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This paper presents as main contribution the combination of membrane osmotic distillation (OD) to deal-
coholize red wine with hydrophobic-hydrophilic pervaporation (PV) carried out to add value to the
wastewater (extracting water) produced in OD, recycling water and generating bioethanol. Membrane
OD with a commercial polypropylene hollow fiber module was applied to partially dealcoholize red wine
from 14.0 to 11.0 v/v% ethanol. The OD extracting water, containing only ca. 5.3 wt% ethanol, was treated
by sequential PV with both hydrophobic (PDMS or zeolite silicalite-1) and hydrophilic (zeolites morden-
ite or faujasite) membranes. This hydrophobic-hydrophilic PV produced two main products: bioethanol
(recovering 88% of the ethanol removed from the wine) and a 99.4 wt% water-rich product. This water-
rich product, with a very low ethanol content, was used as extracting water in the OD, giving rise to an
analogous partially dealcoholized wine, in terms of aroma contents (as determined by gas chromatogra-
phy for 25 compounds), to that achieved when using fresh water.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of The Korean Society of Industrial and
Engineering Chemistry. This is an open access article under the CC BY-NC-ND license (http://creativecom-

mons.org/licenses/by-nc-nd/4.0/).
Introduction

Global warming, leading to obtain grapes with an excessive
sugar concentration, is altering the cycle of wine. This results in
wines with an undesirably high concentration of ethanol, which
increases the solubility of some volatile compounds in wine and
reduces its quality [1–3]. Different strategies have been developed
to produce balanced wines with low alcoholic strength, those that
remove the ethanol content from the finished wines being the
most used [4-8].

In addition to the simple addition of water to grape must, usu-
ally restricted or only recently authorized in most of the wine pro-
ducing countries [9], one of the most promising techniques to
dealcoholize wine is based on membrane osmotic distillation
(OD). This is a membrane operation able to work at low pressures
and temperatures, hence diminishing the required energy costs
and the impact on the composition and sensory attributes of the
processed wines. In fact, OD has already been used to dealcoholize,
partial or totally, beer and wine [10–19]. In OD, the feed and the
extracting solution (usually water) are faced by a hydrophobic
membrane (typically of polypropylene, PP). As a result, the compo-
nent concentration gradients between both membrane sides act as
the driving force for the separation. The hydrophobic membrane
prevents the entry of the aqueous solution into the pores, while
the use of water as stripper creates an ethanol vapor pressure dif-
ference between both membrane sides which increases the ethanol
flux and reduces the water activity across the membrane and
therefore its transport [20]. The rest of minor components, with
much lower concentrations than ethanol, should preferentially
remain in the feed.

OD is considered as a clean technology [9], due to the fact that
the extracting solution generated is essentially water with a low
ethanol content and minimum amounts of aromas from wine. Up
to date, this extracting solution is not reused and becomes a waste
due to the fact that its ethanol concentration is very low, often
around 5 wt% or even less [12,21,22]. Consequently, the used water
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in relation to the processed wine is high (with a minimum ratio of
0.5 liter of water per liter of wine [12]), representing an important
economic loss and hampering the OD development and its imple-
mentation in wineries. Developing a separation stage for the
extracting solution would allow the recycle of water, reducing the
generation of wastewater close to zero and producing an alcohol-
rich stream, which could in turn be regarded as second generation
(2G) bioethanol (i.e. not produced from direct fermentation of sug-
ars, see below for further details). All this would make the process
of wine dealcoholization by OD more sustainable and favorable.

Bioethanol is the most popular biofuel since it can be mixed
with petrol in different proportions or even used directly as fuel
for transportation [23,24]. Furthermore, bioethanol can be pro-
duced by fermentation of cheap and abundant agricultural by-
products rich in sugars or starch, like those related to rice, millet,
sorghum or sugar-cane [25–29]. In fact, bioethanol production
through this way, giving rise to first generation (1G) bioethanol,
has been growing steadily since the 19200s [30,31]. Nevertheless,
the use of food materials as feedstock has increased the cost-
effectiveness of 1G bioethanol, restraining the growth of biofuels
as an alternative to petrol [32]. Therefore, the current trend is
the production of the so-called 2G bioethanol, which can be
obtained from inexhaustible raw materials [33,34]. The search for
cheap and abundant sources of raw material is an important issue
to develop the production of 2G bioethanol [35,36] and OD waste
could help meet its demand.

Moreover, the separation of ethanol as minor component by a
typical distillation is ineffective. Thus, pervaporation (PV) appears
as an interesting separation operation, which has already been
used to dehydrate concentrated alcohol solutions and, to a minor
extend, for the ethanol recovery from diluted hydroalcoholic solu-
tions [37]. Under these conditions, PV constitutes a clear alterna-
tive to distillation [38,39]. In addition, PV is accepted as an
energy-saving operation to separate close boiling point and azeo-
tropic mixtures due to its high separation selectivity, reasonable
flux, and low operational cost [40–45]. PV can be carried out either
with hydrophilic or hydrophobic membranes. Hydrophilic mem-
branes allow the dehydration of a given organic solvent or the sep-
aration of the most polar component of an organic mixture; on the
contrary, hydrophobic ones provide the preferential permeation of
the least polar component of a certain mixture [46,47].

When dealing with diluted alcohol solutions, an interesting
approach is the sequential hydrophobic-hydrophilic PV. This pro-
cess, recently validated through theoretical and economic studies
[48,49], uses a hydrophobic membrane to remove alcohol from
the diluted alcohol solutions to subsequently dehydrate the
alcohol-rich permeate with a hydrophilic membrane. This is the
case of the anhydrous ethanol production by a hydrophobic
(PDMS)-hydrophilic (carboxymethyl cellulose) PV [50] and when
applying (PDMS)-hydrophilic (polyvinyl alcohol) PV to diluted
isobutanol aqueous solutions [51].

In this work, a red wine was partially dealcoholized by mem-
brane OD using pure water as extracting agent, following our pre-
viously developed OD methodology based on the application of PP
membranes [12]. Next, the wastewater obtained (a dilute hydroal-
coholic solution) was treated by hydrophobic-hydrophilic PV. As
shown in Fig. 1, hydrophobic PV (HFB-PV), using PDMS or zeolite
silicalite-1 membranes, was directly applied to the OD waste. Sub-
sequently, the permeate from the HFB-PV was dehydrated by
hydrophilic pervaporation (HPL-PV), using faujasite or mordenite
zeolite membranes. As a consequence, bioethanol and water were
obtained. This water (with very low ethanol content) was reused as
stripping agent in a new OD operation of wine dealcoholization.
This wine was compared in terms of aroma composition with that
obtained by typical OD, using pure water as extracting agent. To
the best of our knowledge the hydrophobic-hydrophilic PV process
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proposed here, has never been applied to process the wastewater
frommembrane OD treated wine, this being the main achievement
of this work.

The demonstration of the feasibility of this OD-PV combination
will help the up-scaling of the technology. In fact, a life cycle anal-
ysis (LCA) of wine dealcoholization by OD demonstrated its low
environmental impact [52], while hydrophilic PV is commercially
available for ethanol (and other solvents) dehydration since many
years ago [53] and recently PV has been presented as a promising
method for the bioethanol separation in an industrial context [39].
Last but not least, the sustainability of the OD-PV intensified pro-
cess is of paramount importance, since, beyond the use of mem-
branes as a low cost tool, the proposed solution agrees with the
rule of the three Rs (reduce, reuse and recycle) within the frame-
work established by the 2030 Sustainable Development Agenda.
Materials and methods

Membranes

The OD membrane module is equipped with Liqui-CelTM MM-
1x5.5 hydrophobic porous polypropylene (PP) hollow fiber mem-
branes from 3MTM. The main characteristics of the membrane
module are: 2300 hollow fibers with inner and outer diameters
of 220 and 300 lm, thickness of 40 lm and nominal pore size of
30 nm. The effective length is 14 cm yielding a 0.18 m2 of mem-
brane area.

Concerning PV, hydrophobic flat sheet membranes (15 cm2 of
membrane area) of PDMS were purchased to Deltamem AG
(PDMSTM 4060), while tubular zeolite membranes (25 cm2 of mem-
brane area; 1.2 cm of outer diameter and 0.86 cm of inner diame-
ter) of hydrophobic silicalite-1 (MFI type structure with pores of 0.
51 � 0.55 nm and 0.53 � 0.56 nm) and hydrophilic mordenite
(MOR type structure with pores of 0.26 � 0.57 nm and 0.65 � 0.
7 nm) and faujasite (FAU type structure with pores of 0.74 nm)
were prepared on mullite tubular supports following previous
reports. Silicalite-1 membranes (SIL) with ca. 10 lm thickness
were obtained by rubbing seeding followed by secondary growth
[54]. In detail, silicalite-1 nanoseeds of 100 nm were obtained with
a 1SiO2: 0.36TPAOH: 20H2O gel at 130 �C for 48 h, TPAOH being
tetrapropylammonium hydroxide. These nanoseeds were applied
mechanically to the outer surface of tubular supports. Then,
silicalite-1 (SIL) membranes were prepared by secondary growth
carried out with a 1SiO2: 0.20TPAOH: 0.10TPABr: 0.10NH4F:
500H2O gel at 185 �C for 12 h, where TPABr is tetrapropylammo-
nium bromide [54]. SIL membranes were calcined at 500 �C for
20 h to remove the organic structure directing agent (OSDA) used
for their synthesis. Mordenite (MOR) and faujasite (FAU) mem-
branes with ca. 1 lm thickness were prepared by crystallization
but without OSDA, therefore they were not calcined [55,56]. In
detail, MOR membranes were crystallized at 170 �C for 6 h with
a 1SiO2: 0.08Al2O3: 0.2Na2O: 0.1NaF: 35H2O gel previous rubbing
seeding with MOR commercial crystals (Wako) [55], while FAU
membranes were also obtained after rubbing seeding with Si/
Al = 2.5 NaY commercial crystals (Wako) and secondary hydrother-
mal synthesis at 80 �C for 6 h with a 25SiO2: 1Al2O3: 72Na2O:
990H2O gel [56].

The physicochemical characterization of the zeolite membranes
was not addressed in this work since this has been previously
reported in the just given citations [54–56].
Osmotic distillation experimental setup

Fig. 1 shows the schematic representation of the laboratory
approach for coupling OD and PV membrane processes. A complete



Fig. 1. General scheme of the osmotic distillation-pervaporation coupling.
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description of the membrane OD lab-scale plant can be found else-
where [12]. Briefly, this includes the membrane module with feed
(Qf) and extracting (Qe) flow systems, pressure and temperature
controllers. A chiller bath JulaboTM (Corio-201F) maintains the
desired temperature on both membrane sides at 11 �C. In addition,
two manometers (MEX3D820B15, Bourdon) measured the pres-
sure at tube and shell sides yielding pressure different values close
to 0 bar.

The red wine studied was Tempranillo, which corresponds to a
black grape variety mainly grown in Spain, kindly provided by
Bodegas Matarromera (Valbuena de Duero, Valladolid, Spain). OD
tests were performed recirculating 250 mL of wine through the
shell side of the membrane module at 74 mL�min�1. Meanwhile,
125 mL of the extracting agent (deionized water) was fed at
40 mL�min�1 to the tube side of the membrane module. Deionized
water allowed to minimize the water transport across the mem-
brane and therefore its extraction from wine and its potential
transport to it, estimated in less than 0.1 v/v% decrease in the etha-
nol content by dilution with water. Both streams were continu-
ously applied in a counter current configuration working at 11 �C
to minimize the losses of aromas, especially esters. Flows and vol-
umes were established in a previous publication where the influ-
ence of different variables in the operation of the OD was
investigated [12]. OD experiments were performed by duplicate.
After each experiment, the OD module was cleaned at 40–60 �C
with a 0.5 wt/v% NaOH solution following a procedure previously
described [12].
Table 1
PV experiments carried out with water–ethanol solutions. SIL, MOR1 and MOR2 and
FAU are zeolite membranes of silicalite-1, mordenite and faujasite, respectively.

Exp Membrane
-

Temperature
[�C]

Feed
[g]

Feed ethanol
[wt%]

E1 SIL 40 100 5.3
E2 SIL 60 100 5.3
E3 PDMS 60 100 5.3
E4 MOR1 55 1000 40
E5 MOR1 75 1000 40
E6 MOR1 75 100 40
E7 MOR2 75 100 40
E8 FAU 75 100 40
Pervaporation experimental setup

The PV setup consists of two steps, carrying out a first
hydrophobic separation process (HFB-PV) followed by a hydrophi-
lic one (HFL-PV). The HFB-PV separated ethanol from the OD waste,
obtaining a permeate enriched in ethanol. Subsequently, this per-
meate was subjected to a step of dehydration with a hydrophilic
membrane, obtaining an ethanol-rich stream as retentate. This
scheme allowed the reuse of the retentate of the HFB-PV and the
permeate of the HFL-PV as extracting agent in a next OD process.

As shown in Figure S1, two different membrane modules were
used to place the PV membranes. Tubular membranes were cou-
pled in a homemade stainless steel permeation module sealed with
viton o-rings, while flat sheet membranes were placed in a stain-
233
less steel permeation module from SartoriusTM. The driving force
for the separation is the difference in partial pressures between
both membrane sides, which was achieved by a Pfeiffer vacuum
pump (MVP-040–2) connected to the permeate side.

In both types of PV, a flow of 15 mL�min�1 was fed to the mem-
brane module at atmospheric pressure, while the permeate vac-
uum pressure was controlled at 4 mbar by a needle valve and
monitored with a pressure transducer connected to a digital dis-
play. The permeated vapor was condensed by means of two con-
secutive glass traps immersed in liquid nitrogen (-196 �C) dewar
flasks and collected at fixed times, while the retentate stream
was recycled back to the feed tank. Preliminary experiments, fed
with water–ethanol synthetic solutions (5.3 wt% ethanol in HFB-
PV and 40 wt% ethanol in HFL-PV), were performed to fix the opti-
mum operation conditions and choose the best membranes in
terms of PV flux and separation factor. Once the PV setup was val-
idated with water–ethanol solutions, both PV steps were carried
out feeding real solutions as above mentioned. Table 1 shows the
experimental conditions applied in both PV tests. To obtain aver-
age values and standard deviations, each experiment under non
steady state conditions was carried out twice (E1-E3, E6-E8), while
in those under steady state three successive samples were taken at
3 h intervals (E4 and E5).

Membrane performance in PV was assessed based on the per-
meation flux (J, kg�m�2�h�1) and the separation factor (a). The total
PV flux was obtained at fixed time intervals from the following
equation:
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J ¼ DW
AeDt

ð1Þ

where DW(kg) is the variation of total mass in a given interval
of time, Dt (h), and A is the effective membrane area (m2). From
DW and the corresponding concentrations of permeate samples,
ethanol and water permeate fluxes were also obtained. The separa-
tion factor (aA/B) was calculated as follows:

aA=B ¼ YA=YB

XA=XB
ð2Þ

where XA and XB and YA and YB are the weight fractions of A (de-
sired component) and B in the retentate and permeate sides,
respectively. For the experiments carried out under steady state
conditions (E4 and E5), aA/B was calculated as an average of three
runs with the same membrane once the steady state was reached.
For non-steady state ones (E1-E3; E6-E8), aA/B was obtained from
each collected permeate along the experiment. Moreover, perme-
ances (Pi) were calculated normalizing each individual flux by
the driving force as follows:

Pi ¼ ji
pi;R � pi;P

ð3Þ

pi;R and pi;P being the vapor pressures of component i in the
retentate and permeate sides, respectively.

After each experiment, mass compositions of retentate and per-
meate were determined to calculate the recovery efficiency to
ethanol. Finally, both OD and PV polymeric membranes were
cleaned with pure ethanol at 60 �C for 8 h followed by drying over-
night at 60 �C. As the silicalite-1 membrane suffered from fouling
due to the presence of some organic compounds in the PV feeding,
a calcination step was undergone in a furnace at 480 �C for 12 h
with a heating rate of 0.5 �C.min�1.

Chromatographic analyses

In both processes (OD and PV), 1 mL volumes of the different
streams were taken at constant time intervals to analyze their
ethanol concentration. Methanol (HPLC grade, Scharlau) (20 lL)
was added to each sample as internal standard. An aliquot of this
mixture (0.5 lL) was injected to a gas chromatograph (7820A, Agi-
lent Technologies) equipped with a Porapak Q80/100 column,
2 m � 1.8 in � 2 mm, a thermal conductivity detector (TCD) and
a flame ionization detector (FID). The injector worked at 250 �C
in splitless mode with a ratio 1:100. Helium was used as carrier
gas at a constant flow of 1 mL(STP)�min�1 and the temperature
in the oven was fixed at 200 �C. After each experiment, the major
volatile compounds in all wines were analyzed following a proce-
dure previously reported based on gas chromatographic-flame ion-
ization [57].

Results and discussion

Partial dealcoholization of red wine by membrane OD

Feed for the further PV setup was obtained from the partial
dealcoholization of red wine (initial composition in Table S1) by
OD, using deionized water as extracting agent. Under the previ-
ously mentioned experimental conditions, a 3 v/v% (2.5 wt%) etha-
nol decrease was achieved after 25 min. This means that 250 mL of
wine feed (Vf) and 125 mL of water (Vs) were pumped to both sides
of the membrane module. In these conditions, 125 mL of a strip-
ping phase with a 5.3 wt% ethanol was produced in each OD run
(corresponding to an ethanol osmotic pressure of 0.26 atm), while
in the feed side the ethanol concentration was reduced from 14.0
to 11.2 v/v% (corresponding to a change in the ethanol osmotic
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pressure from 0.56 to 0.45 atm). The difference in osmotic pressure
of the main solute of wine (ethanol) between both membrane sides
generates the needed driving force for the dealcoholization. In suc-
cessive OD dealcoholization experiments, the water recovered
from the pervaporation modules (125 mL, 0.4 wt% ethanol) was
used instead of fresh, deionized water.

A total of 25 compounds were identified and quantified by gas
chromatography in the starting wine and in the two dealcoholized
wines (WA and WB, with fresh deionized water and recycled PV
water, respectively). As expected, both wines WA and WB system-
atically have less content of aromas than the fresh wine. Hence, a
loss of some volatile compounds is unavoidable due to the exis-
tence of favorable concentration gradients for these components
between both membrane sides. Moreover, other factors such as
volatility of each component, interaction with the wine matrix
and affinity to the membrane material also have an impact on
the loss of volatile compounds [12–15,18,19]. These compounds
can be grouped in the following chemical families: alcohols, esters,
acids, ketones, lactones and sulfur compounds. The behavior of
each volatile compound (Fig. 2A) and of each chemical family
(Fig. 2B) during OD adequately correlated with the corresponding
Henry’s constant (Hi) value (in water; values obtained from previ-
ous literature, see Table S2 [58]) using both stripping agents. The
expected trend is the higher the Hi value of a given component i,
the higher its water solubility and the lower its loss. This behavior
has already been observed in recent studies, being consistent with
the loss of components towards the stripping phase together with
the ethanol [12–14,18,19].

As Fig. 2A depicts, all the aliphatic alcohols exhibit a similar
behavior with an average loss of 26%, close to the ethanol loss
(ca. 20%) in agreement with their close Henry’s constant values
(with an average value of 1.2 mol.m�3.Pa-1). However, aromatic
alcohols remained in wine after achieving the same degree of deal-
coholization. The different behavior between both alcohol types
(aliphatic and aromatic) is in agreement with the Hi for aromatic
alcohols (18 mol.m�3.Pa-1, Fig. 2B), supported by the p-p staking
interactions and that of the –OH groups with the rest of the wine
components [59].

Concerning esters, the concentrations of those derived from
straight chain fatty acids (ethyl esters -SC-) suffer a slightly higher
average decrease (ca. 33%) than aliphatic alcohols (Fig. 2B). This
agrees with their lowest overall average value of Henry’s constant
(0.022 mol.m�3.Pa-1) (Fig. 2B). In addition, those derived from fer-
mentation acids (ethyl esters -FA-; ethyl lactate and diethyl succi-
nate) were the esters with the lowest loss (14% and 11%,
respectively), in line with their higher Henry’s constant values
(17 and 4.0 mol.m�3.Pa-1, respectively). Moreover, isoamyl acetate
shows the highest concentration decrease (46%) in agreement with
its small Henry‘s constant (0.021 mol.m�3.Pa-1). In any event, these
losses are lower than those previously reported by other authors
[10,13,15] also using membrane techniques. This can be due to
the low temperature applied here (11 �C) for the membrane OD.

Acids show a lower loss (17% in average) than alcohols and
esters (Fig. 2B). This agrees with their higher Henry’s constant val-
ues (8.7 mol.m�3.Pa-1), although the most volatile carboxylic acid,
acetic acid, shows a ca. 30% loss, close to the values corresponding
to aliphatic alcohols.

Acetoin, methionol and d-butyrolactone were also studied. Ace-
toin, shows a relatively small loss, in agreement with its Henry’s
constant value as can be seen in Fig. 2B. The concentrations of
methionol, a sulfur compound, and d-butyrolactone, a lactone,
were not significantly affected by the dealcoholization process, as
expected from their high Henry’s constant values shown (100
and 190 mol.m�3.Pa, respectively).

In summary, the aroma losses reported here and the profile of
each chemical family were basically in agreement with the litera-



Fig. 2. A) Losses of volatile compounds as a function of Henry’s constant (log Hi with Hi in mol.m�3.Pa�1). B) Average losses and log Hi values of volatile compounds grouped
by chemical families. In A and B, solid and open symbols correspond to OD with fresh (D) and recycled water (PV), respectively. SC and FA in B refer to ethyl esters from
straight chain fatty and from fermentation acids, respectively.
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ture, suggesting that the experimental conditions used in this
work, advantageous due to the low temperature applied, are
appropriate to accomplish the dealcoholization by OD [11,15,60].

Finally, the OD polypropylene membrane module used in this
work was discontinuously operated along ca. 3 years accumulating
26 h of red wine dealcoholization, 7 h of water–ethanol dealco-
holization, ca. 15 h of 0.5 wt.% NaOH cleaning at 40–60 �C and
almost 8 days under vacuum (4 mbar). Despite this, the module
showed reproducible dealcoholization results, proving its stability.

Hydrophobic PV of water–ethanol solutions

To study the performance of the PV setup (see Fig. 1) and
establish the best membrane for each step, several preliminary
experiments were carried out feeding different water–ethanol
solutions for their dealcoholization (with hydrophobic membrane)
or dehydration (with hydrophilic membrane). In case of
experiments done under non-steady state (E1-E3; E6-E8), the
composition changed notably during the experiments and, as a
result, so did the PV flux and separation factor. In these conditions,
PV flux and separation factor were obtained from each collected
permeate along the experiments. In any event, the runs carried
out correspond to batch experiments accounting for relatively
small amounts of wine and the different PV solutions to treat.
However, it is expected that the results gathered from them help
establish the conditions for a suitable continuous industrial
process.

The first PV step for the treatment of the OD extracting stream
is its dealcoholization by HFB-PV. A synthetic ethanol–water mix-
ture with the same composition as the OD extracting stream (etha-
nol content 5.3 wt%) was submitted to PV with hydrophobic
membranes. Membranes used for this purpose were made of
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hydrophobic PDMS (membrane PDMS) and zeolite silicalite-1
(membrane SIL). Experiments were stopped when a reference con-
tent of alcohol in retentate around of 0.4 wt% was reached, as a
compromise between decreasing the ethanol content in the
extracting phase and the fact that an excessive experiment time
may dilute the permeate stream, hindering the next PV stage (since
an ethanol content close to 40 wt% is required for HFL-PV).

In order to select the most favorable experimental conditions
for HFB-PV, several experiments were carried out to determine
the optimum temperature and membrane type. Table 2 and
Fig. 3 show the results corresponding to these experiments. In
addition, the average values of total permeate weight collected of
each experiment are summarized in Table S3. As shown in
Fig. 3A, all HFB-PV experiments were carried out under non-
steady state conditions, the driving force for ethanol permeation
decreasing and leading to a reduction in the ethanol permeation
flux with experiment time. As a result, ethanol concentration in
the retentate side diminished along the experiments (see Fig. 3B).

As can be seen in Fig. 3B, the degree of ethanol removal (consid-
ering the above-mentioned � 0.4 wt% limit) was successfully
achieved at both temperatures of 40 and 60 �C working with mem-
brane SIL. However, a lower total flux was shown by membrane SIL
at 40 �C (Table 2), meaning a longer time to reach the target etha-
nol content in retentate of 0.4 wt%. Besides, the temperature did
not seem to influence on the total PV flux tendency, remaining it
approximately constant along the experiment at both tempera-
tures (Figure S2). Thus, working at 60 �C allowed to obtain a higher
PV flux for ethanol than for water (0.46 and 0.32 kg.m�2.h�1,
respectively) at the beginning of the HFB-PV experiments. This
led to the recovery of a higher amount of retentate (87% at
60 �C; 76% at 40 �C) with an ethanol concentration around 0.4 wt
%. This low ethanol concentration in the retentate stream will con-



Table 2
Pervaporation with hydrophobic membranes (HFB-PV) at 40 and 60 �C. Ethanol in the feed was 5.3 ± 0.1 wt%. Ethanol concentrations of retentate and permeate and total fluxes
determined at the end of each experiment.

Membrane Run Temperature
[�C]

Ethanol content [wt%] aethanol/water

[-]
Total flux
[kg.m�2.h�1]

Retentate Permeate

SIL E1 40 0.46 ± 0.0 23 ± 3 18.0 ± 4.8 0.32 ± 0.0
SIL E2 60 0.40 ± 0.1 36 ± 1 37.4 ± 4.5 0.69 ± 0.1
PDMS E3 60 0.94 ± 0.0 12 ± 0 6.0 ± 0.3 1.7 ± 0.0

Fig. 3. HFB-PV of 100 g of a water–ethanol solution with 5.3 ± 0.1 wt% of ethanol. A) Ethanol (closed symbols) and water (open symbols) fluxes as a function of time. B)
Ethanol content as a function of time in retentate (closed symbols) and permeate (open symbols); the dashed straight line corresponds to the 0.4 wt% ethanol concentration.
The continuous lines are guides to the eye.
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tribute to generate the stripping agent for reuse in OD. Under these
conditions and as shown in Fig. 3B, a permeate with a higher etha-
nol content was obtained at 60 �C (36 wt%) than at 40 �C (23 wt%),
the first being closer to the ethanol concentration fixed as an ade-
quate feed (40 wt%) for the next HFL-PV step. In consequence, the
optimum temperature to carry out HFB-PV was set at 60 �C.

As can be seen in Fig. 3A, membrane PDMS exhibits the highest
total flux value (Table 2), decreasing sharply with time until reach-
ing values close to those of membrane SIL at the same temperature
(60 �C). However, this higher total flux obtained with PDMS in
comparison with that of SIL did not cause the expected reduction
in ethanol content in the retentate, due to the lower ratio between
ethanol and water fluxes shown. This is in agreement with a higher
separation factor of membrane SIL with respect to membrane
PDMS as shown in Table 2. In fact, the PDMS ethanol PV flux dimin-
ished over time until reach a very small value (0.04 kg.m�2.h�1

after 1000 min), while the water flux remained at a considerable
high level (0.65 kg.m�2.h�1 after 1000 min). This prevented from
achieving the degree of dealcoholization proposed, obtaining an
alcohol concentration of 0.94 wt% in the retentate and generating
an insufficient ethanol concentration in the permeate of 12 wt%
(Table 2). In summary, membrane SIL is considered as the best to
carry out the hydrophobic separation and decrease the alcohol
concentration in the retentate below 0.4 wt%, the optimum tem-
perature being set at 60 �C to obtain an alcohol rich permeate in
a short time (Fig. 3B). In these conditions, an ethanol/water separa-
tion factor of up to 37.4 (as compared to 6.0 with PDMS) with an
ethanol flux of 0.69 kg�m�2�h�1 were obtained (Table 2). In any
event, the PV flux and separation factor values are in agreement
with those achieved with similar hydrophobic membranes applied
generally to higher concentration feeds [61].

Another interesting information can be gathered from the
PDMS membranes. As a preliminary work, membrane PDMS was
used to evaluate the PV performance from different feeds, from a
synthetic ethanol–water solution (13 wt% ethanol concentration)
to red wine full of aromas (13 wt% ethanol concentration). A
summary of these results is shown in Table S4. No significant
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differences in ethanol/water separation factors were observed as
a function of feed concentration, while a decrease of PV flux was
observed from 0.9 kg�m�2�h�1 (ethanol–water solution) to
0.6 kg�m�2�h�1 (red wine) in agreement with some dissolution of
the wine aromas on the PDMS membrane slowing the PV flux. In
any event, the concentration in volatile compounds in the OD
waste is much lower than that in wine, as will be shown below.

Hydrophilic PV of water–ethanol solutions

A synthetic hydroalcoholic solution with 40 wt% ethanol (fixed
as an adequate concentration to carry out the dehydration process)
was used as feed for the second HFL-PV step with the aim of
increasing the ethanol concentration and obtaining a water-like
permeate that could be used as stripping agent in further OD.
Membranes used for this purpose were made of hydrophilic
zeolites mordenite (membranes MOR1 and MOR2) and faujasite
(membrane FAU). These zeolite membranes prepared on tubular
mullite supports have shown very good performance when
dehydrating organic compounds or separating the most polar
compound in a given organic mixture [62].

Given the important effect of temperature observed on the
hydrophobic separation, this parameter was first studied to
enhance the HFL-PV. Membrane MOR1, whose results are
summarized in Table 3, was tested at 55 and 75 �C at steady state
conditions (i.e. ethanol concentration at feed or retentate side
approximately constant at 40 wt%). As the temperature increased
so did the total PV flux and the separation factor, which is in
agreement with a previous work using hydrophilic zeolites where
the water flux was activated in this temperature range [63]. This
allowed to fix 75 �C as the optimum temperature to carry out the
HFL-PV.

Once fixed the optimum temperature to carry out the HFL-PV,
Table 4 shows the comparison between mordenite and faujasite
membranes operating under non-steady state conditions to
emulate the dehydration of the permeate from HFB-PV. In addition,
Fig. 4 depicts the evolution of the HFL-PV fluxes and the water
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retentate and permeate concentrations as a function of time for
each membrane, under non-steady state. Sooner (membrane FAU
because of its high water PV flux, see Fig. 4A) or later (membranes
MOR1 and MOR2) the retentate reached in all cases an ethanol
concentration over 99 wt%, as shown in Fig. 4B related to the low
water concentration achieved at a certain operation time. In this
sense, membrane FAU allowed a faster decrease in the water con-
centration, according to its higher total PV flux (3.4 kg.m�2.h�1)
than those of the two mordenite membranes (ca. 1.1–1.2 kg.m�2.-
h�1), reaching the bioethanol target concentration of 99% 3 times
faster. However, the high total flux shown by FAU did not allow
to reuse the permeate generated as stripping phase in the OD,
due to the high ethanol concentration remained (18.7 wt%), unsuit-
able for the stripping phase. This is in agreement with the low
water/ethanol separation factor of 21.2 for FAU as compared to
the much higher values for MOR of up to 7225, see runs E8 and
E7 in Table S3.

The previous results can be explained by the evolution of water
and ethanol fluxes that permeate through membrane FAU along
time. As observed in Fig. 4A, the water flux started at a higher value
(4.6 kg.m�2.h�1) than that of the ethanol flux (0.26 kg�m�2�h�1),
generating a permeate with a 5.7 wt% ethanol concentration. Nev-
ertheless, it rapidly became lower than the ethanol flux, meaning
that only 65% of total ethanol in the feed was recovered as bioetha-
nol. Besides, although no important differences in permeance of
mordenite membranes were observed (Table 4), membrane
MOR1 required more time to reach the same dehydration degree.
This result can be explained by the similar water flux of both mem-
branes but with a less ethanol flux of MOR2 (Fig. 4B). Therefore,
permeates obtained with MOR2 working at 75 �C are more suitable
to be reused as stripping phase in OD.

Finally, as shown in Figure S3, regarding the experiments in
Tables 2 and 4, water and ethanol pervaporation permeances were
calculated according to equation (3). Even though the discussion
along the work has been done in terms of fluxes, it is true that
these values are not only function of the intrinsic properties of
the membranes used (in this case very different since both
hydrophobic and hydrophilic membranes have been applied), but
also depend on the operating conditions (feed concentration and
temperature and vapor pressure driving force) [64]. The presenta-
tion of permeances may facilitate the comparison of the current
work results with those obtained under different pervaporation
conditions but with the same mixtures studied here.
PV of extracting solutions

As compared to SIL membranes with a much higher Si/Al ratio
[53], MOR and FAU membranes are characterized by a low Si/Al
ratio [54,55]. This low Si/Al ratio allows the introduction of com-
pensation cations in the zeolite framework turning it hydrophilic.
It is generally admitted that non-zeolite pores and structural
defects in zeolite membranes have a stronger effect on hydropho-
bic membranes than on hydrophilic ones because of the presence
of silanol groups on the zeolite surface which favors the PV of polar
compounds [47]. This explains the much higher separation factors
achieved with MOR membranes than with SIL membranes, both
being the best performing hydrophobic and hydrophilic mem-
Table 3
Pervaporation with hydrophilic membranes (HFL-PV) under steady state conditions at tw

Membrane Run Temperature
[�C]

Ethanol c

Retentate

MOR1 E4 55 40 ± 0.5
MOR1 E5 75 40 ± 0.7
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branes to be used for the PV of OD extracting solutions in this
section.

The hydrophobic-hydrophilic PV, equipped with the mem-
branes chosen in the present study (SIL as a hydrophobic mem-
brane and MOR2 as a hydrophilic one), was tested using OD
waste as feed as shown in Table 5. In what concerns the ethanol
recovery, carrying out the global PV process under the optimum
conditions, HFB-PV allowed to recover 92% of the ethanol removed
from red wine by membrane OD. This ethanol (36 wt%) was fed to
the subsequent HFL-PV where in turn 98% of ethanol was retained
as dehydrated ethanol (bioethanol) with MOR2. This bioethanol is
more than 99 wt% in ethanol, having overcome the azeotropic
composition. It is interesting to note that the alcohol concentration
in the permeate of the hydrophobic PV is high enough as to avoid
the need of a thermal process of ethanol concentration in between
[65]. In summary, from a reduction of 3 v/v% in the alcoholic
degree of wine, the hydrophobic-hydrophilic PV setup allowed to
recover as bioethanol 88% of the ethanol removed from the wine
(percentage calculated by total mass balance). In addition, no sig-
nificant major differences in the membrane SIL performance were
found when facing a water–ethanol solution or OD wastewater
with traces of organic compounds (see Table 6). This suggests that
the ethanol recovery from OD waste is probably easier than from
fermentation broths [66]. MOR2 showed a comparable perfor-
mance with both feeds too, confirming the high stability reported
for this zeolite membrane [55,67].

Despite having selected membrane SIL as the optimum mem-
brane based on the results obtained from HFB-PV experiments
with water–ethanol solutions, both hydrophobic membranes
PDMS and SIL were fed with OD wastewater. This was mainly
due to the fact that a fouling phenomenon was observed in previ-
ous experiments with solutions enriched (aroma concentrate, as
compared to the OD wastewater, see Table 6) in some selected
aroma compounds using membrane SIL. However, this effect was
not observed with the low PV performance membrane PDMS
(not shown).

The study of the stability of the membrane PV operation when
dealing with realistic mixtures is of great importance. Abounding
on the silicalite-1 membrane performance, Fig. 5 and Table S5
show the history of membrane SIL submitted to 174 h of accumu-
lated experiments under different conditions. Experiments 1, 2, 16
and 17 were carried out at 40 �C with a PV flux of ca. 0.3 kg.m�2.h�1,
runs 3–8, 14, 15 and 18–21 were at 60 �C with higher PV flux in the
0.6–0.7 kg.m�2.h�1 range regardless of using water–ethanol solu-
tions or OD wastewater (with traces of aromas, as shown in
Table 6). Nevertheless, experiments 9 and 10 with an aroma con-
centrate feed (at much higher concentrations than those observed
in the OD wastewater) accelerated the fouling of the hydrophobic
zeolite membrane provoking a huge diminishing of its PV flux. This
was not recovered during next runs 11–13 with water–ethanol and
required of a calcination stage at 480 �C for 12 h to retrieve the ini-
tial performance of the membrane (from rum 14).

To complete the discussion about the PV membrane stability,
Table 7 summarizes the histories of the four PV membrane types
applied in this work. In case of PDMS, a different membrane sam-
ple was used for each different feed, while membranes SIL and
MOR (in this case with two samples) were intensively exposed
to different PV conditions regarding temperature and feed con-
o different temperatures. Ethanol in the feed was 40 ± 0.1 wt%.

ontent [wt%] awater/ethanol

[-]
Total flux
[kg.m�2.h�1]

Permeate

3.7 ± 0.3 17.4 ± 1.5 0.69 ± 0.0
2.1 ± 0.3 39.1 ± 3.6 1.2 ± 0.0



Table 4
Pervaporation with hydrophilic membranes (HFL-PV) under non-steady state conditions at 75 �C. Ethanol in the feed was 40 ± 0.1 wt%. Ethanol concentrations of retentate and
permeate and total PV flux obtained at the end of each experiment.

Membrane Run Ethanol content [wt%] awater/ethanol

[-]
Total flux
[kg.m�2.h�1]

Retentate Permeate

MOR1 E6 >99 3.1 ± 0.4 736 ± 296 1.1 ± 0.2
MOR2 E7 >99 < 0.2 7225 ± 2009 1.2 ± 0.2
FAU E8 >99 19 ± 4 21.2 ± 7.5 3.4 ± 0.4

Fig. 4. HFL-PV results feeding 100 g of a water–ethanol solution with 40 ± 0.1 wt% of ethanol. A) Ethanol (closed symbols) and water (open symbols) fluxes as a function of
time. B) Water content as a function of time in retentate (closed symbols) and permeate (open symbols). The continuous lines are guides to the eye.

Table 5
PV performance with best hydrophobic (silicalite-1, SIL, ethanol/water separation factor) and hydrophilic (mordenite, MOR2, water/ethanol separation factor) membranes.

Feed Ethanol content
[wt%]

Time
(min)

Ethanol
recovery
[%]

Separation factor
[-]

Total flux
[kg.m�2.h�1]

Initial (feed) Final (retentate)

HFB-PV Water-ethanol solution
(100 g)

5.3 0.4 460 93 37.4 ± 4 0.69 ± 0.1

OD waste
(125 g)

5.2 0.4 550 92 36 ± 4 0.72 ± 0.0

HFL-PV Water-ethanol solution
(100 g)

40 >99 1215 99 7225 ± 2009 1.2 ± 0.2

Permeate from HFB-PV
(17 g)

36 >99 300 98 6918 ± 728 1.2 ± 0.2

Table 6
Compositions of selected aroma compounds in red wine, aroma concentrate (balanced with 50%/50% ethanol/water) and OD wastewater as determined by chromatography.

Aroma Red wine
[mg.L-1]

Aroma concentrate [mg.L-1] OD wastewater [mg.L-1]

Isoamyl acetate 0.44 ± 0.07 3.5 ± 0.17 0.15 ± 0.03
Ethyl acetate 56 ± 3 5.7 ± 0.2 14.1 ± 0.6
Ethyl lactate 61 ± 4 3.7 ± 0.3 4.8 ± 0.5
Isoamyl alcohol 222 ± 5 154 ± 7 103 ± 1.3
b-Phenylethanol 32.0 ± 0.6 10 ± 0.2 0.79 ± 0.29
Acetic acid 429 ± 40 0.43 ± 0.07 0.68 ± 0.07
Hexanoic acid 1.8 ± 0.0 3.3 ± 0.08 0.11 ± 0.00
c-Butyrolactone 17.0 ± 0.6 4.0 ± 0.4 0.36 ± 0.00
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centration, as seen above for membrane SIL, demonstrating their
high stability and robustness. Hydrophilic membrane FAU was
studied only with water–ethanol solutions due to its worse per-
formance in terms of separation factor as compared to mem-
branes MOR.

As shown in Table S6, these results agree with previous work in
which the ethanol–water mixture was separated by hydrophobic
PV with a PDMS membrane (working at similar levels of PV flux
and separation factor in case of membrane PDMS but much lower
than those achieved with the silicalite-1 membrane) generating a
permeate with 80 wt% ethanol [50]. This permeate was submitted
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to secondary PV with carboxymethyl cellulose (CMC) membrane
giving rise to 99 wt% water. Similar strategy was used with
PDMS/PVA (polyvinyl alcohol) hydrophobic/hydrophilic mem-
branes to obtain 99 wt% isobutanol from a 2 wt% aqueous isobu-
tanol solution [51]. Even if the hydrophilic PV with the PVA
membrane yielded a very low water/alcohol separation factor, that
reported with the CMC membrane was comparable to those
achieved in this work with the MOR membranes but with consid-
erably lower PV flux: below 0.15–0.2 kg.m�2.h�1 at 25–30 �C with
both CMC and PVA membranes. This highlights the advantages of
the zeolite membranes, which are more stable, in the case of



Fig. 5. Total PV flux for 21 experiments carried out with membrane SIL at 60 �C, except in those marked with a star, carried out at 40 �C. Total accumulated time: 174 h. The
vertical red line indicates the calcination of the membrane at 480 �C.

Table 7
Experiments carried out with each membrane under several experimental conditions. W/E means water–ethanol solutions with an ethanol concentration of 1–5 wt%, aroma/W/E
has the concentration shown in Table 6.

Membrane Samples Range of temperature
[�C]

Time under stream
[h]

Feed Activation treatment

PDMS 4 30–60 89 W/E; wine; OD waste; aroma/W/E -
SIL 1 40–60 174

W/E; OD waste;
aroma/W/E

480 �C, 12 h

MOR 2 55–75 100
W/E;
OD waste treated

-

FAU 1 75 16 W/E -
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silicalite-1 able to withstand a thermal reactivation treatment at
480 �C and also to perform with higher alcohol/water separation
factors than the PDMS membranes, and much more permeable in
the case of the hydrophilic membranes.
Partial dealcoholization of red wine with recycled water from
membrane OD

Once both PV steps were optimized and validated with the
water-rich volume generated in the membrane OD performed with
fresh water, membrane OD was carried out with recycled water,
constituted by combining the retentate of the hydrophobic PV with
the permeate of the hydrophilic PV. This recycled water was used
as extracting solution in a new membrane OD experiment, allow-
ing a reduction in the water consumption associate to OD by
99%, from 0.5 to less than 0.005 liter of water per liter of wine
(see Fig. 1), and giving rise to an analogous partially dealcoholized
wine, in terms of contents of aroma compounds (see Fig. 2), than
when using fresh deionized water. Indeed, together with the pro-
duction of bioethanol, this is the main achievement of this work,
thus demonstrating the saving of water during the whole operation
of partial dealcoholization of wine without affecting its aroma pro-
file as compared to the OD using fresh water.

In fact, in most cases the losses of aromas are comparable,
within the experimental error, reusing the PV water (see WB in
Table S1) and applying fresh water (WA). This allows to confirm
that the reuse of water for the OD operation is an acceptable option
from the separation point of view. It is worth mentioning that acids
did show a slightly higher retention in wine when PV water was
used as stripping stream. This can be due to the fact that PV water
could include traces of some components, especially those that
show a higher polarity, decreasing their driving force for the OD
process.
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These results demonstrate the feasibility of the approach car-
ried out in this work where the OD wastewater is converted in
bioethanol and the remaining water is reused for new OD. This
agrees with previous LCA carried out on several common partial
dealcoholization techniques, including membrane OD applied to
wine, demonstrating that the high consumption of natural
resources can be reversed by valorizing the wastewater [52], as
done in this work by PV. Moreover, OD has other inherent advan-
tages, since it can be done at a relatively low temperature (11 �C in
this work) as compared, for instance, to the widely used spinning
cone column treatment (working at 30 �C) [6], consequently affect-
ing less the properties of wine.

Conclusions

Membrane osmotic distillation (OD) technology was applied to
carry out a partial dealcoholization of red wine using a polypropy-
lene hollow fiber membrane module. For a more sustainable pro-
cess, OD was combined with hydrophobic-hydrophilic
pervaporation (PV) carried out on the OD wastewater (only 5.3
wt% ethanol) allowing both the production of bioethanol and the
recycle of water for the OD operation. In addition, the following
conclusions can be gathered from this study:

� Preliminary PV experiments with ethanol–water solutions
demonstrated the suitability of hydrophobic silicalite-1 (over
polymeric PDMS) and hydrophilic mordenite (over faujasite)
zeolite membranes to carry out the respective hydrophobic
and hydrophilic PV.

� Constituting an illustrative example of process intensification,
the combination of OD with a sequential hydrophobic-
hydrophilic PV process, mainly based, respectively, on zeolite
membranes of silicalite-1 (working at 60 �C) and mordenite
(at 75 �C) adds value to the water-rich waste product from
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OD, transformed into recycled water with ca. 0.4 wt% ethanol,
constituted by combination of the retentate of the hydrophobic
pervaporation with the permeate of the hydrophilic pervapora-
tion, and bioethanol (ca. 99 wt.% ethanol), i.e. the retentate of
the hydrophilic pervaporation.

� The recycled water was used as extracting solution in a new
membrane OD operation, giving rise to analogous partially deal-
coholized wine, in terms of contents of aroma compounds, than
that achieved when using fresh deionized water. This strategy
reduced the water consumption to practically zero in the whole
process, which is of paramount importance to validate the
industrial potential of membrane OD to dealcoholize wine.

� Finally, 88% of the ethanol removed from wine could be recy-
cled into sustainable bioethanol, alternative to fossil fuels, con-
firming that the global process frames within the rule of the
three Rs of reuse, recycle and reduce.
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