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A B S T R A C T

In a Distillation-Pervaporation in a Single Unit (DPSU) system, the pervaporation unit is located inside a dis-
tillation column. Therefore, distillation and pervaporation mechanisms are carried out simultaneously in the
same column section. Previously, it was theoretically demonstrated that a DPSU column is able to overcome
azeotropic conditions by displacing the liquid composition due to the pervaporation. In this work, this behaviour
is experimentally verified for a DPSU system in a batch operation for the separation of ethanol – isopropanol –
water mixture, using a silica membrane selective to water. Several feed compositions and permeate pressures
were evaluated to identify their effects on the DPSU separation performance. The distillation boundary was
experimentally overcome by the DPSU system. The separation order of isopropanol and water was inverted in
the DPSU system as compared to conventional distillation. Water became a saddle point for the entire compo-
sition space, allowing crossing the distillation boundary with a continuous composition profile of the residue
liquid. This study experimentally proves the validity of the DPSU approach for azeotropic mixture separations.

1. Introduction

Distillation is one of the most versatile technologies applied for
mixture separation in the industry. Distillation covers 90–95% of all
mixture separations, including some of largest and most profitable se-
parations in the industry [1,2]. However, the separation of non-ideal
mixtures by distillation can present several restrictions generated by the
thermodynamic limitations leading to for instance, close boiling-point
and azeotropic mixtures [3]. Options to separate mixtures with such
complex thermodynamic behavior include the separation through ex-
tractive, azeotropic and reactive distillation, feasibility of these tech-
niques being dependent on the phase and chemical equilibrium [4–6].
Typically, equilibria can be altered using attractive interactions to re-
sult in negative deviation from Raoult’s law, which may be done when
distilling acids [7] or bases [8]. Extractive distillation of hydrocarbons
typically involves positive deviation from Raoult’s law by adding a
highly polar entrainer such as sulfolane or ionic liquid [9].

Another attractive option to separate azeotropic mixtures is to
couple pervaporation to distillation. Pervaporation is not limited by the
phase equilibrium, some thermodynamic limitations in the hybrid dis-
tillation system can be overcome [5,10]. Therefore, it is not necessary
to use an additional component involved in the phase equilibrium (the

solvent or entrainer). In addition, there is not formation of new azeo-
tropes, as the cases of azeotropic and reactive distillation [11,12].

A conventional hybrid distillation-pervaporation system consists of
an external pervaporation module connected to the distillation column
(Externally Connected Distillation-Pervaporation, ECDP), where a
fraction of the liquid is withdrawn from the distillation column and
processed separately in the pervaporation module [13]. Although the
entire operation is hybridized, the separation by distillation and per-
vaporation mechanisms is not carried out simultaneously inside the
same column section. Therefore, it is only possible to break azeotropes
inside the pervaporation module. The thermodynamic limitations as
azeotropic conditions remain inside the distillation column, and the
internal compositions cannot overcome distillation boundaries [14].
This is mainly generated due to the change of the volatility order of the
components by the distillation boundary and azeotropes formation.

On the other hand, a simultaneous separation by distillation and
pervaporation (or vapor permeation) mechanisms inside the same
column section can overcome the azeotropic conditions inside the
column [15]. As a result, the mass transfer between liquid and vapor
phases inside the section is not limited by the thermodynamics as a
conventional distillation (or ECDP system) [16]. Consequently, for se-
parating complex mixtures the number of distillation columns and the
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associated energy requirements can be strongly reduced as compared to
conventional trains of distillations columns [17].

In a previous work, a Distillation-Pervaporation (or vapor permea-
tion) in a Single Unit (DPSU) column was proposed [15]. The mem-
brane is located inside the column with a similar configuration of a
packed column, where the internal streams flow through the membrane
section (MS) as Fig. 1 shows. In the DSPU column, the liquid and vapor
phases are in direct contact on the external side of the pervaporation
membrane tubes (or fibers). During the mass transfer between the li-
quid and vapor phases, the pervaporation membrane selectively re-
moves a component from the internal liquid (or vapor) stream. The
liquid composition is constantly displaced inside the MS. Eventually,
the azeotrope can be broken across the MS. The DPSU configuration
and additional details can be found in literature [15,16].

Several studies related to DPSU technology, including the advantage
of the simultaneous liquid-vapor contact on the selective layer of a
pervaporation membrane were previously presented in the literature
[15,18–20]. For instance, it was reported that by a partial vaporization
of the feed in a pervaporation process the polarization effects can be
significantly reduced, leading to significant reduction of the required
membrane area [21,22]. Since the vapor phase induces a turbulence on
the liquid phase, the concentration and temperature polarization can be
reduced up 33% and 50%, respectively. As a result, the required
membrane area is reduced about 45% as compared to a conventional
pervaporation unit. Therefore, in a DPSU column the separation by
pervaporation can present a higher efficiency as compared to an ECDP
column. For a DPSU column with a water selective membrane, a rig-
orous model simulation was used to predict the separation of an
ethanol-ethyl acetate-water mixture [15]. It was predicted that the
distillation boundary is overcome by a continuous composition profile
inside the column, allowing a feasible separation with product com-
positions located in different regions of the compositional diagram.

In another example, a simplified model based on the mixture ther-
modynamic and membrane selectivity was applied to determine the
performance of a DPSU column for the separation of acetone-iso-
propanol-water mixture [16]. The pervaporation action produces a
modification of the volatility order of the components. The separation
by the distillation mechanism can be modified respect to a conventional
distillation, and the thermodynamic limitations are overcome. Al-
though the separation inside the DPSU column is not completely gov-
erned by the liquid-vapor equilibrium and azeotropic conditions were
broken, some limitations were identified [17,23]. For instance, the
ability of overcoming the distillation boundary depended on the
column configuration and relative volatility of the components. The
advantages of a DPSU column as compared to an ECDP column were
reduced as the non-ideality of the mixture increases. In addition,

multiple operation leaves (defined by Doherty and Malone [24]) can be
produced for mixtures with minimum boiling azeotropes [20].

Besides these works above [15–17,20,23], no experimental data has
been reported in literature regarding DPSU columns or separations of
multicomponent mixtures by distillation and pervaporation mechan-
isms fully coupled in the same device. In this work, an experimental
proof of concept of the DPSU technology is presented. The separation
was performed for the azeotropic and homogenous ethanol-iso-
propanol-water mixture, using silica membranes in a batch operation.
Although a DPSU system in a batch operation is not useful for practical
application, a simple configuration allows identifying the potential and
behavior of DPSU columns. The experiments consider the selective re-
moval of water by pervaporation from the reboiler of a batch DPSU
system, and the results are compared with short-cut prediction methods
based on a previous publication [16]. Different feed compositions and
permeate pressures were evaluated in order to identify their effect on
the mixture separation.

Nomenclature

A area [m2]
f fugacity [bar]
H number of moles in the residue liquid
J permeate flux [mol m−2 min−1]
K distribution coefficient
M total permeate flux [mol min−1]
mp experimental permeate mass for an interval of time [mol]
nf T, final number of total moles [mol]
P permeability coefficient [mol m−2 min−1 bar−1]

Greek symbols

activity coefficient
D distillation/pervaporation ratio

Subscripts

EtOH ethanol
i component i
IPA isopropanol
p pressure [bar]
pp permeate pressure [bar]
po saturation pressure [bar]
T temperature [K]
t time [min]
V vapor stream [mol min−1]
x mole composition in the residue liquid
xp mole composition in the permeate side
y mole composition in the distillate

w water selectivity respect to alcohols
o initial condition
w water

Fig. 1. General scheme of a DPSU column.
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2. Methodology

2.1. Materials

The chemical compounds Aluminium-tric-sec-butoxide, nitric acid
(HNO3), polyvinyl acetate (PVA), and tetra-ethyl-ortho-silicate (TEOS)
were obtained from Merk (Germany). The ethanol was obtained from J.
T. Baker, and α-Al2O3 (α-alumina) tubes were obtained from Hyflux
(Singapore).

2.2. Membrane preparation

2.2.1. α-Al2O3 membrane support
Commercial α-Al2O3 tubes were used to support the intermediate

layer support of γ-Al2O3 and Silica membranes. The ceramic tube di-
mension was 30 cm of length with an inner and outer diameter of 2.4
and 3.4 mm, respectively.

2.2.2. γ-Al2O3 preparation for intermediate membrane layer
A boehmite solution was prepared according to the standard pro-

cedure in literature [25]. Aluminium-tri-sec-butoxide (assay > 97%)
was carefully added dropwise to water and stirred at 90 °C. The solution
was boiled for 90 min while the 2-butanol produced during the hy-
drolysis was removed from the solution by condensation. Following up
on the hydrolysis, HNO3 (1 M) was added to the solution in the mole
ratio water/alkoxide/acid (70/1/0.07). During the addition of HNO3,
the solution was vigorous stirred. The resulting solution was boiled
during 16 h at infinite reflux, during which the solution reached a pH of
3.8. Then, 140 ml of a PVA solution was added to 210 ml of the alk-
oxide solution and stirred during 30 min at room temperature. The
resulting solution was heated up to 90 °C while maintaining the stirring
for 150 min. The resulting solution was naturally cooled at room
temperature. The PVA solution had been prepared by dissolving 5.5 g of
PVA powder (assay > 97%) with 150 ml of HNO3 (0.05 M).

2.2.3. Microporous silica preparation for the selective membrane layer
A solution of polymeric silica was prepared through acid hydrolysis

catalyzed of TEOS (assay > 99%) in ethanol (assay > 99.5%)
[25,26]. An initial solution with the mole ratios of TEOS/water/HNO3/

ethanol (1/6.4/0.085/3.8) was prepared by drop-wise addition of
aqueous solution of nitric acid to the TEOS-ethanol solution under
vigorous stirring. The resulting solution was heated to 80 °C at total
reflux, while maintaining the stirring during 3 h. Finally, the solution
was naturally cooled to room temperature.

2.2.4. Deposition of γ-Al2O3 intermediate membrane layer
Three γ-Al2O3 layers were deposited on the outer walls of the α-

Al2O3 tubes (membrane support) by a sequential dip-coating technique.
The ascending speed of the substrate was 1 cm s−1 and the dip time was
30 s. The supports were dried and sintered in 2 heating ramps: (1) 40 °C
during 2 h and (2) a temperature ramp from 40 °C to 600 °C with a
heating speed of 1 °C min−1. The sintering process at 600 °C was made
for 3 h [25,27]. This procedure was carried out for each alumina layer
continued by a washing with water and acetone and drying, in order to
obtain a uniform support.

2.2.5. Deposition of silica selective membrane layer
Five silica layers were deposited on the external γ-Al2O3 through a

sequential dip-coating technique for each individual layer, using a
freshly prepared silica solution diluted 1:18 vol in ethanol. The as-
cending speed of the substrate and the dip time were 1 cm s−1 and 10 s
for all silica layers, respectively. After deposition, the membrane was
dried during 2 h at 90 °C, followed by sintering at 400 °C during 3 h
with a heating speed of 0.4 °C min−1 [25,28].

2.3. Experimental set-up for a DPSU system in a batch operation

The experiment set-up used in this work is shown in Fig. 2. For this
case, the pervaporation module composed by microporous silica
membranes (water selective) was located outside the reboiler to sim-
plify the construction. However, the set-up was made to operate exactly
as a DPSU system in a batch operation, with simultaneous distillation
and pervaporation, coupling both mechanisms of separation.

The experiment consisted of a simple distillation with two different
outputs (Fig. 2), a distillate produced from the residue liquid eva-
poration in the reboiler (1) and a permeate (6) generated from the
pervaporation module (5). A fraction of the reboiler liquid was with-
drawn and passed through the pervaporation module using a peristaltic

Fig. 2. Experiment set-up for a DPSU system in a batch operation. (1) Reboiler (2) total condenser, (3) distillate reception flask, (4) peristaltic pump for the
pervaporation feed, (5) pervaporation module equipped with 76 silica membrane tubes of 40 mm length and 3.4 mm of outer diameter, (6) cold traps of liquid
nitrogen, (7) vacuum pump and (8) heating jacket with temperature control.
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pump (4), and the retentate was recycled (400 ml/min). This was made
to ensure a fully coupled separation of the residue liquid by distillation
and pervaporation separation mechanisms. The heat losses in the per-
vaporation module were reduced by introducing it into an isolated
chamber with temperature control. The permeate was continuously
recovered by a sequential arrangement of two permeate vessels, using
liquid nitrogen cold traps (6) connected to a vacuum pump (7). A
heating jacket with temperature control (8) was used to evaporate the
liquid in the boiler. The vapor generated was immediately removed
using a total condenser (2) on the top of the reboiler.

The pervaporation module consisted of 19 layers of membrane tubes
in a cross-in-line arrangement. Each layer was composed of 4 mem-
branes with 40 mm of length, reaching a total membrane area of
0.0324 m2. The residue liquid flowed through the internal section of the
pervaporation module, being contacted to the external membrane layer
(silica). The permeate stream was collected from the internal lumen of
each tube using a vacuum jacket connected to the vacuum pump.

0.5 L Solutions of ethanol-isopropanol-water were prepared at three
different initial compositions (runs 1, 2 and 3) and permeate pressures
(runs 1, 4 and 5) showed in Table 1. The experiment was performed in
duplicate for runs 1 and 5. After the initial solution was charged in the
reboiler, the heating jacket and the isolated chamber were turned on.
The temperature of the heating jacket and the isolated chamber were
maintained during the all experiments in 135 ± 5 °C and 62 ± 1 °C,
respectively. With the first bubble formation, the peristaltic pump
started feeding the pervaporation module with a rate of 400 ml/min.
The output liquid from the pervaporation module (retentate) was re-
cycled to the reboiler. After the formation of the first distillate drop,
vacuum was applied to the permeate side of the pervaporation module.
At this point, the experiment started (t=0). The generated vapor was
condensed and simultaneously removed from the system.

The temperature at the entrance of the pervaporation module was
kept practically equal to the residue liquid during the entire experiment
(bubble point temperature). The temperatures of the vapor generated in
(1) and the retentate stream were monitored along the separation with
an accuracy of ± 1 °C. Samples of 1.5 ml approximately were taken
from the residue liquid (pervaporation feed) and distillate during
timeslots of 8 min for a period of 1.5 h approximately. Additionally, the
permeate samples were recovered from the vessels in the cold traps at
the end of every experiment.

Ethanol and isopropanol compositions from all samples were ana-
lyzed using High Performance Liquid Chromatography (1200 series –
Agilent Technologies) equipped with Refractive Index (RI) detector
(error 1%). The applied column was an Agilent Hi-Plex H Column
(300 × 7.7 mm), using a 5 mM H2SO4 solution as mobile phase with a
flow rate of 0.6 ml/min. Water composition in the samples was de-
termined in duplicate by Karl-Fischer titration (787 KF Titrino 703
TiStand – Metrohm), with an average error of 0.2%. A methanol/di-
chloromethane mixture, with a volumetric ratio of 3/1, and HYDRA-
NAL® were used as titrant. Feed fugacity and liquid-vapor equilibrium
were calculated using the Antoine Equation and the UNIFAC activity
model.

2.4. Theory and calculation

A DPSU system for a batch operation is presented in Fig. 3, where
the pervaporation membrane is directly submerged inside the residue
liquid. The separation mechanisms of distillation and pervaporation are
exactly the same to the experimental set-up in Fig. 2. The system op-
erates as a simple distillation, where the liquid phase (residue liquid) H
with a composition x is separated through a simple distillation. The
mole composition y of the produced vapor V is in equilibrium with the
residue liquid in the boiler. The vapor generated is rapidly removed
from the system. In addition, the residue liquid is contacted with a
pervaporation membrane during its evaporation. Therefore, the residue

liquid composition changes due to the separation by the simple dis-
tillation (evaporation) as function of the liquid-vapor equilibrium and
pervaporation at the same time. Since the separation of the residue li-
quid is performed simultaneously by distillation and pervaporation
mechanisms, this is the equivalent separation behavior of a DPSU
column with a MS in the reboiler stage.

According to Fig. 3, the liquid composition changes as a function of
the generated vapor V, permeate fluxes =M JA and their composition
along the operating time. Applying a mass balance for the liquid phase
inside the evaporation vessel including the flux through the membrane,
the residue curve equation for a DPSU system in batch operation can be
determined (Appendix A):

Mass balance for component i:

= +dx
dt

V
H

x y J
H

x x A( ) ( )i
i i i i p, (1)

Overall mass balance:

=dH
dt

V JA (2)

where x and y are the mole composition of the liquid and vapor phases
in equilibrium, respectively. H is the remaining number of total moles
in the vessel as function of time and xp is the mole composition on the
permeate side.

If there is no evaporation (V = 0), Eqs. (1) and (2) turn into a solely
batch pervaporation mass balance. Otherwise, if pervaporation does not
occur (J = 0) the mass balances given by Eqs. (1) and (2) correspond to
a simple distillation. The initial conditions for Eqs. (1) and (2) are,
respectively:

=x x(0) o (3)

=H H(0) o (4)

where xo and Ho are the initial mole composition and initial number of
moles in the system. Therefore, by defining a vapor flux V, initial charge
Ho and the membrane permeability at bubble temperature of the mix-
ture, the Eqs. (1) and (2) can be solved for any time t. Therefore, the
DPSU residue curves can be theoretically calculated with Eqs. (1) and
(2). According to these, it is possible to follow the composition change
of the liquid in the boiler as function of the liquid-vapor equilibrium
and the water removal by pervaporation. Then, the pervaporation ef-
fects on the mixture thermodynamic can be identified in comparison to
conventional distillation.

The permeate flux J in Eq. (1) is determined by the sum of the in-
dividual fluxes for each of the components Ji. The flux for a component i
is defined as [29]:

=J P f p( )i i i i p, (5)

where fi is the component fugacity at the fluid conditions around the
membrane (retentate) and pi p, is the partial pressure of the component i
in the permeate side. The permeate flux also depends on the perme-
ability coefficient Pi, which is a function of the membrane material
(silica) and permeant nature. If the permeate pressure is extremely low,

> >f pp, the driving force only depends on the component feed

Table 1
Initial feed compositions and permeate pressures for the experiment runs of the
DPSU system in a batch operation at 1.01 bar for the residue liquid.

Run xEtOH xIPA xw pp (bar)

1 0.19 0.48 0.33 0.018
2 0.39 0.33 0.28 0.018
3 0.75 0.05 0.20 0.018
4 0.19 0.48 0.33 0.031
5 0.19 0.48 0.33 0.05

J.A. León, et al. Separation and Purification Technology 252 (2020) 117464

4



fugacity. At atmospheric pressure, the component liquid fugacity can be
calculated as:

=f x pi i i i
o (6)

where i is the activity coefficient of the component i in the liquid
mixture and it is calculated by UNIFAC model in this work, pi

o is the
vapor pressure of the pure component i at the pervaporation tempera-
ture. The UNIFAC model was previously verified, in order to apply it in
the simulations of this work.

In addition, the membrane selectivity ( ij) can be used to define the
solely pervaporation performance and is defined as:

= P
Pij

i

j (7)

where permeability (Pi) in Eq. (7) is experimentally determined. The
total membrane flux in Eq. (5) is calculated by dividing the experi-
mental permeate mass in the evaluated interval of time and total
membrane area, such as =J m t A/( · )p . The component fluxes (Ji) are
determined with the permeate composition. The membrane perme-
ability for component i in Eq. (7) is calculated with Eq. (1), so that

=P J f p/( )i i i i p, . The driving force in pervaporation f p( )i i p, is defined
by Eq. (6) at retentate conditions.

In addition, a separation ratio i D, is defined to determine the in-
dividual contribution of distillation with respect to pervaporation per
component:

= =dx
dx

V x y
J x x

( )
( )i D

i
Dis

i
Perv

i i

i i p
,

, (8)

Eq. (8) relates the change of composition produced by distillation as
function of the liquid-vapor equilibrium in relation to the changes of
composition given by pervaporation. It is possible to identify the con-
tribution of distillation and pervaporation on the separation for a
component i, based on the value of i D, :

– i D, < 0: distillation and pervaporation contribute in opposite di-
rections for separation of component i

– i D, > 0: both, distillation and pervaporation contributive to se-
paration of component i

– | |i D, > 1: the separation of component i by distillation is higher
than by pervaporation

– i D, = 0: solely pervaporation contributes to the separation of
component i

3. Results and discussion

3.1. Residue curve maps for conventional distillation

The separation of the ethanol-isopropanol-water mixture through a
conventional distillation (as a simple distillation) is limited by the
mixture thermodynamics. In Fig. 4, the residue curve map for the
ethanol-isopropanol-water mixture at 1.01 bar is shown. The compo-
sition space is split into two regions by a distillation boundary (limiting
the feasible separation by conventional distillation), formed by two
binary azeotropes. The minimum boiling azeotrope ethanol-water is the
Unstable Node (UN), and isopropanol and water are the Stable Nodes
(SN) for region 1 and 2, respectively. The remaining stationary points as
ethanol and the isopropanol-water azeotropes, behave as saddle points
(SP).

3.2. Pervaporation performance in the DPSU system

Three experiments with different initial compositions (Table 1)
were performed, in order to validate that a DPSU is able to overcome
distillation boundaries for the separation of a nonideal mixture. In
Fig. 5a, the water composition in the permeate is shown as a function of
the water composition in the residue liquid along the experiments.
Regardless the initial feed composition, silica membranes achieve a
permeate rich in water. A maximum water composition in the permeate
of 0.93 is reached at the highest water composition in the retentate.
During the water depletion along the separation process by the DPSU
system, the water content in the permeate stream slightly decreases. For
instance, for run 3 although the water content in the retentate side is
reduced by 53%, the water composition in the permeate side only de-
creases by 2.6%. Therefore, silica membranes can be considered a
water-selective membrane in this work. However, in selective mem-
branes the composition of the non-selective components can vary as
function of their compositions in the retentate side (reboiler liquid).

The water selectivity respect to the water content in the residue
liquid is shown in Fig. 5b. In all cases, the silica membranes present a
high-water/organic (ethanol and isopropanol) selectivity in the mix-
ture. The water selectivity is reduced with the increase of the water
composition in the retentate. However, for water compositions higher
than 0.2 the membrane selectivity slightly changes. In silica membranes
(selective membranes) at high water composition (e.g. > 0.2), the
permeability slightly changes as a function of the retentate composi-
tion. Therefore, it is expected little changes in the membrane selectivity
when the water composition is high, and the driving force of other
components is small. A similar selectivity behavior in silica membranes
for ethanol and isopropanol aqueous solution has been reported
[30,31].

Fig. 3. Theoretical configuration of a DPSU system in a batch operation.

Fig. 4. Residue curve maps of a conventional distillation for the azeotropic
ethanol-isopropanol-water mixture. Residue Curves (□), binary azeotropes (■)
and distillation boundary (■■■).
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3.3. Insight the separation behavior of a DPSU system

3.3.1. Effect of pervaporation on the residue liquid separation
The effect of the separation by pervaporation on the distillation

mechanism can be evaluated by determining experimentally the dis-
tribution coefficient Ki (volatility) during the separation. Fig. 6 shows
the distribution coefficient of each component in the mixture, versus
the water composition in the residue liquid along the experiments. In

Fig. 5. Pervaporation performance as a function of the water composition in the residue liquid, (a) water composition in the permeate side, and (b) water selectivity
( w) respect to organic components (ethanol and isopropanol). Run 1 (■), run 2 (●) and run 3 (▴) according to the initial conditions given in Table 1. Arrows (←)
show the separation progress of the experiments.

Fig. 6. Distribution coefficient between the liquid and vapor phases ( =K y x/i i i) for (a) run 1, (b) run 2 and (c) run 3 at 0.018 bar (Table 1). Ethanol (■), IPA (●) and
water (▴). Arrows (←) show the separation progress of the experiments.
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general, the removal of the heaviest component (water) by perva-
poration produces a significant reduction of the lightest component
volatility. The distribution coefficients of both ethanol and isopropanol
are close to 1. This means that the mass transfer of the lightest com-
ponents to the vapor phase is reduced, since the separation of heaviest
component (water) is mainly governed by pervaporation. Although the
vapor composition is still governed by the liquid-vapor equilibrium, this
is displaced to a different thermodynamic condition where the water
partially acts as the lightest component (Kw > KEtOH > KIPA). This is
observed in all experiments, and this behavior is independent of the
initial feed composition. Therefore, the water is not only removed by
pervaporation, but also, is separated in the distillate due to the shifting
of the liquid composition. However, the water separation by distillation
is reduced as the feed composition gets close to the ethanol-water
azeotrope.

In the case of an initial high ethanol composition (Fig. 6c), the
ethanol and water volatilities are closer than those for the other feed
compositions (Fig. 6a and b) and both component volatilities are
slightly higher than 1. Therefore, water and ethanol are not effectively
separated by distillation and water can be only separated by perva-
poration. In this case, the residue liquid is only enriched in isopropanol
due to the distillation mechanism.

In general, the volatility of ethanol and isopropanol is almost con-
stant during the residue liquid separation. The volatility order only
depends on the water composition (pervaporation performance), which
behaves as the lightest component. As a result, the volatility order, due
to the pervaporation action, is independent of the azeotropes and dis-
tillation boundary formation as it does in a conventional distillation.
Consequently, it is possible to obtain product compositions in a dif-
ferent region from where the feed composition is located. Besides, the
isopropanol in all cases presents the lowest volatility. This means that
isopropanol acts as the heaviest component to compensate the water
depletion due to its selective removal by distillation and pervaporation.

The separation ratios D per component along the dimensionless
time1 of the experiments are shown in Fig. 7. In almost all cases, the
change of the residue liquid composition is mainly due to the perva-
poration mechanism. This means that the values of i D, are significantly
lower than 1. This behavior agrees with the volatility behavior pre-
viously mentioned, where a low separation contribution by distillation
is expected since the K -values are relatively close to 1. The Perva-
poration promotes the reduction of the volatilities for the lightest
components.

In the case of ethanol, distillation and pervaporation mechanisms
present opposite effects on the variation of residue liquid composition
(Fig. 7a–c). This means that ethanol in the residue liquid tends to be
depleted by distillation, while pervaporation promotes the ethanol en-
richment in the liquid. For runs 1 and 2, the increase of ethanol com-
position in the residue liquid by pervaporation is 5–10 times higher
than its depletion by distillation (−0.2 DEtOH, −0.10). Then, it is
expected that the ethanol composition increases during the separation
by the DPSU system. In addition, there is a transition of i D, from ne-
gative to positive values for isopropanol and/or water (Fig. 7a and b).
In this case, the pervaporation mechanism allows displacing the liquid
composition such that, both separation mechanisms shift from an op-
posite to a contributive separation. The isopropanol composition in the
residue liquid is increased by removing water through pervaporation
and distillation. Similarly, water is removed by pervaporation and also
by distillation.

In run 3 (Fig. 7c), the separation by distillation of ethanol and water
is almost null as compared to pervaporation. The separation ratio i D,
for these two components is close to be 0, ethanol enrichment and

water depletion in the residue liquid is basically carried out by perva-
poration. This means that the volatilities of these two components are
almost the same and are close to 1 (see Fig. 6c). In addition, isopropanol
partially acts as the heaviest component with a volatility lower than 1.
As a result, its composition in the residue liquid is contributively in-
creased due to the distillation and pervaporation mechanism. Both,
distillation and pervaporation present a similar contribution ( DIPA, 1).

3.3.2. Residue curve maps for a DPSU system
Experimental and theoretical DPSU residue curves are presented in

Fig. 8. The theoretical residue curves predicted by the simplified model
(Eqs. (1) and (2)) present a reasonably good agreement, considering
average input parameters as distillate flow, permeate flux, and mem-
brane permeability. As it was previously mentioned, a fully coupled
pervaporation mechanism to distillation process allows displacing the
internal liquid compositions as compared to a conventional distillation
or ECDP systems. Since the liquid-vapor compositions are displaced by
pervaporation due to the removal of the heaviest component (water),
the separation of the lightest components by distillation is reduced, but
it is not limited by the change of the volatility order close to the dis-
tillation boundary. It is possible to overcome experimentally the dis-
tillation boundary in all cases of separation by a DPSU system. By se-
lectively removing water from the residue liquid through
pervaporation, the DPSU residue curves (Eq. (1)) tend to move far from
the pure water vertex in any locus of the composition space. The ex-
perimental results validate the predictions observed in previous theo-
retical studies, since the pervaporation action allows shifting stationary
points presented in conventional distillation [16,20].

In the case of F3 (run 3), it was previously determined that the
changes of ethanol and water composition in the residue liquid is ba-
sically due to pervaporation. Although, the distillation boundary is
overcome in run 3, the separation is significantly lower (extension or
length of residue curve) as compared to runs 1 and 2. This is due to the
separation of the components with highest composition (ethanol fol-
lowed by water) is almost solely through pervaporation in the DPSU
system. In addition, the isopropanol composition is slightly increased.
Although distillation and pervaporation mechanisms promote the iso-
propanol enrichment in the residue liquid, this is significantly low due
to its low composition.

The slope of the residue curves decreases as the ethanol composition
rises (F1, F2 and F3 in Fig. 8). As the ethanol composition is increased,

DEtOH, approaches to 0 from negative values (see Fig. 7). Therefore, the
ethanol removal by distillation is reduced, allowing a rapid enrichment
of this component in the residue liquid.

In the case of isopropanol, the distillation contribution significantly
increases from F1 to F3. However, for run 3 the isopropanol composition
is markedly low and consequently the change of the isopropanol com-
position by distillation and pervaporation is little. Even, the changes of
ethanol and water compositions are two orders of magnitude higher
than for isopropanol (not shown).

Since the results obtained from the model can represent the se-
paration behavior of the DPSU system, the theoretical residue curves
are used to cover an extended area of the composition space, and locate
the stationary points of the RCM. The topology of ethanol-isopropanol-
water mixture is completely modified in comparison to a conventional
distillation (Fig. 8), and the composition space is not split in two re-
gions. The pure water vertex used to be a Stable Node (SN), however for
a DPSU separation it becomes into a Saddle Point (SP). Due to water is
continuously removed from the system with a selective pervaporation
membrane, the residue liquid only could be enriched in the remaining
components in the mixtures (ethanol or isopropanol). Based on the
DPSU residue curve direction, there are two possible SN.

3.3.3. Distillate temperature in a DPSU system and effect of the permeate
pressure

Fig. 9 shows the effect of removing the heaviest component with the

1 Dimensionless time is a fraction of the total time, in which the experiments
were performed. Being 0 and 1 of the dimensionless time equivalent to the
beginning and end of the experimental separation, respectively.
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highest boiling temperature. Due to water (373.15 °C at 1.01 bar) is
mainly removed from the residue liquid by the DPSU system, the liquid
composition tends to achieve a region with a lower water composition.
Consequently, the dew-point temperature of the vapor phase is almost
constant and is located between the ethanol and isopropanol boiling
temperatures. In addition, for the run 1 the vapor temperature is
slightly higher as compared to the other two runs (experimental and
model). This is due to the rapid enrichment of isopropanol, which is the
component with highest boiling point after water. However, for sim-
plification it can be considered that in all experiments the vapor tem-
perature was basically the same and constant. This is an opposite

behavior as compared to a conventional distillation performed in region
2, where the vapor temperature increases with the progress of the se-
paration, achieving the boiling point temperature of pure water.

Additionally, different permeate pressures were evaluated ac-
cording to Tables 1 and 2. In the case of run 1 and 5, the average error

Fig. 7. Theoretical and experimental separation ratio D as function of the separation progress for (a) run 1, (b) run 2 and (c) run 3. Ethanol (□), IPA (−−−) and
water (□□□) for the model, and ethanol (■), IPA (●) and, water (▴) for the experiments. Separation by solely pervaporation line ( · ) at = 0D .

Fig. 8. Residue curve map for the runs 1 (F1), 2 (F2), and 3 (F3). Theoretical
residue curves (□), experimental residue curves (●) and distillation boundary
(■■■). Arrows (←) show the separation progress of the experiments.

Fig. 9. Temperature of the generated vapor during the experimental DPSU
separation. Theoretical vapor temperature calculated from the model for run 1
(□), run 2 (−−−) and run 3 (□□□). Experimental vapor temperature
measured for run 1 (■), run 2 (●) and run 3 (▴).
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for the measured compositions was 4% and 4.5%, respectively.
Since silica material is highly selective to water, the permeate

pressure has not a significant effect on the water composition in the
permeate side. The increase of the pressure mainly affects the permeate
flux as Table 2 shows. The water selectivity with respect to the alcohols
( w) is independent on the permeate pressure in selective membranes as
the of silica membranes. The selectivity determined in the permeate
pressure range of 0.018–0.05 bar is 18.5 ± 0.4. The permeate pressure
is only important for improving the DPSU productivity by removing
rapidly water from the residue liquid. The productivity of the DPSU
system is reduced up to 26% by increasing almost 3 times the permeate
pressure, this is approximately the reduction of the permeate flux.

4. Conclusions

The experimental results showed that in a DPSU system the volati-
lity order can be partially modified as compared to conventional dis-
tillation. By removing the heaviest component (water) in region 2
through pervaporation, the volatility of the lightest components was
significantly reduced. As a result, the heaviest component in a DPSU
system system shifts from a stable node to a saddle point.

In addition, the pervaporation was able to change the separation
direction of the distillation mechanism. This latter was mainly observed
based on the distillation/pervaporation ratio ( D) of isopropanol and
water, which achieve values higher than 0 in all experiments. This
behavior promoted separation by the DPSU system across the distilla-
tion boundary. This experimentally demonstrated that indeed, as si-
mulated previously, thermodynamic boundaries for separation can be
overcome with a DPSU system.

The effect of pervaporation on the separation by distillation was
reduced with the increase of the ethanol composition in the initial feed,

promoting a reduction of the separation productivity in the DPSU
system. Also, for selective membranes the permeate pressure had not
influence on the separation behavior of a DPSU system. However, the
DPSU productivity was reduced by increasing the permeate pressure.

The temperature of the separation was reduced up to 18 K as
compared to a stable node of a conventional distillation, due to the
removal by pervaporation of the heaviest component. The experimental
results showed that by using a DPSU system, it will be possible to design
distillation trains with a lower number of columns as compared to
conventional distillation.
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Appendix A. Model derivation for a DPSU system in a batch operation

The general mass balance from Fig. 3 is Accumulation = In − Out + Generation, then it can be expressed for a component i as ( =M JA):

=dH
dt

Vy JAxi
i i p, (A.1)

The overall mass balance is defined by:

=dH
dt

V JA (A.2)

The mole composition in the residue liquid as a function of time is defined as:

=H t x t H t( ) ( ) ( )i i (A.3)

The derivative of a variable multiplications as eq. (A.3) is:

= +dH
dt

x dH
dt

H dx
dt

i
i

i
(A.4)

The term dH dt/ in Eq. (A.4) is defined by the overall mass balance in Eq. (A.2). Therefore, replacing Eq. (A.2) in (A.4) gives the following
expression:

= +dH
dt

x V JA H dx
dt

( )i
i

i
(A.5)

Replacing Eq. (A.5) in Eq. (A.1), the resulting expression is:

Table 2
Average values for the performance parameters of the DPSU system during batch operation in each run.

Run pp (bar) Retentate temperature
(K)

J (mol m−2 min−1) V (mol min−1) nf T, (mol) PEtOH (mol m−2 min−1

bar−1)
PIPA (mol m−2 min−1

bar−1)
Pw (mol m−2 min−1

bar−1)

1 0.018 346.4 ± 0.2 0.83 ± 0.06 0.037 ± 0.001 2.8 ± 0.3 0.09 ± 0.01 0.081 ± 0.01 3.4 ± 0.2
2 0.018 345.5 0.71 0.043 2.9 0.077 0.106 3.6
3 0.018 346.4 0.52 0.037 3.81 0.136 0.29 3.3
4 0.031 347.1 0.73 0.062 2.8 0.083 0.075 2.9
5 0.05 346.9 ± 0.8 0.63 ± 0.004 0.047 ± 0.002 2.8 ± 0.1 0.080 ± 0.001 0.071 ± 0.002 2.60 ± 0.01
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+ =x V JA M dx
dt

Vy JAx( )i
i

i i p, (A.6)

In addition, Eq. (A.6) can be expressed as:

= + +H dx
dt

Vy JAx Vx JAxi
i i p i i, (A.7)

By simplifying Eq. (A.7), the resulting equation is as follows:

= +H dx
dt

V x y JA x x( ) ( )i
i i i i p, (A.8)

Finally, the residue curve equation for a DPSU in batch operation can be defined as:

= +dx
dt

V
H

x y J
H

x x A( ) ( )i
i i i i p, (A.9)

Appendix B. Activity thermodynamic model (UNIFAC)

See Table B1 and Table B2.
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