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Abstract The kinetics of the isothermal adsorption of
ethanol from an aqueous solution onto a hydrophobic zeolite
of the NaZSM-5 type in the temperature range 298–333 K
was investigated. Specific shape parameters of the adsorp-
tion degree curves were determined. The changes in the spe-
cific shape parameters of the adsorption degree curves with
temperature were determined. The kinetic parameters of
ethanol adsorption (Ea, lnA) were determined by the initial
rate, the saturation rate and the maximum rate methods as
well as from the Johnson, Mehl and Avramy equation. The
kinetic model of ethanol adsorption kt = [1 − (1 − α)1/3]
was determined by the “model fitting” method.

Ethanol adsorption from aqueous solution onto NaZSM-
5 is a kinetically controlled process limited by the rate of
three-dimensional movement of the boundary layer of the
adsorption phase. A model for the mechanism of ethanol
adsorption onto NaZSM-5 is suggested on the basis of the
kinetic model. Ethanol molecules in aqueous solution are as-
sociated in clusters. The activation energy of the adsorption
process corresponds to the energy required for the detach-
ment of an ethanol molecule from a cluster and its adsorp-
tion onto the zeolite.

Keywords Kinetics · Ethanol · Aqueous phase · NaZSM-5

B. Adnad̄ević
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Abbreviations
C0 ethanol concentration in aqueous solution before

adsorption (wt%)
C ethanol adsorption in aqueous solution after

infinite adsorption time (wt%)
ms mass of solution (g)
m mass of zeolite (g)
α degree of adsorption
x specific adsorption capacity (g/g)
xmax experimentally determined maximal value x at

given temperature (g/g)
tL period of linearity (min)
ts saturation adsorption time (min)
vin initial adsorption rate (%/min)
vs saturation adsorption rate (%/min)
vmax maximal adsorption rate (%/min)
Ea,max activation energy determined by maximal

adsorption rate (kJ/mol)
lnAmax pre-exponential factor determined by maximal

adsorption rate (min−1)

nA kinetics constant Johnson–Mehl–Avrami equation
k kinetics constant Johnson–Mehl–Avrami equation
Ea,A activation energy determined applying JMA

equation
lnAA pre-exponential factor determined applying JMA

equation
tN normalized adsorption time
t0.9 adsorption time at which α = 0.9 at given

temperature
f (α) analytical expression describing the kinetic model
g(α)

∫ α

0
dα

f (α)
= kt integral form of kinetic model

kM model constant of adsorption rate
Ea,M activation energy determined by model-fitting

method
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lnAM pre-exponential factor determined by model-fitting
method

R0 initial effective zeolites pores radius (cm)
V0 specific zeolite adsorption volume before

adsorption (cm3/g)
Rt effective pore radius at adsorption time t

Vt pore volume of zeolite at adsorption time t

St effective surface area of boundary phase at
adsorption time t

ka adsorption rate constant shrinking-core model
k∗ = ka/R0

R linear regression coefficient
�Hc ethanol condensation enthalpy

1 Introduction

One of the main problems that needs to be solved in order
to economically produce anhydrous ethanol and biogasoline
is a reduction in the energy consumption in the process of
dehydration of aqueous ethanol solutions obtained from fer-
mentation broths. When distillation is used to obtain dehy-
drated ethanol, 50% of the total energy is consumed during
this process (Carmo and Gubulin 1997). Selective ethanol
adsorption onto hydrophobic zeolitic materials is an alter-
native to dehydration via distillation, which is presently
the most promising procedure for anhydrous ethanol pro-
duction (Flanigen et al. 1978; Milestone and Bibby 1981;
Pitt et al. 1983; Luong 1982; Robert et al. 1983).

Lin et al. (1989) determined the adsorption isotherms of
different alcohol–water systems on a hydrophobic zeolite,
type silicalite-1. Einicke et al. (1989, 1991, 1995, 2004) in-
vestigated the influence of the molar ratio SiO2/Al2O3 on
the selectivity and adsorption characteristics of a zeolite for
ethanol from an ethanol-water mixture. Farhadpour et al.
(1996) examined the separation of an ethanol-water mix-
ture on a bi-dispersion of a hydrophobic zeolite, silicalite,
and observed that diffusion had a dominant influence on
the kinetics and selectivity of the separation. Falamaki et al.
(2001) studied the kinetics of ethanol adsorption from an
aqueous solution onto a zeolite of the (Na-1,6-hexanediol)-
ZSM-5 type and proved that micropore diffusion had a ma-
jor influence on the kinetics of the adsorption. Selective
ethanol removal from an ethanol/water mixture was inves-
tigated using various hydrophilic membranes. Adnadjevic
et al. (1997) investigated the effects of different physico-
chemical properties of different hydrophobic zeolites and
pervaporation properties of composite PDMS-zeolite mem-
branes. Lin et al. (2003) reported that a silicalite-1 mem-
brane is the best membrane so far for this separation. Their
membrane had a 14 mol/m2 h flux and ethanol/water sep-
aration factor of 106 for a 5 wt% ethanol/water feed at
T = 333 K. Matsuda et al. (2002) used a silicone-coated

silicalite-1 membrane on a stainless support to obtain a
higher separation factor (125), but a significantly lower flux
(3.7 mol/m2 h) for 4 wt% ethanol/water feed at T = 303 K.
Li et al. (2002) reported a 34 mol/m2 h flux and a sepa-
ration factor of 96 for a 1 wt% ethanol/water feed using
B-ZSM-11 membrane. Bowen et al. (2003) found that ad-
sorption selectivity for linear alcohols/water increases as
the alcohol carbon number increases because the alcohol
adsorption strengths increase in this order. In the work of
Bowen et al. (2004) a review on the physico-chemical prop-
erties of different types of zeolites and pervaporation prop-
erties of zeolites membranes is given.

Bearing in mind the lack of information concerning the
kinetics of ethanol adsorption from water solution by hy-
drophobic zeolites, in this paper the kinetics of ethanol
isothermal adsorption on zeolite type NaZSM-5 was inves-
tigated in detail. The aim of this investigation was to de-
termine the kinetics model of the adsorption process; the
kinetics parameters (activation energy and pre-exponential
factor) and to determine the required parameters for theoret-
ical modeling and optimization of the adsorption separation
of ethanol from an ethanol/water mixture.

2 Materials and methods

NaZSM-5 zeolite was synthesized from a reaction mixture
at the Faculty of Physical Chemistry, Belgrade (Adnadjević
1997).

For the zeolite synthesis, the following materials were
employed: commercial silicasol (30 wt% SiO2), aluminum
sulphate (Merck, GR grade), sodium hydroxide (Merck,
p.a), tetrapropylammoniumbromide (TPABR) and distilled
water. Zeolite crystallization was conducted in a stirred
stainless steel autoclave, having V = 200 mL volume, at
temperature T = 493 K in duration of t = 2 h. A reaction
mixture, with the following molar content, 10Na2O·Al203·
92SiO2·36H20, was formed by mixing NaOH solution with
the silicasol and aluminum sulfate solution. Into the re-
action mixture during the crystallization, the crystalliza-
tion nucleus (5 wt%) having the following molar con-
tent: 0.2Na2O·0.05TPABR·2SiO2·10.5H20, was introduced
at T = 298 K for a duration of t = 48 h. After the crystal-
lization was completed, the reaction mixture was cooled and
mother liquor and zeolite cake were separated by filtration.
Zeolite cake was washed with distilled water and dried at
T = 343 K. The basic physico-chemical properties of the
synthesized zeolite are given in Table 1.

The zeolite was thermally activated at 623 K for 6 hours,
then cooled and kept in a desiccator before using it. Aqueous
solutions of ethanol (10 wt%) were prepared from 99.5%
ethanol p.a. (Hemos, Belgrade) and bidistilled water.
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Table 1 Basic physico-chemical properties of NaZSM-5 zeolite

Physico-chemical property Value

Degree of crystallinity (%) ≥99

SiO2, wt%, anhydrous basic 94.70

Al2O3, wt%, anhydrous basic 3.22

Na2O, wt%, anhydrous basic 2.08

SiO2/Al2O3, molar ratio 90

Surface area BET, m2/g 420

Crystal size SEM, μm 0.2–1

2.1 Determination of the specific adsorption capacity of
zeolite to ethanol

Zeolite powder (5 g) was added to 50 g of a 10 wt% aque-
ous ethanol solution and the adsorption vessel was placed in
the thermostat at a pre-determined temperature. During the
adsorption process, the adsorption system was homogenized
by stirring at 400 rpm Samples were taken from this adsorp-
tion system at regular time intervals. After centrifugation,
the concentration of ethanol remaining in the supernatant
was determined by measuring its refractive index using a
Reichart-Jung Auto Abbe refractometer.

The specific adsorption capacity of zeolite for ethanol (x)
at a given temperature after certain adsorption period can be
calculated from the equation:

x = (C0 − C)

m
× ms (g/g) (1)

where: C0—the initial concentration of the ethanol solu-
tion before adsorption (wt%), C—the concentration of the
ethanol solution after a certain adsorption time (wt%), ms—
the mass of the solution (g), m—the mass of zeolite (g).

The adsorption degree of ethanol (α) was calculated from
equation:

α = x

xmax
(2)

where: xmax = the maximum specific adsorption capacity of
zeolite for ethanol at a given temperature (see Fig. 1).

2.2 Kinetics model of ethanol adsorption at zeolite type
NaZSM-5

Assume that ethanol adsorption from the ethanol/water mix-
ture by zeolite type NaZSM-5 at all the investigated tem-
peratures takes place by an identical mechanism and that
the zeolite pore system (adsorption volume) consists of a
great number of identical spherical pores with equal effec-
tive diameter. Those pores become occupied by the adsorbed
ethanol at same time. The main stages of the adsorption
mechanism are the following:

(1) Instantaneous ethanol adsorption in the outer adsorption
centers (pores) of the zeolite particle.

(2) Formation of a continuous adsorbed-phase in the zeo-
lite, which consists of already adsorbed ethanol mole-
cules.

(3) Controlled three-dimensional (spherical) growth of the
adsorbed layer, i.e. at the phase boundary, within the ad-
sorbent particle.

(4) Slowing down of the rate of uptake due to the saturation
of the zeolite’s pores with ethanol molecules.

Let us assume that the value of the zeolite’s specific pore
volume before adsorption is Vo and the value of the ef-
fective pore radius is Ro. The specific occupied pore vol-
ume of the zeolite at adsorption time (t) has a value of
Vt and it has penetrated to an effective pore radius of Rt ,
then:

1 − α = Vt

V0
=

4
3πR3

t

4
3πR3

0

= R3
t

R3
0

(3)

i.e.

Rt = R0(1 − α)1/3 (4)

According to this model, the adsorption rate is given by the
expression (5):

d(1 − α)

dt
= kaSt

V0
= ka

[
4πR2

t

4
3πR3

0

]

(5)

where St is the effective surface area of the phase-boundary
interface and ka is the rate constant of the shrinking-core
rate model, i.e.

dα

dt
= 3ka(1 − α)2/3

R0
(6)

By variable separation and integration of (6), taking into
account the conditions t = 0, α = 0, (7) representing the
kinetics model for ethanol adsorption on zeolite is ob-
tained:

1 − (1 − α)1/3 = k∗t (7)

where k∗ ≈ ka/R0.

3 Results and discussion

The temperature dependence of specific adsorption capacity
of the zeolite for ethanol vs. adsorption time (kinetic curve)
is shown in Fig. 1.

The isothermal changes of the degree of ethanol adsorp-
tion with adsorption time (adsorption degree curves) are
shown in Fig. 2.
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Fig. 1 Isothermal specific
adsorption capacity curves of
ethanol adsorption (� 298 K,• 308 K, � 313 K, � 333 K),
xmax—the maximum specific
amount of ethanol adsorbed on
NaZSM-5 at a given
temperature

Fig. 2 Isothermal adsorption
degree curves of ethanol
adsorption on NaZSM-5
(� 298 K, • 308 K, � 313 K,
� 333 K); straight line marks
period of linearity; tL—period
of linearity, tS—saturation time,
αL—the degree of ethanol
adsorption at tL, αS—the degree
of ethanol adsorption at tS

Three distinct regions of adsorption kinetics can be
clearly seen from the adsorption degree curves, i.e., linear,
non-linear and saturation regions.

In order to determine the temperature influence on the
shape of those adsorption degree curves the so called shape
parameters are defined: period of linearity (tL, see Fig. 2),
initial adsorption rate (vin), saturation time (ts) and satura-
tion adsorption rate (vs).

The period of linearity is the time interval within which
the degree of adsorption increases linearly with the adsorp-
tion time. The initial adsorption rate is defined as the adsorp-
tion rate during this linear region of the adsorption curve.

The saturation time represents the adsorption time required
to achieve xmax(as shown in Fig. 1). The saturation adsorp-
tion rate can be calculated from the equation:

vs = xmax

ts
(8)

The adsorption curve parameters at different temperatures
are given in Table 2.

According to the results given in Table 2, it can easily be
seen that the values tL and ts decrease while those of vin and
vs increase with increasing temperature. Since the increases
of vin and vs with temperature are exponential, the kinetic
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Table 2 Change of shape parameters of the adsorption curve with temperature

T tL vin ts vs xmax Ea,in (kJ/mol) ln(Ain/min−1) R Ea,f ln(As/min−1) R

(K) (min) (min−1) (min) (%/min−1) (%) (kJ/mol)

298 28.38 0.014 144.99 0.035 5.07 25.6 ± 0.3 6.15 ± 0.05 0.993 22.1 ± 0.2 5.95 ± 0.05 0.993

308 12.54 0.022 140.97 0.050 7.07

313 10.00 0.025 127.57 0.061 7.74

333 4.62 0.043 87.33 0.092 8.07

R—linear regression coefficient

Fig. 3 Isothermal dependance
of ethanol adsorption rate on
adsorption time

parameters of the initial and saturation stage of the adsorp-
tion of ethanol onto NaZSM-5 (Ea,in, ln Ain, Ea,s, ln As) can
be determined by applying the Arrhenius equation. The re-
sults are given in columns 6 to 9 of Table 2.

The kinetics parameters of adsorption were also deter-
mined by the maximal rate method (Day et al. 1989), based
on the experimentally determined isothermal adsorption de-
gree curves. Accordingly, ethanol adsorption rates were de-
termined as a function of the adsorption duration at various
fixed temperatures.

The ethanol adsorption rates as a function of the adsorp-
tion time, at various temperatures, are presented in Fig. 3.

At all the investigated temperatures, the adsorption rate
significantly decreased with the adsorption time, while the
maximal adsorption rate was achieved at the initial stage
of the adsorption. The observed changes in adsorption rate
with the adsorption duration were characteristic of the so
called decelerator processes and the kinetics models related
to them (F1, R2 and R3) (Brown and Galwey 1989).

The change in the maximum rate of adsorption (vmax)

with temperature is given in Table 3.
Since the increase of vmax with temperature is exponen-

tial, the kinetic parameters of ethanol adsorption, Ea,max and

Table 3 Change of maximum adsorption rate with temperature

T (K) vmax (min−1) Ea,max (kJ/mol) ln(Amax/min−1) R

298 0.0162 25.5 ± 0.3 6.10 ± 0.05 0.977

308 0.0181

313 0.0262

333 0.0462

ln Amax, can be determined using the Arrhenius equation.
The results are given in columns 3 and 4 of Table 3.

Because the process of ethanol adsorption on zeolite type
NaZSM-5 appears to take place at the interface of a shrink-
ing core, the kinetics of this process can be well–described
by the Johnson–Mehl–Avrami equation (JMA) (Johnson and
Mehl 1939; Avrami 1939)

α = 1 − exp[−ktnA ] (9)

where k is overall rate constant and nA is kinetics con-
stant, the so called Avrami’s exponent, which depends on
the mechanism and on the region in which the process takes
place.
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Fig. 4 Isothermal dependence
of ln[−ln(1 − α)] vs ln t at
different temperatures
(� 298 K, • 308 K, � 313 K,
� 333 K)

Table 4 Change of parameters of JMA equation (n and k) with tem-
perature

T (K) n kA (min−1) Ea,A (kJ/mol) ln(AA/min−1) R

298 1.08 0.014 20.6 ± 0.2 4.05 ± 0.05 0.897

308 1.11 0.015

313 1.10 0.027

333 1.09 0.032

The kinetics of the ethanol adsorption was modeled using
the JMA equation and the kinetics parameters were deter-
mined, i.e., by the Johnson–Mehl–Avrami (JMA) method in
which plots of ln[−ln(1 − α)] versus ln t for different tem-
peratures are made, and are given in Fig. 4.

The isothermal dependence of ln[−ln(1 − α)] on ln t are
linear over almost the whole range of adsorption.

The constants of the JMA equation (nA and k) at different
temperatures are given in Table 4.

The temperature of the adsorption process has a little
influence on the Avrami’s exponent. The calculated val-
ues of nA were 1.07 to 1.10, which was in accordance
with previous work by Sharp et al. (1966), and also sup-
ports the validity of the ethanol adsorption kinetics model:
[1 − (1 − α)1/3] = kt .

The Avrami’s kinetics constant (k) increased exponen-
tially with the adsorption temperature. Bearing that in
mind, applying Arrhenius equation the kinetics parameters
Ea,A ln AA of the adsorption process by JMA methods were
determined and listed in Table 4.

Bearing in mind the generality of the JMA equation
and the differences in values of the kinetic parameters
obtained by different methods (the initial rate, saturation
rate, and maximal rate methods), the “model-fitting pro-

cedure” (Vyazovkin and Wight 1999) was used to deter-
mine the kinetics parameters for the various kinetics mod-
els. The “model-fitting procedure” is widely used to de-
termine the suitability of various kinetic reaction mod-
els for solid state reactions. The kinetic reaction mod-
els are classified in 5 groups according to the reaction
mechanism: (1) power law reactions, (2) phase-controlled
reactions, (3) reaction order, (4) reactions described by
the Avrami equation, and (5) diffusion controlled reac-
tions.

Accordingly, the model-fitting method was used to de-
termine a suitable kinetic model of these adsorption exper-
iments. Specifically, the models were compared graphically
and analytically with the experimentally obtained function
αe = f (tN ), and using theoretical functions for different re-
action models (Brown et al. 1980), α = f (tN ), where tN is
the so-called normalized time:

tN = t

t0.9
(10)

where t0.9 is the adsorption time at α = 0.9.
The kinetic models used to determine the model best de-

scribing the kinetics of ethanol adsorption are shown in Ta-
ble 5.

Figure 5 shows the plot of α = f (tN ) for the theoretical
reaction models presented in Table 5 (solid curves in Fig. 5)
and the experimental plots of αe = f (tN ) for the ethanol
adsorption process at different temperatures.

Experimentally determined normalized isothermal ad-
sorption degree curves, at all of the investigated tempera-
tures are identical in shape and they all conform to a single
model. According to the results shown in Fig. 5, with great
confidence, it can be stated that the kinetics of ethanol ad-
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Table 5 Set of kinetic reaction models used for determination of model of ethanol adsorption kinetic; f(α)—analytical expression describing the
kinetic model; g(α)—

∫ α

0
dα

f (α)
= kt integral form of kinetic model

Model Reaction mechanism f(α) g(α)

P1 Power law 4α3/4 α1/4

P2 Power law 3α2/3 α1/3

P3 Power law 2α1/2 α1/2

P4 Power law 2/3α−1/2 α3/2

R1 Zero-order (Polany-Winger equation) 1 α

R2 Phase-boundary controlled reaction (contracting area, i.e., 2(1 − α)1/2 [1 − (1 − α)1/2]
bidimensional shape)

R3 Phase-boundary controlled reaction (contracting volume, i.e., 3(1 − α)2/3 [1 − (1 − α)1/3]
tridimensional shape)

F1 First-order (Mampel) (1 − α) − ln(1 − α)

F2 Second-order (1 − α)2 (1 − α)−1 − 1

F3 Third-order (1 − α)3 0.5[(1 − α)−2 − 1]
A2 Avrami-Erofe’ev 2(1 − α)[− ln(1 − α)]1/2 [− ln(1 − α)]1/2

A3 Avrami-Erofe’ev 3(1 − α)[− ln(1 − α)]2/3 [− ln(1 − α)]1/3

A4 Avrami-Erofe’ev 4(1 − α)[− ln(1 − α)]3/4 [− ln(1 − α)]1/4

D1 One-dimensional diffusion 1/2α α2

D2 Two-dimensional diffusion (bidimensional particle shape) 1/[− ln(1 − α)] (1 − α) ln(1 − α) + α

D3 Three-dimensional diffusion (tridimensional particle shape) 3(1 − α)2/3/2[1 − (1 − α)1/3] [1 − (1 − α)1/3]2

Jander equation

D4 Three-dimensional diffusion (tridimensional particle shape) 3/2[(1 − α)−1/3 − 1] (1 − 2α/3) − (1 − α)2/3

Ginstling-Brounshtein

Fig. 5 Plot α = f (tN ) for
theoretical kinetics models of
ethanol adsorption at different
temperatures

sorption onto NaZSM-5 at all the investigated temperatures
can be best described by the kinetic reaction model:

[1 − (1 − α)1/3] = kMt (11)

where kM is kinetic model constant.

The isothermal dependences of 1− (1−α)1/3 vs. adsorp-
tion time are shown in Fig. 6.

Over the whole range of adsorption degree, the de-
pendences 1 − (1 − α)1/3 on the adsorption time are
linear, which confirms that the correct model was se-
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Fig. 6 Isothermal dependances
of 1 − (1 − α)1/3 vs adsorption
time (� 298 K, • 308 K,
� 313 K, � 333 K)

Table 6 Change of model constant of ethanol adsorption rate with
temperature

T (K) kM (min−1) Ea,M (kJ/mol) ln(AM/min−1) R

298 0.053 26.7 ± 0.3 8.90 ± 0.06 0.999

308 0.076

313 0.090

333 0.170

lected for describing the adsorption of ethanol onto zeolite
NaZSM-5.

The values of the kinetic model constant for the rate of
ethanol adsorption at different temperatures are given in Ta-
ble 6.

Since the increase kM with temperature is exponential,
the model parameters (Ea,M and lnAM ) of ethanol adsorp-
tion can be determined by applying the Arrhenius equation.
The obtained results are given in columns 3 and 4 of Ta-
ble 6.

The kinetics model of the adsorption process, which is
validated in this paper, as well as the determined values of
the kinetic parameters and the constants of JMA equation in-
dicate that ethanol adsorption onto NaZSM-5 zeolite is not a
diffusion controlled process, but a process controlled by an
apparent shrinking core, described by the rate of the move-
ment of the interface.

The values of the kinetic parameters obtained by the dif-
ferent methods differ significantly. The maximum values of
the kinetic parameters were obtained on the basis of the ki-
netic reaction model (Ea,M = 26.7 kJ/mol; ln AM = 8.9),
while the minimum values were obtained by applying the
JMA equation (Ea,J = 20.6 kJ/mol; ln AJ = 4.05).

The values of the kinetic parameters obtained by applica-
tion of the initial rate and maximal rate methods were very
similar to one another. This is logical since the initial rate
and maximal rate were practically identical. The other dif-
ferences in the values of the kinetic parameters obtained by
the different methods are the consequence of the limitations
of the considered method at one or several parts (initial, sat-
uration, etc.) of this adsorption process.

The kinetic model of the adsorption process determined
by the “model fitting” procedure is identical with the theo-
retically obtained function of the adsorption process, which
validates the starting point, i.e., the mechanism of ethanol
adsorption on zeolites.

The determined values for Ea, are significantly lower
than those of the enthalpy of ethanol condensation (�Hc =
38.27 kJ/mol) which indicates that the ethanol molecules in
aqueous solution are associated in small groups, i.e., clus-
ters (Brown et al. 1980; Einicke et al. 1988), which are in a
different phase to that of liquid ethanol and the value of Ea

corresponds to the energy required for an ethanol molecule
to be detached from a cluster and adsorbed onto the zeolite.

4 Conclusions

Ethanol adsorption from aqueous solution onto NaZSM-5 is
a kinetically controlled process limited by the rate of three-
dimensional movement of the boundary layer of the adsorp-
tion phase and can be described by the following kinetic
model: [1−(1−α)1/3] = kt . The ethanol molecules in aque-
ous solution are associated in clusters, and the activation en-
ergy for the adsorption process corresponds to the energy
which is required for the detachment of an ethanol molecule
from a cluster and its adsorption onto the zeolite.
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Adnadjević, B.: Review of basic achievements in the development
of zeolite catalysts and novel catalytic processes. In: New Chal-
lenges in Catalysis, pp. 71–94. Serbian Academy of Sciences and
Art, N. Sad (1997)

Adnadjević, B.K., Jovanović, J.D., Gajinov, S.: Effect of different
physicochemical properties of hydrophobic zeolites on the per-
vaporation properties of PDMS-membranes. J. Membr. Sci. 137,
173–179 (1997)

Avrami, M.: Kinetics of phase change I. J. Chem. Phys. 7(12), 1103–
1112 (1939)

Bowen, T.C., Li, S., Noble, R.D., Falcone, J.L.: Driving force for per-
vaporation through zeolite membranes. J. Membr. Sci. 225, 165
(2003)

Bowen, T.C., Noble, R.D., Falcone, J.L.: Fundamentals and applica-
tions of pervaporation through zeolite membranes. J. Membr. Sci.
245, 1–33 (2004)

Brown, M.E., Galwey, A.K.: Arrhenius parameters for solid-state re-
actions from isothermal rate-time curves. Anal. Chem. 61, 1136–
1139 (1989)

Brown, M.E., Dollimore, D., Galwey, A.K.: Reactions in the Solid
State, pp. 71–73. Elsevier (1980)

Carmo, M.J., Gubulin, J.C.: Kinetic and thermodynamic study on ad-
sorption by starchy materials in the ethanol-water system. Braz. J.
Chem. Eng. 14(3), 1–12 (1997)

Day, M., Cooney, J.D., Wiles, D.M.: The thermal stability of poly(aryl-
ether-ether-ketone) as assessed by thermogravimetry. J. Appl.
Polym. Sci. 38, 323 (1989)

Einicke, W.D., Messoe, U., Schöllner, R.: Liquid-phase adsorption of
n-alcohol/water mixtures on zeolite NaZSM-5. J. Colloid Inter-
face Sci. 122, 280 (1988)

Einicke, W.D., Heuchel, M., Szombathely, M.V., Brauner, P., Schöll-
ner, R., Rademacher, O.: Liquid-phase adsorption on binary
ethanol–water mixtures on NaZSM-5 zeolites with different sil-
icon/aluminium ratios. J. Chem. Soc. Faraday Trans. 85(12),
4277–4285 (1989)

Einicke, W.D., Rwschetilowski, W., Heuchel, M., Szombathely, M.V.,
Bräuer, P., Schöllner, R.: Liquid-phase adsorption of binary
ethanol–water mixtures on high-silica adsorbents. J. Chem. Soc.
Faraday Trans. 87(8), 1279–1282 (1991)

Einicke, W.D., Gläser, B., Lippert, R., Heuchel, M.: Liquid-phase ad-
sorption of ethanol–water mixtures on NaZSM-5 zeolite with in-
organic and organic binders. J. Chem. Soc. Faraday Trans. 91(5),
971–974 (1995)

Einicke, W.D., Gläser, B., Schöllner, R.: In-situ recovery of ethanol
from fermentation broth by hydrophobic adsorbents. Acta
Biotechnol. 12(4), 353–358 (2004)

Falamaki, C., Sohrabi, M., Talebi, G.: The kinetics and equilibrium
of ethanol adsorption from aqueous phase using calcinea (Na-
1,6-hexanediol)–ZSM-5. Chem. Eng. Technol. 24(2), 501–506
(2001)

Farhadpour, F.A., Bono, A.: Sorptive separation on ethanol–water mix-
tures with a bi-dispersed hydrophobic molecular sieve, silicate:
determination of the controlling mass transfer mechanism. Chem.
Eng. Process. 35(2), 141–155 (1996)

Flanigen, E.M., Bennett, J.M., Grose, R.W., Cohen, J.P., Patton, R.L.,
Kirchner, R.M.: Silicate a new hydrophobic crystalline silica
molecular sieve. Nature 271, 512–516 (1978)

Johnson, W.A., Mehl, R.F.: Reaction kinetics in process of nucleation
and growth. Trans. AIME 135(8), 416–442 (1939)

Li, S.G., Tuan, V.A., Noble, R.D., Falcone, J.L.: ZSM-11 membranes:
characterization and pervaporation performance. AIChE J. 48,
269 (2002)

Lin, X., Chen, X., Kita, H., Okamoto, K.I.: Synthesis of silicalite to bu-
lan membranes by in situ crystallization. AIChE J. 49, 237 (2003)

Lin, Y.S., Ma, Y.H.: A comparative chromatographic study of liq-
uid adsorption and diffusion in microporous adsorbent. Ind. Eng.
Chem. Res. 28(5), 622–630 (1989)

Luong, J.H.T.: Ethanol production by extraction fermentation. Biotech-
nol. Bioeng. 24, 1565–1579 (1982)

Matsuda, H., Yamagishita, H., Negishi, H., Kitamoto, D., Ikegami, T.,
Haraya, K., Nakane, T., Idemoto, N., Koura, N., Sano, T.: Im-
provement of ethanol selectivity of silicalite membrane in per-
vaporation by silicone rubber coating. J. Membr. Sci. 210, 433
(2002)

Milestone, N.B., Bibby, D.M.: Concentration of alcohol’s by ad-
sorption on silicate. J. Chem. Technol. Biotechnol. 31, 732–736
(1981)

Pitt, W.W., Haag, G.L., Lee, D.D.: Recovery of ethanol from fermenta-
tions broths using selective sorption-desorption. Biotechnol. Bio-
eng. 25, 123–125 (1983)

Robert, W., Campbell, L., Robinson, W., Moo-Young, M.: On-line ex-
traction of ethanol from fermentation broth using hydrophobic ad-
sorbents. Biotechnol. Bioeng. Symp. 13, 617–628 (1983)

Sharp, J.H., Brindley, G.W., Achan, B.N.: Numerical data fore some
commonly used solid state reaction equation. J. Am. Ceram. Soc.
49(7), 379–382 (1966)

Vyazovkin, S., Wight, C.A.: Model-free and model-fitting approaches
to kinetic analysis of isothermal and nonisothermal data. Ther-
mochim. Acta 340–341, 53–68 (1999)


	The kinetics of ethanol adsorption from the aqueous phase  onto zeolite NaZSM-5 
	Abstract
	Introduction
	Materials and methods
	Determination of the specific adsorption capacity of zeolite to ethanol
	Kinetics model of ethanol adsorption at zeolite type NaZSM-5

	Results and discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


