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Abstract

The dehydration performance of zeolite NaA membranes was investigated for the pervaporation (PV) of ethanol/water mixtures. High quality
zeolite NaA membranes were prepared onto the inner-side of a-alumina tubular supports by the secondary growth method with a cross-flow
filtration seeding combined with further semi-continuous hydrothermal syntheses (two cycles). The PV performance of the as-synthesized
membranes was explored at 303-363 K for water compositions 1-60 wt.% and for feed and permeate pressures in the range 07 bar (relative) and
2-70 mbar, respectively. The selectivity was found to show a maximum at a water feed composition in the range 5-10 wt.% and to rise with
temperature. Water and ethanol fluxes were successfully fitted to an adsorption—solution model derived from the Maxwell-Stefan theory, where
ethanol flux is coupled with water flux. The adsorption of water and ethanol on the feed/membrane interface appears to govern the PV performance

of zeolite NaA membranes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Pervaporation (PV) is a membrane separation process that
has gained increasing interest on the part of the chemical
industry as an effective and energy-efficient technology to
carry out separations that are troublesome or difficult to
achieve by conventional means (i.e. distillation, extraction or
adsorption), such as azeotropic and close-boiling liquid
mixture separation, organic solvent dehydration and recovery
of high added-value dilute species from water [1,2]. The
technique is termed ‘‘pervaporation’ because it involves the
permselective ‘‘vaporization” of a liquid mixture (feed)
through a suitable membrane whose downstream pressure is
usually kept under vacuum [2]. Since different species
permeate through the membrane at very different rates, a
substance at low concentration in the liquid feed can be highly
enriched in the vapor permeate. Thus, separation occurs, the
pervaporative efficiency being strongly determined by the
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physicochemical nature of the membrane and by the kind of
feed mixture to be separated.

Polymeric membranes have been widely investigated for PV
membrane-based solvent separations and for reactive separa-
tions (either alone or integrated into hybrid distillation or
extraction processes) [1-6]. However, their practical use has
been limited owing to the insufficiency of their thermal,
mechanical and chemical stability [2]. In order to overcome
these shortcomings and to improve the membrane multipurpose
character, extensive research has been directed in the past
decades towards the development of inorganic membranes with
suitable PV performance [7].

Nevertheless, the potential of using inorganic microporous
materials (e.g., amorphous silica [8,9] and zeolites [7,10]) for
both industrial and laboratory-scale PV applications has only
been realized in recent years. In particular, zeolite membranes
(usually consisting of a polycrystalline zeolitic layer grown on
porous flat or tubular supports) have attracted widespread
attention, because they take advantage of the unique properties
of zeolites (e.g., highly crystalline ordered structure, molecular-
sized pores, thermal stability and resistance to harsh environ-
ments, to swelling and to microbiological attack) in a film-like
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Nomenclature
a Activity
A, B Parameters in the Antoine Eq. for vapor satura-

AS
ASff

DS
S

S,
S

DiV

By (0)

ES

R

tion pressure (A K", B

Pre-exponential factor of MS surface diffusivity
m*s™']

Effective pre-exponential factor of MS surface
diffusivity according to Eq. (17) [m*s ']
Fickian surface diffusivity [m2 sfl]
Counter-exchange MS diffusivity between the
adsorbed species i and j [m2 sfl]

MS surface diffusivity of the adsorbed species i
[m*s™']

MS surface diffusivity of the adsorbed species i at
Zero coverage [m2 sfl]

Activation energy of the MS surface diffusivity
[kJ mol ']

Effective activation energy defined according to
Eq. (16) [kJ mol ']

Molecular weight [kg mol ']

Surface flux [kg m~? sfl]

Partial pressure [Pa]

Saturation vapor pressure [Pa]

Feed (retentate) relative pressure [Pa]

Permeate vapor pressure [Pa]

Molar loading [mol kg~ ']

Molar saturation loading [mol kg™']
Permeability [kgm ' h™']

Gas constant [8.314 Pa m> mol ! K4
Temperature [K]

Reference temperature (mean value of experi-
mental temperatures) [K]

Molar fraction in the liquid feed

Weight fraction in the liquid feed

Molar fraction in the vapor permeate

Weight fraction in the vapor permeate

Greek symbols

Qw/E

AH
AS°

S eR R SN

<

V

Selectivity of the membrane towards the separa-
tion of water

Enthalpy of adsorption [kJ mol ']

Entropy of adsorption [J mol ' K™']

Activity coefficient

Adsorption constant [Pafl]

Thickness of the zeolite layer [m]

Chemical potential [J mol ']

Density of zeolite NaA [1900 kg m_3]

Surface coverage

Thermodynamic factors between species i and j
according to Eq. (2)

Nabla operator [mfl]

Subscripts/superscripts

E
L

Ethanol
Liquid feed (retentate) of the membrane module
in the PV experiments

v Vapor permeate of the membrane module in the
PV experiments

v Vacant sites

W Water

configuration [7]. These attributes make zeolite membranes
attractive alternatives for separating mixtures whose compo-
nents display adsorption or size differences, but are difficult to
perform using either polymeric membranes or other conven-
tional separation techniques. Among the great number of
zeolite membranes reported in the literature (more than 14
[10]), those containing high Al/Si ratios (i.e. zeolite NaA [11—
16], mordenite [17,18] and zeolites NaX and NaY [19,20]) have
often been the target of the investigations, because they show a
high capacity for the PV dehydration of organic liquid mixtures
(e.g., short and long-chain alcohols, DMF, THF, . . .). Currently,
commercial PV units based on zeolite NaA membranes are used
at an industrial level and are routinely able to dehydrate a
variety of solvents [21].

Despite the great number of studies focusing on zeolite
membrane preparation and PV performance, hardly any
accurate description of the mass transfer through these
membranes in the PV process has been proposed in the
literature. Modeling the PV process is something relevant not
only for a proper understanding of the mechanisms involved,
but also for the design of PV modules. On the contrary, several
models have been presented for polymeric membranes [22].
The first approach to describe the PV process [3] assumed the
existence of two phases inside the membrane, namely, a
“solution phase” next to the feed/membrane interface and a
“vapor phase” on the other side, so that the permeating
molecules experienced their main resistance to permeation only
in the vapor phase.

More generally and phenomenologically, the PV process
through polymeric membranes is often described by the
solution—diffusion model [3,23], which concerns three succes-
sive steps: (1) selective solution of the species in the liquid
mixture at the feed/membrane interface, (2) diffusion through
the membrane and (3) desorption at the membrane/permeate
interface. The diffusion process (2) is usually accounted for by
Fick’s First Law with concentration-dependent diffusivities
[22]. Recently, Bowen et al. [24] and Ortiz et al. [25]
successfully applied the solution—diffusion model, respectively,
for the description of the PV performance of highly
hydrophobic Ge-ZSM-5 zeolite membranes (germanium
substituted, MFI structure) and for the dehydration of ketonic
and THF mixtures (water content 1-8 wt.%) with zeolite NaA
membranes. While the former described the diffusion process
with constant fickian diffusivities, the latter used an empirically
improved version of that model by taking into account a
decreasing exponential dependency on the surface coverage or
fraction of the occupied centers on the adsorbent. However, this
model fails to predict the PV performance of zeolite
membranes for liquid mixtures with high water content [16].
It is well known that at low temperature, mass transfer through
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zeolite pores occurs by surface diffusion through an adsorp-
tion—diffusion mechanism [16,26], that is, adsorbed molecules
diffuse along the surface of zeolite pores by jumping from site
to site, given by the chemical potential gradient within the
pores. The dehydration of organic solvents by hydrophilic
zeolite membranes usually takes place on the grounds of
adsorption differences between water and the solvent [10].

In an attempt to provide an insight into the mechanisms that
govern the PV process, the present paper is devoted to
describing the dehydration performance a zeolite NaA
membrane prepared in our laboratory with high selectivity
and water flux towards the separation of ethanol/water
mixtures. To this end, the generalized Maxwell-Stefan theory
(GMS), traditionally applied for the description of gas
permeation through MFI zeolite membranes, has been extended
to PV to account for the selective water removal shown by
hydrophilic zeolite membranes.

2. Experimental
2.1. Membrane synthesis

The membrane used in this study consisted of a continuous
active layer (thickness: ~30 wm) of randomly oriented and
intergrown zeolite NaA crystals located in the inner surface of a
porous tubular a-alumina support (Inocermic, Hermosdorf,
Germany). Both ends of the support (7 mmi.d. and 10 mm o.d.)
were subjected to enameling to define a permeation length of
~5 cm (inner surface: 1.25 x 1073 mz). The zeolite NaA layer
was grown by seeded hydrothermal synthesis (secondary-
growth method). The inner surface of the support was first
coated with A-type zeolite crystals (2 wm) supplied by
Industrias Quimicas del Ebro (IQE, Zaragoza, Spain) by
means of a cross-flow filtration technique. Subsequently,
crystallization was carried out in two cycles using a semi-
continuous system at 363-373 K for periods of 5h with a
milky-like gel enriched with Al nutrient. A fixed volume of the
gel (6.3 mL) was refreshed from a preheated reservoir kept at
5-10 bar with dry N, by the action of a set of electro-pneumatic
valves at a renewal rate of 1/7 min~'. The membrane displayed
low N, permeation (1.58 x 10" molm 25! Pafl) and a
good PV performance for the separation of a 92:8 wt.% ethanol/
water mixture at 323 K and with a permeate pressure kept
<2 mbar (selectivity towards water: 700, total flux:
0.48kgm *h™'). Relevant data concerning both seeding
and synthesis processes are summarized in Table 1. For further
details see Pera-Titus et al. [11,27].

2.2. PV experiments

A set of steady-state PV experiments with ethanol/water
mixtures was performed by means of a conventional laboratory-
scale PV plant. The details of the experimental set-up are
described elsewhere [11]. The PV experiments were carried out
by pumping (300 mL min~") the ethanol/water liquid mixtures
contained in the feed tank through the PV membrane module
(inside of the tube) placed in a temperature-controlled oil bath

Table 1
List of seeding and synthesis conditions for zeolite NaA membrane preparation
Seeding
Technique Cross-flow filtration
Support a-Alumina
Mean pore size (um) 1.9
Porosity 0.16
Mean crystal size (pm) 2
Concentration in suspension (ppm) 20
pH 10
Transmembrane pressure (bar) 1
Feed flow rate (L min~") 5.5

Hydrothermal sintesis

Technique Semi-continuous

Gel composition (molar) (Al,05:Si0,:Na,0:H,0) 1.0:1.8:3.9:270
Temperature (K) 363-373
Synthesis time (h) 5

Number of cycles 2

Renewal rate (min~") 1/7

and recirculated to the feed tank. The retentate temperature and
pressure were monitored, respectively, by a thermocouple
(£1 K) and a manometer (£0.1 bar). Samples were taken at the
feed inlet and retentate outlet of the membrane module by two
needle valves.

The permeate pressure was measured using a digital vacuum
gauge (40.5 mbar) (Schlee Gmbh & Co. V-D3, Witten,
Germany) installed in the line connecting the PV module
and the condenser. The condenser consisted of a set of cold
traps cooled with liquid nitrogen and located among the
membrane module and the oil vacuum pump (Telstar, Sabadell,
Spain). Two cold traps were set in parallel allowing the
experiments to be carried out in continuous mode and in series
with an additional cold trap to prevent the oil pump from
succumbing to any vapor contamination. Both the feed and the
collected liquid were analyzed in a gas chromatograph (HP
6890 series equipped with a TCD detector, USA). The
selectivity of the membrane was calculated as the ratio of
the weight fractions of water and ethanol in the permeate side to
that in the feed (i.e aw/r = (Yw/Ye/(Xw/Xg)). The final values
given correspond to the mean of two to six replicates measured
after at least 4h of stabilization. A summary of the
experimental conditions surveyed in this study is given in
Table 2.

For all the experiments involving higher temperatures
(363 K) and higher water concentrations (10-60 wt.%), the flux
permeated was <3% of the retentate flow because of the low

Table 2

Experimental conditions for PV experiments with ethanol/water mixtures
Feed flow (mL min™") 300
Water composition (wt.%) 1-60
Temperature (K) 303-363
Relative feed pressure (bar) 0-7
Permeate vapor pressure (mbar) 1-70
Stabilization time (h) 24
Experimental time (h) 1-3
Number of replicates 2-6
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membrane area used (1.26 x 10~ m?). The composition of the
feed and retentate were also measured several times to verify
constancy in composition. Moreover, previous experiments
were conducted at different flow rates to ascertain the presence
of either radial or axial gradients in the membrane tube.

3. Theory

3.1. Mass transfer through a composite zeolite membrane:
adsorption—diffusion model

Fig. 1 shows a schematic representation of the PV process in
a zeolite NaA membrane. The membrane is visualized as a
system where a liquid mixture is put into contact with a zeolite
thin layer grown onto a much thicker porous support. If both the
feed (retentate) and the permeate volumes are considered to be
well mixed, the mass transfer must be wholly ascribed to the

Zeolite NaA
single crystal

INTRACRYSTALLINE
PATHWAYS

Zeolite NaA
single crystal

membrane (zeolite layer + support). Moreover, mass transfer
within the zeolite layer seems to be rate limiting, that is, the
support (mass transfer governed by a Knudsen diffusion
mechanism [28]) does not offer much resistance to the overall
mass transfer through the whole membrane. In the present
study, we found that the pressures at the membrane/support
interface are only slightly higher (up to 10%) than those of the
bulk vapor permeate. This point implies support resistances up
to 5% of the overall.

Furthermore, according to Nomura et al. [26], on the
grounds of its polycrystalline nature, the zeolite layer is viewed
as an assembly of zeolite grains (see Fig. 1) that might include
two different kinds of pores: (1) intracrystalline or zeolite pores
and (2) intercrystalline or non-zeolite pores. The former consist
of subnanometric pores (mean pore size <1 nm) defined by the
zeolitic crystalline lattice, while the latter might be regarded as
grain boundaries in the borderline defined between two

o  Water molecule

@  Ethanol molecule

""""" Intracrystalline pathways

Intercrystalline pathways

\

Zeolite NaA
single crystal

wWelm Elelmte)

® VWO O

INTERCRYSTALLINE
PATHWAYS

Fig. 1. Schematic representation of the intracrystalline and intercrystalline pathways for mass transfer in the zeolite layer.
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adjacent zeolite single crystals. Both pores might involve
different pathways for mass transfer owing to their different
structure. In the present study, evidence for the presence of non-
zeolitic pores was found from a SF¢ permeation experiment
(permance: 8.35 x 107 mol m~2 s! Pa~!; N,/SFq selectiv-
ity: 1.89). Since SF¢ has a kinetic diameter of 0.55 nm, a
number of non-zeolite pores with a mean pore size higher than
this value must be present in the zeolite layer. In this work, we
use a set of equations to model the zeolite pores without
distinction between intracrystalline or intercrystalline pores.
Therefore, the calculated model parameters, deduced from the
experimental data, will be affected by the relative amount of
intercrystalline pores.

3.2. Mass transfer in the zeolite layer

3.2.1. Generalized Maxwell-Stefan theory

The generalized Maxwell-Stefan theory (GMS) earlier
developed and reviewed by Krishna and Wesseling [28,29] and
Van den Broeke and Krishna [30] provides an adequate basis for
the description of multicomponent mass transfer of adsorbed
species in subnanometric microporous materials (mean pore
size <1 nm) (e.g., zeolites) when surface diffusion along the
surface within the adsorbent pores is the rate limiting process.
In the last few years, the Maxwell-Stefan formulation has
revealed as a convenient and amenable way to interpret and
simulate the permeation performance of hydrocarbons through
MFI membranes [31-34].

Since the size of the permeating molecules are of the same
order as that of the micropores, the GMS theory conventionally
assumes that movement of a species is caused by a driving force
which is balanced by the friction experienced from each other
and its surroundings [28]. Taking the gradient of chemical
potential for each species i, —\/.;, as the driving force and
treating vacancy sites as active species, the general form of the
GMS equations applied to surface diffusion is given by Eq. (1).

0; ¢ O;N> — O:NS NS
——VT,lLi: Z ej(j Sj) i < i,
RT i~ P pdm, iP5 Ppam,Piy
JFi
j=12,...,C (D

The first term on the right-hand side in Eq. (1) reflects the
friction exerted between adsorbed molecules, while the second
one represents the friction between a molecule and the pore
wall. Both interactions can be modeled, respectively, by means
of MS counterexchange diffusivities,Df‘j and MS surface
diffusivities, B[SV. For zeolite topologies with high connectivity
(e.g. LTA), the counterexchange coefficient D;; can be expected
to be high (i.e. B;; — oc), which implies that the mobility of
adsorbed species i is not expected to contribute to the mobility
of j [28,35]. For this particular situation, the first term on the
right-hand in Eq. (1) vanishes. It should be noted that the MS
formalism involves the use of MS diffusivities instead of fickian
diffusivities, because surface fluxes are related to chemical
potential gradients instead of partial pressure gradients. Surface

diffusion in microporous materials constitutes a temperature-
activated process that takes place by a sequence of jumps
between nearby regions of low potential energy or sites
[28,36,37].

On the other hand, the chemical potential gradient can be
related to the gradient of surface coverage by a matrix of
thermodynamic factors, I7; [28,35]

0; -
HVM = ;FUVQ,- where

_, 0lnp;
Y0

ij=1,2,...,C )

The form of the thermodynamic factors is determined by the
form of the multicomponent adsorption isotherm chosen to
relate the surface coverage, 6;, to the partial pressure. In this
study, the extended Langmuir isotherm was used (Eq. (3))

4 Kip;
= - c
ami 1+, Kjp;

3)

The extended Langmuir isotherm constitutes the simplest
mathematical function to account for multicomponent adsorp-
tion, which only shows thermodynamic consistency if the
adsorbing species have the same molar saturation loading, gy ;
[38]. However, other models based on the ideal adsorbed
solution theory (IAST) developed by Myers and Prausnitz [38]
and further modifications such as the real adsorbed solution
theory (RAST) [39] and the predictive real adsorbed solution
theory (PRAST) [40] might be more adequate to describe
multicomponent adsorption equilibrium. In this way, Kapteijn
etal. [41] derived expressions to account for the performance of
silicalite-1 membranes towards the separation of hydrocarbons
with different molar saturation loadings by combining the
Maxwell-Stefan diffusion model with the IAST model.

Furthermore, MS surface diffusivities can be reduced due to
the interactions between adsorbed species in the solid [28]. If
one molecule can only migrate from one site to another one as
long as the latter is vacant and if the extended Langmuir
isotherm is adopted, MS surface diffusivities adopt the form
given by Eq. (4) [37]

By (6v) = By (0)fy @

MS surface diffusivities at zero coverage, B3, (0) are
assumed to be temperature-dependent according to the
Arrhenius equation, that is:

S S E}
Dy (0) = 4; exp(—ﬁ), 5)
where the activation energy of each species, Ef‘, is related to the
energy barrier the aforementioned species has to overcome to
jump from one site to another that is vacant in its neighborhood.

3.2.2. Application of GMS theory to PV of ethanol/water
mixtures

Eq. (1) can be applied to describe the steady-state PV per-
formance of zeolite NaA membranes towards the dehydration
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of ethanol together with the extended Langmuir isotherm to
account for binary adsorption equilibrium (adsorption—diffu-
sion model). Although the thermodynamic requirement of
equal molar saturation loadings for each adsorbing species is
not actually satisfied for this system (15.0 molkg™' versus
4.5mol kg~' for water and ethanol, respectively [15]), a
constant saturation loading has been assumed along this study
(i-e. gmw = gm.E = gm, With mean value ~10 mol kgfl) for
competitive adsorption of water and ethanol. In this case, this
assumption tends to overestimate the ethanol loading and
underestimate the water loading and, consequently, will tend to
underestimate the ethanol diffusivity and overestimate the
water diffusivity. However, these drawbacks are in some
measure compensated by the mathematical simplicity and the
successful of the model in predicting the PV process.
Furthermore, the extended Langmuir analysis does not allow
for the complete or partial exclusion of the entropically less
favored species (ethanol in this case) that can occur at high
loadings according to Krishna [42]. However, a more proper
description involving the Adsorbed Solution Theory along the
same lines as outlined by Kapteijn et al. [41] might provide a
more elaborated description of the binary diffusion process in
the special case where different molar saturation loadings are
taken into account.

Furthermore, under the additional assumptions that (1) mass
transfer of water and ethanol through a zeolite NaA layer (both
through zeolite and non-zeolite pores) is the rate limiting step,
(2) the process occurs under the assumption that D;; — oo, (3)
surface diffusion takes place preferentially between a- rather
than B-cages because of the hindering effect of the latter [43]
(the kinetic diameters of water and ethanol, 0.26 and 0.52 nm
[16], respectively, are of the same order as the window openings
between a-cages, 0.41 nm [41]) and (4) water is preferentially
adsorbed in the zeolite cavities compared to ethanol (i.e.
0w > 0 or Kway, > Kgag) on the grounds of the hydrophilic
character of zeolite NaA, Eq. (1) is transformed into Eqs. (6)
and (7) for both water and ethanol, respectively

Ny, = —psquMwB5, (0)Voy (6)

N§ = —panMeP(0){(1 — 6w) Ve + 0 Vo ) )

It should be noted that the form of Eq. (6) indicates that water
might permate according to a pseudo-fickian process. More-
over, assuming that mass transfer only takes place along the Z-
direction perpendicular to the membrane plane and that pores
are non-tortuous under the boundary conditions:

Z=0,0w =0wy,0g =0gL

Z=1,0w = 6wy, =0gy,

the set of Egs. (6) and (7) admits an analytical solution
through the convenient definition of non-dimensional water
and ethanol surface fluxes, (N§,)" = N4/ psguMwD3 (0) and
(N3)" = N3¢/ psauMePs (0), respectively. The final equations

for surface fluxes correspond to Egs. (8) and (9)

MwbS.(0
NS, = 'OSquYVW() (Owr —Ow,y) (®)
MeP3(0
NS = pmf;ﬁ() (1 — Ows) (Oer — )
MgD3(0) S
+ —————6p LNy, ©)
MyDy(0) W

while the selectivity towards water separation becomes Eq. (10)

Xg Nw
Xw Ng
_ Xg My by, (0) (Owr — Ow.y)

- Xw Mg B3(0) [Oe (1 —Ow,y) — Opy(1 —6wp)

dw/E =

(10)

It should be stressed that the set of Egs. (8) and (9) is
identical to the one that might be obtained from the analytical
general solution found by Krishna and Baur [44] for a binary
system under the same assumptions. Regarding the form of
both equations, while water surface flux is only conjugated to
its own driving force (surface coverage gradient), ethanol flux
appears to be also coupled to water surface flux (second term on
the right-hand side). In addition, water and ethanol surface
coverages at both feed/and permeate/membrane surfaces can be
translated into partial pressures using the extended Langmuir
isotherm, where partial pressures at the former surface is
assumed to be at equilibrium with the liquid mixture according
to Egs. (11) and (12)

pwi = ywwr, T)xw Py = awLPy (11)

peL = ve(xeL, T)xgLPE = ap L Py (12)

where the activity coefficients, y;, can be estimated by the
UNIFAC method [45]. Eventually, Egs. (8) and (9) become
Egs. (13) and (14) to describe the adsorption—diffusion process

NS — psauMwbiy, (0) K3, PY,
W Y4
» ( awL B pW,V/PQV ) (13)
I+ Kyaw Py 1+Kypwy
NS — psquMEDE(0)
E — #
1+ K§ y ap 1Py Kppae Py PEy
1 + K aw Py 1+ Kyaw Py 1+ stl’w,v
Kiap 1 Py, MebPE(0) | (14)

(1 + Ky awLPYy) Myby, (0) V'

The mathematical form of Eq. (13) allows the definition of a
water permeability, Q%v, which can include three major
contributions to water mass transfer in the PV process: (1)
MS surface diffusivity of water at zero coverage, (2) water
adsorption constant and (3) saturation vapor pressure of water,
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that is:

0%, = psamMwBy, (0)KS,PY, (15)

Since all these contributions to water permeability are tem-
perature-dependent, it can be wholly regarded as an activated
process according to Eq. (16)

_E\SV ff
0% = Pt B (03P = A% oo 2 ). (16

where Ej, . and A}, g are considered, respectively, as an
effective activation energy and pre-exponential factor. Accord-
ing to Eq. (15), both parameters might include three contribu-
tions as it is outlined in Egs. (17) and (18)

Ey o = Eyy + AHY, + RA (17)

Ay et = PsAMwARWKS, (Trer)exp(B), (18)

where parameters A and B belong to the Antoine Equation
(In(PY,) = B— A/T), which accounts for the evolution of
saturation vapor pressure with the temperature. For water in
the temperature range 293-363K, A=5300K ' and
B =20.95.

3.3. Fitting of experimental data to the adsorption—
solution model

Table 3 lists the relevant membrane parameters used in
Egs. (13) and (14) for the prediction of water and ethanol
surface fluxes. A least-square non-linear optimization method,
based on the Levenberg—Marquardt algorithm, was used to
adjust the kinetic parameters of the model by the comparison of
predicted and experimental water and ethanol surface fluxes. In
the fitting process, MS surface diffusivities and adsorption
constants were expressed according to Eqs. (19) and (20)

—ES (1 1 \].
Di(o)(T):Di(O)(Tref)exp{ R (T_T—f>:|l:W,E
19
—AH? (1 1
Ki(T) Ki(Tref)exp{ R : (;m)] (20)

The fitting process was done in two subsequent steps. Firstly,
water parameters were adjusted by fitting experimental water
fluxes to Eq. (13). Subsequently, ethanol parameters were
adjusted by fitting experimental ethanol fluxes to Eq. (14).

Table 3

Membrane parameters used for the modeling

Density of zeolite NaA (kg m ) 1900

Molar saturation loading (mol kg’]) 10"
Thickness of the zeolite layer (pm) ~30""
Inner surface area of the layer (m?) 126 x 1073

" Mean value between those of water and ethanol.
™ Determined by S.E.M.

4. Results and discussion

4.1. General trends for total flux and selectivity towards
water separation

4.1.1. Effect of feed (retentate) pressure

The effect of feed (retentate) relative pressure in the range
0-7 bar on the total flux and selectivity towards water
separation by PV from an ethanol/water mixture (92:8 wt.%)
at 323 K and for a vapor permeate pressure kept <2 mbar is
depicted in Fig. 2. As can be seen, while the total flux tends to
rise slightly with feed relative pressure, water/ethanol
selectivity shows a quite dramatic reduction. Although the
membrane shows high quality towards water dehydration, these
trends confirm the presence of a reduced number of large non-
zeolite pores in the zeolite layer, which might correspond to
cracks or pinholes. In fact, the study of the functional
dependence of the total flux and selectivity of a composite
zeolite membrane with feed relative pressure might provide
valuable data for the quantification and characterization of non-
zeolite pores. In this way, a greater dependence of both
properties on the feed relative pressure might reveal a higher
number or the presence of larger non-zeolite pores.

It should be emphasized that non-zeolite pores, especially the
largest ones, might contribute to the PV performance of the
membrane even at very low feed relative pressures, because the
permeate vapor is kept at <2 mbar in most of the experiments and
a net pressure driving force (at least ~1 bar) exists within the
membrane. However, to reduce their contribution, most of the
experiments were carried out at a low feed relative pressure
(0.6 bar), but higher than atmospheric pressure to prevent the
liquid feed from vaporization at higher temperatures (i.e. 363 K).

4.1.2. Effect of feed composition
Fig. 3 shows the effect of the feed composition and
temperature on the total flux and selectivity towards water
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Fig. 2. Evolution of the total flux and selectivity with the feed pressure
(relative) for the PV separation of ethanol/water mixtures by the membrane
prepared. Experimental conditions: Xp,0 ~ 8.4-9.0 wt.%; T=323K; P, = 1-
2 mbar. Standard deviation <5% for total flux and <10% for selectivity. Open
cycles and squares refer, respectively, to the total flux and selectivity of the
membrane.
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separation from ethanol/water mixtures. The total flux is
observed to increase with water fraction for all the temperatures
under study (see Fig. 3a). At low water fractions (<8-10 wt.%),
the total flux tends to show a linear increase with the water
fraction, while at water fractions beyond the 20-30 wt.% this
flux tends to a constant asymptotic values. These observations
could be ascribed to the great affinity for water that zeolite NaA
shows owing to its marked hydrophilic character. Thus, the
zeolite active layer might preferentially adsorb water over
ethanol and as a result, water flux through the membrane might
remain high and constant for high water fractions. On the other
hand, the decrease in total flux observed at water fractions
<8-10% could be related to the decrease in the water driving
force according to Eq. (13).

In fact, the trend depicted in Fig. 3a is similar to the form of
the Langmuirian adsorption isotherm for water [15], which
actually relates surface coverage with partial pressure at
equilibrium with the solid. This analogy might imply a relevant
contribution of water adsorption equilibrium at the liquid feed/
membrane surface on the actual PV performance of the
membrane in the way outlined by Eq. (13).

On the other hand, Fig. 3b shows the effect of feed
composition on the selectivity of the membrane for the
temperature range under study. As can be seen, the selectivity

tends to show a maximum with the water fraction in the range
5-10 wt.% in agreement with the results reported by Okamoto
et al. [15], with values up to 1400 £ 70 at 363 K for the present
study. Such high selectivities reflect the great contribution of
zeolite pores to discrimination between water and ethanol
molecules. However, according to the trends for total flux and
selectivity outlined in Fig. 2, the contribution of non-zeolite
domains to total mass transfer cannot be ruled out.

The presence of a maximum in the plot of selectivity with
feed composition might be explained according to the definition
of selectivity (see Section 2.2). For water fractions <10 wt.%,
water and ethanol fluxes show a dramatic rise with the feed
composition, which implies a rise of selectivity values.
Otherwise, beyond water fractions of 10 wt.%, water and
ethanol fluxes tend to show steady values, which involves the
reduction of selectivity with water fraction according to the
function [(1 — Xw)/Xw].

4.1.3. Effect of temperature

Fig. 4 shows the effect of temperature on the water flux and
selectivity of the membrane for different feed compositions. As
can be seen in Fig. 4a, water flux shows values up to
2.50 £0.10 kg m2h~! at 363 K, which are somewhat lower
than those reported in the literature [15,16] and tends to rise
with temperature according to an Arrhenius plot, which reveals
the activated nature of the permeation process through zeolite
crystals. Therefore, Knudsen diffusion, often observed for gas
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Fig. 4. Evolution of (a) total flux and (b) selectivity with temperature. Experi-
mental conditions: Xu,0 ~ 2.5-59 wt.%, P, = 1 mbar, P;=0.6 bar (relative).
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permeation through zeolite A crystals, might be ruled out as the
dominating mass transfer mechanism in the current membrane,
since a decrease with 7~ 2 should be expected [28].

The effective activation energy for water flux, EY, ..
computed in this study for the system ethanol/water lies in the
range 41-43 kJ mol ' for feed water fractions varying from
2.5-59 wt.%, which is of the same order as that reported by
Shah et al. [16], 51-52kJ mol !, for feed water fractions
varying from 10-100 wt.% and 35kJ mol ' reported by
Okamoto et al. [15] for feed water fractions of 10 wt.%. This
result reflects that once water molecules enter the zeolitic
structure, they diffuse in the usual manner with the same
activation energy. Although the effective activation energy
remains practically invariable for the range of feed water
fractions studied, it should be noted that the intercept of the
lines with the ordinate axis at low feed water fractions
(i.e. 2.5 wt.%) tends to be lower than that found in the range
8.5-59.0 wt.%. This observation might be ascribed to the
dramatic reduction of water activity in the feed, thus causing a
reduction of water driving force and therefore a lowering of the
water flux.

On the other hand, the selectivity of the membrane towards
water separation also tends to rise with temperature in the range
303-363 K (see Fig. 4b), namely better separations can be
achieved at higher temperatures. In fact, this trend is opposite to
that reported by Okamoto et al. [15] for the separation of
ethanol/water mixtures by PV and by Van den Graaf et al. [31]
for gas separation by MFI zeolite membranes. The discrepancy
between these trends might be ascribed to the presence of a
reduced number of non-zeolite domains in the zeolite layer
prepared in this work. A temperature rise might enhance water
transfer through the zeolite layer, thus compensating for the
effect of ethanol transfer through non-zeolite pores and giving
rise to a global increase of the selectivity of the membrane.

4.1.4. Trend of permeate composition with feed
composition (Yy—Xyw curve)

Fig. 5 shows the evolution of the feed water fraction on the
composition of the vapor permeate composition (Yw—Xw

curve) for the temperature range under study. As can be seen,
because water/ethanol selectivities are very high, the
permeate is enriched with water. It should be mentioned
that the composition of the permeates was >90 wt.% for feed
water fractions <2—4 wt.%. The membrane is more enriched
in water at higher temperatures, in agreement with the
positive effect exerted by temperature to selectivity indicated
in Fig. 4b.

4.2. Description of the PV performance in zeolite
membranes

4.2.1. Correlations for surface fluxes and selectivity

In Fig. 6a and b both experimental water and ethanol surface
fluxes obtained in the conditions indicated in Table 3 are
compared to fluxes adjusted to Eqgs. (13) and (14). In both cases,
excellent fits are obtained, thus revealing that the MS
formulation (adsorption—diffusion model) seems to provide a
good basis for the description of the PV process for the
separation of ethanol/water mixtures with zeolite NaA
membranes. Moreover, experimental selectivities also agree
fairly well with those predicted by the model (see Fig. 6¢). The
values for the parameters fitted and the statistics of the fits are
summarized in Tables 4 and 5, respectively.

On the other hand, experimental and fitted trends for both
water and ethanol fluxes with feed composition are depicted,
respectively, in Fig. 7a and b. As can be seen, the trend for
experimental water flux resembles that of the total flux (see
Fig. 3a) owing to the high selectivities towards water separation
that these membranes show. Water flux does not appear to be
altered by the presence of ethanol, except for low water
activities. However, the ethanol flux is strongly reduced by the
presence of water in the liquid feed. This latter trend could be
ascribed to the reduction of selectivity with the feed
composition for water fractions higher than 10 wt.%. The set
of Egs. (13) and (14) reproduce successfully the trends outlined
in Fig. 7a and b, which confirms the important role of water
adsorption on the zeolite layer in the PV process, that is, the
separation behavior of the membrane seems to be governed by
differences in adsorption.

4.2.2. Fitting the trend of water flux with permeate
pressure

Fig. 8 shows the experimental and fitted trends for water flux
with the vapor permeate vacuum pressure. As can be seen,
water flux is affected by the vapor permeate pressure, being it
reduced with a rise of the permeate vapor pressure. This trend
seems to be fairly well described by the Maxwell-Stefan
approach. In this way, permeate pressure kept under vacuum
might allow the removal of adsorbed molecules on the
permeate/membrane interface, thus allowing the presence of
a surface coverage gradient within the membrane and therefore
mass transfer. The surface coverage at this surface might
increase with a rise of the vapor permeate pressure, thus
reducing the surface coverage driving force within the
membrane and consequently reducing dramatically the total
flux through the membrane.
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Fig. 6. Comparison between experimental and fitted trends for (a) water flux, (b) ethanol flux and (c) selectivity towards water separation. Experimental conditions in

Table 2.

4.2.3. Adsorption—diffusion versus Solution—diffusion
model

Fig. 9 shows the trends for water and ethanol fluxes with the
driving force Ap; = a; P{ — p;, used for in the solution—
diffusion model at 363 K. As can be seen, the solution—
diffusion model fails to predict the PV behavior of zeolite NaA
membranes, because the experimental fluxes do not show a
linear trend with the pressure driving force. It should be
mentioned that water fluxes show a linear trend with its driving

Table 4
Parameters fitted in the PV model

force for values comprised between 0 and 30,000 Pa (water
fractions in the range 0-8.5 wt.%), but beyond this 30,000 Pa,
important deviations from the linear trend are observed.
Moreover, the ethanol flux is far to be predicted by the solution—
diffusion model, because no linear trends are observed, even for
low values of its driving force. Consequently, despite its
simplicity and in contrast to the adsorption—diffusion model,
this model does not provide a good approach for the description
of mass transfer through zeolite membranes.

4.2.4. Discussion

The Maxwell-Stefan approach appears to constitute an
excellent basis to account for the PV process of ethanol/water
mixtures through inner-side zeolite NaA membranes prepared
in our laboratory. A comparison between the fitted values

Sum of squares (SQ)

[kgm™>h™')]

Coeffficient
correlation (r2)

Species Parameter Adjusted value”
Water AHY, [kJ mol™'] —43+6
K3 (Teer) [Pa™'] (1.04 +£0.32) x 1074
EY, [kJ mol™'] 35+5
DS, (0)(T, 25! 297 +040) x 10°'"  Table 5
W ref) [Il’l N ] ( . B ) X
Results of the fits
Ethanol AHY [kJ mol '] —37+38 -
K$(Twer) [Pa ] (117 £037) x 10°° Species
ES [kJ mol '] 246
DS (0)(Trer) [m? 57" (117 £031) x 1072 Water
Ethanol

" Determined for a confidence interval of 95%.

6.11 x 1072

1.06 x 10~*

0.9976
0.9886
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Fig. 7. Evolution of (a) water flux and (b) ethanol flux with feed composition.
Dashed lines refer to the fittings to the adsorption—diffusion model. Experi-
mental conditions in Table 2.

obtained for the parameters of the model with literature data is
shown in Table 6. Firstly, the computed value for the adsorption
enthalpy of water, —43.1 + 6 kJ mol ', is of the same order as
that found by most of the researchers. Moreover, the adsorption
constant for water at T,er (333 K), (1.04 + 0.32) x 1074, is one
order of magnitude lower than that reported by Zhu et al. [47]
from the unary adsorption isotherm of water on zeolite
NaA crystals. The lower value found in this work might be

0.50
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Fig. 8. Evolution of the water flux with the permeate pressure. Experimental
conditions: Xp,0 ~ 8.4-9.0 wt.%; T =323 K; Py=0.4 mbar (relative). The
dashed line refers to the fitting to the adsorption—diffusion model.

aP%-py [Pa)

Fig. 9. Trends for water and ethanol fluxes with the driving force
Ap;=a; . PY — Piy- It can be seen that the solution—diffusion model fails to
predict the PV performance of the zeolite NaA prepared.

ascribed to the contribution of non-zeolite pores, which might
involve less adsorption strength of water than zeolite pores. In
addition, the adsorption constant for water at 7. is one order of
magnitude higher than that of ethanol ((1.04 &+ 0.32) x
10~* Pa~ ! versus (1.20 £ 0.37) x 1073 Pa_l), thus confirming
the simplification Oy > 6g made in the derivation of Egs. (13)
and (14). Regarding the values of the activation energy and
enthalpy of adsorption for water, the computed value of its
effective activation energy is +36 kJ mol ', which is in fairly
good agreement with the value determined from the slopes of
the lines in Fig. 4a.

Diffusivity values for both water and ethanol at zero
coverage show wvalues of (2.97 £0.37) x 107" and
(1.15+£0.29) x 1072 m?s7 !, respectively (see Table 6).
The former is in quite good agreement with the value reported
by Shah et al. [16], 3.0-5.0 x 10~ m? s™', computed from the
PV of pure water through a commercial zeolite NaA membrane
and by Paoli et al. [48], who found a value ~107°-107 10 m? 57!
from their studies by the QENS technique. The diffusivity of
ethanol at zero coverage is one order of magnitude lower than
that of water. This result is consistent with the differences in the
kinetic diameter of both molecules.

Table 6
Energetic and diffusion parameters of water in zeolite NaA
Parameter Value References
AHS$, [kJ mol™'] —61 to —46* [47]
—56 [46]
—43 This study
Ky [Pa™!] 472 x 107°° [47]
E}, kI mol™'] 58 [47]
DY, (0) [m*s™"] 107°-107"% [16]
3.0-5.0 x 1071 [48]
297 x 107" This study
D3 (0) [m? s~ 1.17 x 1072 This study

# Tsosteric value calculated from DSC from zero coverage to a fully hydrated

state.

® Determined at 341 K.
¢ Determined at 298-333 K.
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On the other hand, although the activation energy for the
surface diffusion of ethanol is expected to be much higher than
that of water owing to the higher kinetic diameter of the former,
the values found from the fittings are quite similar (see Table 6). It
should be noted that the activation energy for water found in this
study, 35 + 5 kJ mol ', is in agreement with the value found by
Zhu et al. [47]. However, the activation energy for ethanol,
23+ 6KkJ molfl, is much lower than the value that would be
expected. This lower value for ethanol activation energy might
provide additional evidence of the role intercrystalline diffusion
to mass transfer. Since these pores are larger than zeolite
windows, the diffusion within them might be less impelled
(grain boundaries might behave like fast diffusion paths [49])
and therefore, the activation energy might be reduced.

5. Concluding remarks

The PV performance of zeolite NaA membranes towards the
separation of ethanol/water mixtures is strongly dependent on
feed composition, temperature and permeate vapor pressure.
The adsorption—diffusion model developed in this study under
the Maxwell-Stefan approach together with the extended
Langmuir equation to describe the adsorption equilibrium in
the liquid feed/membrane and vapor permeate/membrane
surfaces provides a good basis for the description of the PV
process through zeolite NaA membranes. While the water flux
is only conjugated to its own driving force, the ethanol flux
seems to be conjugated to the former. The adsorption
equilibrium at the liquid feed/membrane surface contributes
to a greater extent to the PV separation performance. The
parameters of the model reflect the contribution of non-zeolite
pores to the PV performance of the membrane, together with
the dependence of the total flux and selectivity on the feed
relative pressure. This study confirms that the solution—
diffusion model does not explain the trends observed.
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