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ABSTRACT

Fuel ethanol production by fermentation generates isoamyl alcohol as by-product. Its conver-
sion to isoamyl acetate is an alternative to obtain a higher value product. An intensified reac-
tion—pervaporation process is an attractive option compared to conventional distillation. The
design of this process requires the characterization of the transport properties of the mem-
brane used. Xerogel type ceramic membranes were prepared by dip-coating and analyzed by
using Brunauer-Emmett-Teller method, fourier transform infrared spectroscopy, and scan-
ning electron microscopy—energy dispersive spectrometer methods. Their hydrophilic and
microporous character was confirmed. Using quaternary mixtures of the esterification pro-
cess, a membrane was evaluated for water separation in a laboratory scale pervaporation
unit. A special experimental protocol for membrane evaluation was proposed for the multi-
component reactive mixture. Experimental membrane flux and selectivity were determined
and used to correlate three basic mass transport models. Among them, the most suitable and
reliable was the thermodynamic Fick model, which can be used for reaction-pervaporation
process design and simulation.

Keywords: Isoamyl acetate; Silica membranes; Pervaporation; Membrane mass transport
models

1. Introduction in Colombia due to the governmental policy, as stated
by the laws 693 of 19 September 2001 and 1135 of 31
March 2009 of Ministry of Mines and Energy [1].
Alcoholic fermentation is not a completely selective
process to ethanol production and fusel oil is formed
as a by-product. Isoamyl alcohol, with a mass fraction
close to 75wt.% in water-free base, is the main
*Corresponding author. component of fusel oil [2]. Recently, a strong interest

During the last few years, the production of etha-
nol by fermentation has been increased considerably

International Scientific Conference on Pervaporation, Vapor Permeation and Membrane Distillation, 8-11 September 2011, Toru,
Poland



2378

for isoamyl alcohol industrial exploitation as a raw
material for isoamyl acetate production by esterifica-
tion of acetic acid has been observed [3,4]. This liquid
phase reaction is represented by Eq. (1).

CH;COOH

This reaction is equilibrium limited due to its low
equilibrium constant (Keq~5) [5,6]. Separation of the
acetic acid/isoamyl alcohol/isoamyl acetate/water
esterification mixture can be accomplished by
conventional distillation, reactive distillation, or per-
vaporation (a membrane technology). From a thermo-
dynamic point of view, the removal of water from the
reactive mixture by pervaporation, instead of ester
removal, can reduce separation efforts and process
complexity. This is because water causes mixture
nonidealities as phase segregation [7,8]. Pervaporation
is considered as a technological alternative for simul-
taneous reaction-separation process with energy con-
sumption lower than the conventional distillation
[9,10]. The choice of membrane for pervaporation
should be made according to its affinity to a key com-
ponent. In fact, the use of hydrophilic membranes for
separation can prove a yield increase in the equilib-
rium limited reaction conversion of 70-75% [11]. Two
kinds of membranes can be considered for the appli-
cation discussed: ceramic and polymeric. In general,
ceramic membranes present better thermal, chemical,
and mechanical stability compared to polymeric mem-
branes. Considering that membrane equipment cost is
directly proportional to its area, the ideal one should
achieve the required separation with a minimum area
[12]. Therefore, membrane performance influences the
technical viability and economics of the hybrid
membrane esterification reactor. In this work, an easy
prepared low cost silica tubular membrane with large
surface area is used.

Experimental pervaporation studies for esterifica-
tion systems should consider membrane process pro-
ductivity, separation capacity, and stabilization time
of the membrane. However, several drawbacks exist
in conventional pervaporation test. Usually, in batch
pervaporation experiments an appropriate relationship
between membrane area and liquid retentate mixture
volume is set. This allows to render negligible the
changes in the retentate composition during the exper-
iment. The experiment is carried out at isothermal
conditions in each run with fixed retentate composi-
tion, measuring the corresponding membrane stable
flux [16]. Constant retentate composition is easy to
reach for single or binary nonreactive mixtures. A
negligible variation of flux over time is considered as
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the membrane stabilization criterion [17]. Based on
typical flux data (1-5kg/m’h for pervaporation
experiments with ceramic membranes), the required
amount of liquid retentate (M,) is calculated by using
Eq. (2), considering that composition changes in the
mixture are less than 5%.

_ Removed mass
" Permissible percentage change x Initial water mass fraction

(2)

Thus, in many cases, with a conventional experi-
ment the required liquid volume is very high.
Additionally, if a reactive liquid mixture is used, the
composition in the liquid will change with time because
of both: the pervaporation and the reaction processes.
Consequently, pervaporation experiments for esterifica-
tion membrane reactors are usually performed close to
equilibrium conditions of the reactive mixture.
However, the hybrid pervaporation—esterification reac-
tor operates far from equilibrium conditions [18-20].
Extrapolation of “equilibrium” experimental results to
other distant operating conditions is not desirable
considering that permeance is not constant and highly
depends on composition. Consequently, a new method
for pervaporation test was devised in this work.

The definition of a transport model completes the
membrane characterization for processes design. In
fact, an approximate relationship between flux and
concentration is required. Then, experimental data
must be correlated to a chosen transport model. It
should be able to predict operating condition parame-
ters, while being precise and simple enough for pro-
cess simulation. However, transport models can differ
in complexity according to process features [13-15].
The flux in pervaporation processes can be described
by the following expression [15]:

Mo

N = 28 2P — yp) 3)
L

where N; is the flux, Py, is the permeability, Ly, is the
membrane thickness, y; is the activity coefficient of
the substance i, x; is the molar fraction in retentate, P; is
the vapor pressure, y; is the molar fraction in permeate,
and P is the permeate total pressure. Neglecting y,P,
because working pressures are usually low (3-5mbar),
Eq. (3) reduces to:

P
N; = (ﬁViP;;)xi (4)
Lyt

Then, several mass transport models can be used
for flux data correlation. Fick and solution-diffusion
type models were used in this work.
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Here the synthesis, characterization, and perfor-
mance of a tubular hydrophilic silica membrane for
water removal by pervaporation of acetic acid, iso-
amyl alcohol, isoamyl acetate, and water mixtures are
presented. An alternative experimental method is also
proposed. Experimental data were fitted to a suitable
permeation model.

2. Experimental
2.1. Membrane preparation and characterization

Hollow fibers (Hyflux CEPAration-Netherlands)
ceramic membranes with length of 30cm, an inner
and outer diameter of 2.0 and 3.0mm, respectively,
and pore size of 200nm were used as a support. Three
intermediate layers of y-alumina and, on top of it,
three layers of silica were deposited by dip-coating at
room temperature in a cupboard to minimize dust
contamination. Corresponding y-alumina and silica
layers were deposited using boehmite and silica gel
solutions, respectively.

Boehmite (y-AIOOH) sol was synthesized according
to the procedure presented by Peters et al. [17].
Dip-coating velocity of 3.3cms ' was used in boehmite
solution deposition to obtain a layer thickness of ca.
4pum [21-23]. Subsequently, each alumina layer was
dried at 40°C for 2h and calcined at 600°C for 3 h, with
a ramp rate of 1°C min .

Hydrophilic silica gel was prepared by acid cata-
lyzed (HNOj) sol-gel method, using the following
molar ratio TEOS (1):ethanol (3,8):water (6,4):nitric acid
(0.085) [14,15]. The synthesis was based on the hydroly-
sis and subsequent polycondensation of tetraethyl-
orthosilicate (TEOS) (Merck, purity >99%) dissolved in
ethanol (Merck, purity >99.9%). The final density and
viscosity of the obtained silica gel was 0.79 gcm > and
1.29 cP, respectively. As synthesized gel was divided in
two parts, one part was used for silica membranes
deposition and another one was kept as prepared for
characterization (here there after powder silica xero-
gel). Dip-coating velocity of 1.0cms ' was used in
silica gel deposition. Each deposited silica layer was
dried at 40°C for 30 min and calcined in air, (at 400°C),
for 4h, with a ramp rate 0.5°C min~ .

The specific surface area, pore volume, pore size,
and their distribution were measured for powder silica
xerogels (gel without dissolution in ethanol) by Nj-
physisorption at liquid nitrogen temperature using a
Gemini 2360 (Micromeritics, Germany) surface area
analyzer. Prior to the measurement, the samples were
degassed for 480 min at 200°C. The specific surface area
was calculated according to the Brunauer-Emmett-
Teller model, while the pore size distribution and the
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pore volume were calculated using the Horvath and
Kawazoe (HK) method for microporous materials.

The fourier transform infrared spectroscopy (FTIR)
characterization of powder silica xerogel was per-
formed in a Nicolet 6700 FTIR spectrometer (Thermo
Scientific, USA) with MCT detector (photoconductive
detector HgCdTe) using a standard sample holder.
Transmittance measurements were performed using
KBr technique. Pellets were prepared with 5wt.% of
silica and 95wt.% of potassium bromide (KBr) pressed
at 1,800 psi for 5min. The FTIR spectra were recorded
in the mid-infrared range of 4,000-400 cm~! at room
temperature.

Morphological studies of silica and alumina mem-
branes were performed using a S-4700 scanning elec-
tron microscopy (SEM, Hitachi, Japan) coupled with
energy dispersive spectrometer (EDS, Thermo Noran,
USA) at an acceleration voltage of 25kV. For these
studies, membranes were cut into cylinders of 1.5cm
length. The SEM and EDS studies were carried out in
the cylinder’s cross and lateral sections, respectively.
The examined samples were placed on carbon plasters
in a holder and before analyzing were coated with a
carbon monolayer using Cressington 208 HR system
(Cressington Scientific Instruments Ltd., UK), in order
to reduce the charge build-up on the samples.

2.2. Pervaporation experimental design and setup

Membrane transport properties like flux, selectiv-
ity, pervaporation separation index (PSI), diffusivity,
and stability time should be determined at operating
conditions similar to those that will be found in the
industrial ~applications [25,26]. In this work,
experiments were performed for mixtures of acetic
acid/isoamyl alcohol/isoamyl acetate/water. The
concentration of the mixture depends on membrane
and reactor configuration, either in situ or ex situ [7,9].
In the first case, the membrane will be operating with
a reactive mixture at intermediate conversions, while
in the second case with mixtures near chemical equi-
librium. Therefore, experiments were carried out
using mixtures with compositions equivalent to those
expected in a reactor loaded with stoichiometric
amounts of isoamyl alcohol and acetic acid in the con-
version range of 10-75% (Table 1).

A typical setup was used for pervaporation [25],
as shown in Fig. 1. A 2L jacket vessel, with controlled
temperature by a thermostatic bath, containing a
liquid mixture (retentate) was used. Inside of it one
tubular membrane was submerged. On the permeate,
side vacuum was maintained (3-5mbar) by a pump
connected to the internal part of the membrane. Vapor
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Table 1
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Mixture mass composition and temperature ranges used in pervaporation experiments

Compound Acetic acid Isoamyl alcohol

Mass fraction 0.3647-0.0608 0.5353-0.0892

Isoamyl acetate Water Temperature (°C)

0.0878-0.7467 0.0122-0.1033 40-60

—

Fig. 1. scale

Laboratory
pervaporation process. (1) Glass vessel with heating jacket;
(2) stirrer; (3) temperature probe; (4) membrane; (5) and
(6) permeate sample collectors; (7) cold trap; (8) vacuum
pump; (9) pressure sensor; (10) pressure controller; (11)
valve to control glass collector admission.

experimental setup for

permeates through the membrane and passes to a cas-
cade of liquid nitrogen cold traps to condense. At reg-
ular time intervals, the retentate and permeate
samples were collected to quantify their mass and
composition. The mass of permeate collected divided
by membrane area and sampling time gives the total
flux at experimental conditions. In practice, some time
is required to obtain stable flux values in the equip-
ment. This stabilization time depends on membrane
material, mixture nature, and composition and per-
vaporation operational conditions.

Experimental results for pervaporation experi-
ments at temperatures of 40, 50, and 60°C and reten-
tate water concentrations of 4-10 wt.% are presented.
Pure chemicals were used in the experiments without
further treatment. Samples were analyzed by gas chro-
matography (Perkin Elmer Autosystem XL with FID
detector) and Karl Fischer titration (Metrohm 702 SM
titrino).

2.3. Pervaporation test

For conditions presented in Table 1, retentate mass
varies in the range of 0.493-2.46kg/h, in the best case

scenario, and between 4,170 and 20,852kg/h for the
extreme case of low concentration. Taking into
account that pervaporation experiments last between
6 and 12h, it is easily concluded that with this con-
ventional experiment the required liquid volume is
high. If a reactive liquid mixture is used, compositions
change with time because of the pervaporation pro-
cess and the reaction that take place simultaneously in
the liquid. Then, a new experimental procedure was
designed as follows. In an experiment, at a given tem-
perature, the aggregation of terms ((Pyy,-y;-P;)/LM), in
Eq. (4), can be considered constant within small com-
positions ranges. This means a linear relationship
between flux and retentate concentration at steady
state. Considering that it is easier to handle mass frac-
tion compositions, it was proposed a linear relation-
ship between flux and retentate mass fraction for each
substance in the mixture at steady state within a small
range of retentate concentrations (as suggested by
Wesslein et al. [27]). Consequently, when flux is plot-
ted vs. retentate composition during the time of an
experimental run, two zones will be distinguished in
such plot: a high flux and nonconstant slope zone
(unstable operation zone) and a second zone when the
slope remains constant (stable operation zone). Stable
operation zone provides the required values of mem-
brane flux. Several mass transfer models can be
applied to describe the permeation phenomenon
occurring during pervaporation. As a preliminary
attempt, Fick and solution-diffusion type models are
used to fit experimental data due to its simplicity and
low number of adjustable parameters. More rigorous
models for multicomponent mass transfer like
Maxwell-Stefan or dusty-gas model will be treated in
a related upcoming publication.

The classic expression of Fick’s law is given by
Egs. (5) and (6):

dX[

N; = *CtDija (5)
Eq

Di]' = Dijg X e RT (6)

where ¢; is the total concentration, Dj;; is the diffusiv-
ity, and dx/dl is the change in the mole fraction with
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membrane thickness. This expression is frequently
used for binary systems and, using empirical meth-
ods, it has been extended to multicomponent systems.
Through standard thermodynamic relations [28,29],
Eq. (5) can be manipulated to obtain:

N,' = —C,‘D,'j%gai) (7)

where ¢; is the concentration of component i, R is the
universal gases constant, T is the temperature in
Kelvin, p is the chemical potential, and a; is the
chemical activity.

Solution-diffusion model assumes that pervapora-
tion process occurs by mass transfer through the
membrane due to fugacity difference between reten-
tate (liquid) and permeate (vapor) phases, according
to Eq. (8) [15]:

N; = %(xi%fi - yi¢iP) (8)
M

where f; stands for liquid fugacity and ¢; is the
vapor fugacity coefficient (both calculated with the
Hayden—-O’Connell model to account for acetic acid
dimerization). In order to correlate a permeation
model, experimental data were treated as follows:

(a) Discrimination of stable data: every retentate and
permeate sample during the pervaporation
experiment is used to measure the flux and the
composition of every component, for triplicate.
With these three measurements, the mean value
and standard deviation is calculated. Then, the
mean value of flux for each component (total
flux times mass fraction) vs. time is plotted.
This plot is used to identify a zone of stable
slope corresponding to the stable pervaporation
regime. The data in the stable zone are the only
data used for further processing.

(b) Linear regressions: the data in the stable zone
undergo a linear regression analysis. Mean
value of flux for each component vs. retentate
mass fraction is plotted and the respective lin-
ear regression is performed. The equations
obtained with the aid of the linear regression
analysis are used to generate simulated data of
flux vs. concentration for the correlation of the
permeation models.

(c) Model correlation: for a specific permeation
model, a nonlinear regression analysis is per-
formed using an optimization numerical
method to obtain the values of its adjustable
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parameters [30,31]. Minimum least squares type
objective between experimental and calculated
values for the flux is used for the optimization
problem. MatLab® function nonlinearfit was
used for the computations. Convergence to a
global minimum was verified using different
initial values. Analysis of residuals must show
a random distribution with mean zero and
constant standard deviation.

3. Results and discussion
3.1. Membrane textural and surface characterization

The hydrophilic nature of silica is attributed to the
presence of hydroxyl groups (—OH) on silica surface,
evidenced as broad bands at 3,748cm ™! and 3,400—
3,500cm " at FTIR silica spectrum (Fig. 2). This char-
acteristic bands can be related to the presence of
groups (S5i-OH) and O-H stretching bands which are
caused by hydrogen-bonded water molecules (H-O-
H---H) and, surface silanol groups, hydrogen-bonded
to the molecular water (S5iO-H...H,0) [24]. Moreover,
the hydrophilic nature of the silica xerogel can be evi-
denced by the 1,640cm ™" band (Fig. 2), corresponding
to the water vibration adsorbed on silica surface as
well as at 960 cm ', assigned to Si-O in plane stretch-
ing vibrations of the silanol (§5i-OH) group. The other
characteristic bands observed in the range of 1,200-
1,000cm™" and at 800cm ' are related to the
antisymmetric and symmetric vibrations of Si-O-Si
with minima at 1,076cm ™' and 801 cm ™', respectively.
The vibration mode appearing at 1,231cm ™' can be
assigned to the symmetric deformation of C-H in CH,
groups, corresponding to residual nonhydrolyzed alk-
oxy groups (-OC,Hs) on the silica xerogel surface.
Table 2 shows characteristic vibration frequencies in
FTIR spectra of hydrophilic silica xerogel.

Defect SiO2
Si-O-Si

Transmittance (a.u)

Si-O-Si

LA R B B B R A B R N |
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm” 1 )

Fig. 2. FTIR spectrum of prepared silica xerogel.
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Table 2
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Characteristic vibration frequencies in FTIR spectra of hydrophilic silica xerogel (adapted from [32])

Wavenumber (cm™") Vibration type

3,740 Si-OH
3,664-2,966 O-H

2,927 vas C-H
2,856 vg C-H
2,364 c=0

1860 Cc=0

1,640 6 H-O-H
1,588 Cc=0

1,526 C-H
1,270-690 Vas SI-O-5i

Structural unit Reference
Si-OH...H,O [33]
H-O-H...H,O [34]
CH, [34]
CH, [34]
CO, [35]
Carbonyl groups [35]
H,O [34]
Carbonyl groups [35,36]
Si-C,Hs [35]
Si-O-Si [34,35]

¢: deformation vibration, v,s: antisymmetric stretching vibration, and vs: symmetric stretching vibration.

Fig. 3. SEM micrographs of: (a) cross-section of the intermediate y-alumina layers deposited on the top of tubular ceramic
membrane support (magnifications 5,000x) and (b) and (c) cross-section of hydrophilic silica membrane deposited with
dip-coating velocity of 1cms ' on the intermediate y-alumina layers (magnifications 5,000x and 80,000, respectively).

Fig. 3 presents a typical cross-section of intermedi-
ate y-alumina layers deposited on the top of the tubular
ceramic membrane support (Fig. 3a). Moreover, three
deposited y-alumina layers form a single homogeneous
layer with thickness of ca. 4 um, estimated with the
MeasurelT software (Fig. 3b). The presence of y-alu-
mina layers decreases the support roughness, evidenc-
ing the formation of a smooth surface, ready to deposit
silica on the top of it (Fig. 3b and c). Three different
characteristic morphologies in the membrane’s cross-
section can be observed (Fig. 3b); the first one, rough,
attributed to ceramic support providing mechanical
stability to silica membrane; the second one, smooth,
assigned to y-alumina layer deposited on the top of
ceramic support; and the last one, observed as a bright
line in the outer size of the membrane, associated with

Table 3
Number of permeation model parameters to be fitted

silica selective membrane layer deposited over the
v-alumina. The presence of silica on the intermediate
v-alumina layer was confirmed by X-ray EDS studies.
However, the quantification of its layer thickness was
impossible due to the low intensity of silicon on EDS
spectra and the difficulty to establish clearly the limit
between y-alumina and silica layer, as it could be seen
in Fig. 3c. It is not surprising considering the visible dif-
ference between the appreciable thickness of y-Al,Os;
layer (4 um) and that of silica (Fig. 3b).

The powder silica xerogel calcined at 400°C is
characterized with a narrow pore size distribution,
with a maximum at 17 A, which correspond to micro-
porous material. Pore volume, porosity, and specific
surface area of silica xerogel are 0.2686cm>g ™', 37%,
and 518 m*g ', respectively.

Model Parameters

Fick’s law Dj;,; Eq

Solution—diffusion Pi,; Eq

Numbers of parameters

Total for n components

2xXn
2xXn
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Table 4

2383

Selectivity and PSI values for acetic acid/isoamyl alcohol/isoamyl acetate mixture pervaporation using the ceramic

membrane synthesized

Temperature (°C) Selectivity PSI

Water Others Water Others
40 155.52 0.0065 170.41 0.00069
50 256.17 0.0043 257.03 0.00027
60 315.47 0.0033 295.58 0.00027

3.2. Permeation models correlation

First, selectivity and PSI values were determined.
The PSI parameter can be used to identify optimal
operation points and calculated from the fitted perme-
ation model for industrial scale module design. It was
calculated as the product of selectivity and flux.

(a) 61

157 b —— Stableline

1,44 I

¢ Experimental Data

Unstable line

1,31
1,2
1,1

FquWater (kg/mz'h)

1A

0,9 1

0,8 T T 1
0 150 300 450
Time (min)

1,6 1

—_
(=2
~—

+ Experimental Data
1,5 A

—— Lineal Regression

1,4
1,3
1,2

1,11

Flux Water (kg/mz‘h)
.

lA

0,9

*>

0,8

’ T T 1
0,055 0,06 0,065 0,07

Mass Fraction (Water, Retentate)

Fig. 4. (a) Flux of water vs. time, two distinctive slopes are
identified, for instability period and for stable state. (b)
Flux of water vs. water mass fraction in retentate. Bars
show confidence interval of the regression.

Table 3 presents the number of permeation model
parameters to be fitted. Calculated values of selectivity
and PSI for synthetized silica membrane are presented
in Table 4.

As an example of data processing, Fig. 4(a) shows
the experimental values of water flux vs. time and the
corresponding states of mass transport phenomena in
the membrane. An unstable period is followed by a
stable period in which the plot has a constant slope.
Flux and corresponding retentate concentration is
shown in Fig. 4(b).

As far as we know, no data are available in the
open literature for comparison. However, pervapora-
tion performance of the tested silica membrane in the
dehydratation of ethanol (6wt.% of water) was also
verified and was better than polymeric as well as
ceramic comercially available tubular membranes for
dewatering of organics [37,38]. The obtained values of
total flux (0.417kgm >h") and water selectivity (207)
are one of the highest reported in the literature
[39,40].

Table 5 shows optimal values for the correlated
parameters of each permeation model. The obtained
values have physical meaning [41,42], even though for
some parameters its calculated uncertainity (not
shown) is of the same order of magnitude as the
parameter itself. In the retenate concentration range
tested, membrane retains its preferential affinity for
water, independent of changes in composition during
the experiment. The PSI values show the same trend
observed for selectivity.

Mean error (with confidence interval) in flux pre-
dictions using the adjusted models are presented in
Table 6 (calculated as Error =average + ¢°). To ilustrate
models predictions (using correlated parameters from
Table 5), experimental vs. calculated flux parity plot
are depicted in Fig. 5.

The comparison of the three adjusted permeation
models (through their respective residual deviation
from experimental data) defined that the model with
the lowest deviation corresponds to the classical Fick’s
law (0.0744). However, this model does not incorpo-
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Table 5

Values for correlated parameters in permeation models tested
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Classic Fick equations

Thermodynamic Fick

Solution—diffusion

(5) and (6) equation (7) equation (8)

Dj;, (m/h) Eq4 (kJ/mol) Dj, (m/h) E4 (kJ/mol) Pjj, (kg/m-h) E4 (kJ/mol)
Acid 6.6228 26.5307 1.92E-01 21.857 6.15E—-12 1,498.47
Alcohol 6.44E—-05 3.37E-13 9.63E—06 7.86E—-13 5.58E—06 135,645.6
Ester 29.2678 24,176.68 9.86E—02 29.950 4.853031 58,947.05
Water 22.6027 18.8886 0.112 7.811 2.31E-10 1,344.564
Table 6

Mean error deviation between experimental and calculated flux values for different permeation models correlated

Model Compound Average error a2 Residual error®
Classic Fick’s law Acid 0.0146 0.0066 0.0744
Alcohol 0.0071 0.0039
Ester 0.0056 0.0018
Water 0.0679 0.0369
Total® 0.0238 0.0317
Thermodynamic Fick’s law Acid 0.0175 0.0069 0.0847
Alcohol 0.0080 0.0069
Ester 0.0006 0.0006
Water 0.0716 0.0400
Total 0.0244 0.0345
Solution—diffusion Acid 0.0169 0.0108 0.1080
Alcohol 0.0114 0.0084
Ester 0.0056 0.0018
Water 0.0928 0.0551
Total 0.0317 0.0345
Measured as Z(Jca —]Exp)z, flux in kg/ m?h.
bConsidering the entire data-set as the average of (Jcar — Jexp)-
1,5 0,1
OClassical Fick Law OClassical Fick Law
- ©Fick Law (Activity) AR NE 0,08 ©Fick Law (Activity)
o A Solution-Diffusion £ 4 Solution-Diffusion
£ >
[e) =
3 =< 0,06
x =
= (e
5 3
s S 004
5 05 £ -
= (]
g 20,02 448
L

0,5 1
Calculated Flux (kg/m?-h)

0

0,02 0,04 0,06 0,08
Calculated Flux (kg/m?3-h)

0,1

Fig. 5. Experimental results vs. permeation model predictions for water flux in a parity plot. Right figure is an

amplification of the left one.
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rate permeate pressure, a fundamental variable to rig-
orously describe pervaporation process. Therefore, it
is considered to choose thermodynamic Fick model
(0.0847) as the most suitable, which also includes
retentate liquid phase nonideality.

4. Conclusions

Synthesis, characterization, and evaluation of a
xerogel type hydrophilic ceramic membrane were con-
ducted for water separation in acetic acid/isoamyl
alcohol/isoamyl acetate/water mixtures. Conventional
drawbacks in the evaluation of membrane perfor-
mance for reactive mixtures pervaporation studies led
to an alternative and suitable experimental procedure
and method for experimental data analysis. With the
proposed methodology, experimental flux data can be
used to fit the corresponding parameters for different
permeation models. In the composition range at which
the experiments were conducted, the tested ceramic
membrane retains its preferential affinity for water
permeation. The PSI values exhibit the same trend
observed for selectivity and its predictions using the
correlated permeation model will identify optimal
operating points for industrial scale module design.
The comparison of the three adjusted permeation
models (through their respective residual deviation)
allows us to choose the thermodynamic Fick model
(0.0847) as a reliable permeation model that will be
used for the process design and simulation.
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