameters. This is clearly
highlighted by the spreading pressure expressions obtained
either with Langmuir (eq 8) or Toth (eq 9) models in which
{0 e θ < 1} and {0 < t < 1}. The improvement of predictions
accuracy when changing from 2 to 3 parameters is examined
in balance of the very different CPU calculation times
induced, which are decisive in dynamic breakthrough curve
modeling:

When thermodynamic consistency was satisfied (24), the AST
was extended to real AST. Considering deviation from ideality,
identified by nonsymmetrical X-Y curves in experimental
isobaric equilibrium diagrams, Costa et al. (20) introduced
liquid-phase activity coefficients (γi) when establishing
chemical potential equality between phases at equilibrium.
This extension enables the AST to describe azeotrope-like
crossovers. Basic equations of the two models are sum-
marized below using the Wilson model for activity coefficients
with two adjustable parameters Λij (i * j). The calculation
procedure in both cases was described in the original
publications as well as in a previous article for IAST (25).

TABLE 1. Main Characteristics of Zeolites

type (symbol)
faujasite
(Fau Y)

ZSM-5
(Sil Z)

crystalline framework R-cages interconnected
channels

pore internal diameter (Å) 13 (5.7 × 5.1) and 5.4
clay binder content (wt %) 25 20
SiO2/Al2O3 (mol mol-1) 360 1880
BET surface area (m2 g-1) 650 300
active porous volume (cm3 g-1) 0.24 0.18

TABLE 2. Main Properties of Adsorbates

property
methyl ethyl

ketone toluene 1,4-dioxane

symbol MEK TOL DIO
formula C4H8O C7H8 C4H8O2

molar volume 25 °C (cm3 mol-1) 90.1 107.5 85.8
kinetic diameter (Å) 5.2 5.8 5.3
vapor pressure at 25 °C (kPa) 12.60 3.79 4.95
dipolar moment (D) 2.78 0.375 0

η1/2 )
X1Y2

X2Y1
(1)

Q ) Kf p1/n (2)

Q )
QmKlp

1 + Kl p
(3)

Q )
QmKt p

[1 + (Kt p)t]1/t
(4)

θ ) exp[-(Ap

E )m] (5)

Ap ) RT ln[ps

p ] (6)

F(X) ) ∑
k

n

[Qexp(pk) - Qcalc(pk)]2 (7)

πA
RT

) Qm ln(1 + KlC) (8)

πA

RT
) Qm[θ -

θ

t
ln(1 - θt) - ∑

j

∞ θjt + 1

jt(jt + 1)] (9)







Q amount adsorbed (mol kg-1)

Qm maximum adsorption capacity defined in Lang-
muir and Toth model (mol kg-1)

Qtot experimental total amount adsorbed in mixture
systems (mol kg-1)

R ideal gas constant (8.3145 J mol-1 K-1)

t Toth model adjustable parameter

T temperature (K)

W micropore volume (cm3)

W0 maximum micropore adsorption capacity (cm3)

Xi adsorbed phase molar fraction of ith component
at equilibrium

Yi gas-phase molar fraction of ith component at
equilibrium

Zi initial molar fraction of ith component

Greek Letters

γi activity coefficient of ith component in the
adsorbed phase

η1/2 selectivity of adsorbent toward component 1 vs
component 2 at equilibrium

Λij binary parameters of Wilson model for activity
coefficients (i * j)

θ fractional filling of micropore volume

π spreading pressure (J m-2)

σ2 Simplex objective function minimum
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