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A B S T R A C T   

Osmotic distillation (OD) has been a subject of interest during the last few years due to its promising application 
in the production of low alcohol strength wines. This work focuses on the partial dealcoholization (-3 v/v%) of 
red wine (tempranillo) by OD, carrying out an experimental and theoretical process analysis. The deal
coholization process was performed using a polypropylene hollow fiber module at different experimental con
ditions whose influence in the ethanol behavior was evaluated. At the best tested conditions, the study of the 
behavior of ethanol and other five different alcohols (both aliphatic and aromatic) as a function of their volatility 
(Henry’s constant) and their interaction with the membrane (in terms of Hansen solubility parameters) validated 
the theoretical model proposed. As a result, a transport resistance expression that includes the alcohol-membrane 
interaction was successfully developed. This allowed to reduce the error between the experimental and theo
retical alcohols concentrations in a relatively wide range of working conditions.   

1. Introduction 

There is growing evidence that a climate change is taking place, 
whose impact extends well beyond an increase of Earth temperature. It 
is also affecting the stability of ecosystems and communities around the 
world [1–3]. Viticulture has been also affected, since in recent years 
changes in the annual cycle of vine have been observed, which leads to a 
temporal mismatch between industrial and phenolic maturity [4]. 

The degree of ripeness conferring the optimal flavor characteristic of 
wine normally correlates with the highest sugar content in grapes. 
However, due to the global warming, the juice obtained from grapes at 
full phenolic maturation has an excessive concentration of sugar, 
resulting in wines with undesirably higher concentrations of ethanol [5]. 
This phenomenon is aggravated in warm climate areas such as the 
Mediterranean region, particularly including France, Italy and Spain as 
main producers of wines, and it is expected to be intensified in the next 
years [6,7]. Also, it has been suggested that the temperature increase 
(which could go from 0.3 to 1.7 ◦C during the next 20 years), conse
quence of global warming, may affect gene expression and enzymatic 

activity which determine grape ripening and wine characteristics [8]. 
At this moment, in the Mediterranean region, most of the red wines 

already exceed 14 v/v%, and an increment of 2 v/v% of ethanol has 
been detected in wines from California [9]. Furthermore, in the past 
twenty years, the alcoholic strength of Australian wines increased from 
12.4 v/v% to 14.4 v/v% for red wines and from 12.5 v/v% to 13 v/v% 
for white ones [10]. As an additional example, based on the daily 
average air temperature data from 1981 to 2017, it was concluded that 
Ningxia region in China will have to change the wine grape varieties and 
wine types to adapt to the ongoing climate change [11]. 

During must fermentation, ethanol is produced with other sub
stances such as esters, glycerol or succinic acid that confer the wine their 
organoleptic interest [12]. An excessive ethanol concentration is unde
sirable since it increases the solubility of the volatile compounds in the 
wine, masking the main aromas and increasing the perception of hotness 
on the mouth, thus reducing the wine quality [13,14]. Besides, the 
growing social tendency towards a healthy lifestyle, avoiding an excess 
of alcohol consumption, has resulted in an increasing demand of wines 
with lower ethanol content, and there is no doubt that less alcoholic 
wines (e.g. 2–3◦ below the current ones) would have a positive reception 
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from markets and consumers. For this reason, decreasing the ethanol 
content of the current wines maintaining suitable organoleptic profiles, 
adequate preservation properties and healthier is currently one of the 
most important issues for the wine community [4,15,16]. 

To adapt to the above described situation of global warming in the 
context of wine production but also to satisfy the consumer demand and 
produce fresh and balanced wines with low alcoholic strength, different 
strategies have been studied [17,18]. Currently the most popular deal
coholization techniques are focused on the removal of ethanol from 
finished wines with post-fermentation separation treatments such as 
spinning cone columns and reverse osmosis [19,20]. However, during 
the separation carried out with spinning cones the wine must be slightly 
heated, causing an energy cost and a possible modification of its 
organoleptic properties. Moreover, reverse osmosis requires a relatively 
high energy consumption to raise the required pressure, while the 
installation cost can be important due the high membrane area needed 
to achieve a desired production. As an alternative, osmotic distillation 
(OD) can produce an ethanol reduction working at room temperature 
and with no pressure gradient thanks to the use of hydrophobic mem
branes. As a consequence of the low working temperature, OD has a 
tolerable energy demand and a low impact on the composition and 
sensory attributes of the processed wines. Several works have been 
published on the OD application for low-alcohol wine production where 
a partial dealcoholization did not influence significantly the color, total 
anthocyanins, flavonoids and contents of phenols [21,22]. 

In OD process, a hydrophobic porous membrane, typically of 

polypropylene, acts as a contactor, with the liquid mixture containing 
ethanol in the feed side and the extracting agent (stripper, usually liquid 
water) in the permeate side. The hydrophobic character of the mem
brane prevents water transport, while the other components of the feed 
that diffuse through the membrane pass from liquid to vapor phase in
side the matrix pores. As a result, the gradient of partial pressures of 
these components between both membrane sides contributes to the 
driving force for the separation, meaning a reduced loss of minor com
ponents comparing to other techniques mentioned above. 

The reduced loss of minority compounds during OD has been evi
denced for most acids and phenolic compounds (anthocyanins and 
tannins) as previously reported [21,22]. However, the loss of some 
volatile compounds is inevitable. Lisanti et al. reported a loss of around 
40% esters with a partial (-2 v/v%) dealcoholization of wine [23]. While 
a loss up to 80% was observed by Corona et al. during a dealcoholization 
of 5 v/v% [22]. In fact, in dealcoholization processes where wines with 
an alcoholic graduation less than 1 v/v% were obtained the relative loss 
of volatile compounds was as high as 98% [21]. 

In light of these results, the need to gain more insight into the ethanol 
behavior and its influence on the volatile components of wine during OD 
is evident. Recently, several theoretical approaches based on the clas
sical resistance in series model [24,25] were applied [26–28] to describe 
the evolution of ethanol and aromas in the membrane contactor. How
ever, this model, based only on the volatility to describe the liquid-gas 
distribution of components, was not able to predict significant differ
ences as a function of the flow rate [27]. This may be due to the fact that 

Nomenclature 

A Membrane area of the hollow fibers (m2) 
C Concentration (g kg− 1) 
d Diameter (m) 
D Effective diffusion (m2s− 1) 
G Mass of a component (g) 
Gz Graetz number: Gz = ReScdh/L 
H Henry Constant (Pa m3 mol− 1) 
HSP Hansen solubility parameter (MPa0.5) 
J Partial flux (g s− 1 m− 2) 
K Mass transfer coefficient 
Kf Feed mass transfer coefficient (m s− 1) 
KG Global mass transfer coefficient (g m− 2 s− 1 Pa− 1) 
Ks Stripping mass transfer coefficient (m s− 1) 
Km Membrane mass transfer coefficient (g m− 2 s− 1 Pa− 1) 
L Effective length of the module (m) 
M Molar weight (g mol− 1) 
n Number of hollow fibers 
Q Flow rate (mL min− 1) 
Rf Feed mass transfer resistance (s Pa g− 1) 
Rm Membrane mass transfer resistance (s Pa g− 1) 
Rs Stripping mass transfer resistance (s Pa g− 1) 
Re Shell side Reynolds number: Re = 4Qi/μinπdi 

(dimensionless) 
Rg Ideal gas constant (8.314 J mol K− 1) 
Sc Schmidt number: Sc = Di/υ (dimensionless) 
Sh Sherwood number (dimensionless) 
T Temperature (K) 
t Time (s) 
v Molar volume (cm3 mol-1) 
V Volume (mL) 
W Weight (g) 

Greek letters 
δ Membrane thickness (m) 

δd Dispersion force of Hansen solubility parameters (MPa0.5) 
δh Specific interaction of Hansen solubility parameters 

(MPa0.5) 
δp Polar interaction of Hansen solubility parameters (MPa0.5) 
ε Membrane porosity (dimensionless) 
μ Fluid viscosity (Pa s) 
v Kinematic viscosity: v = μ/ρ (m2 s− 1) 
ρ Fluid density (kg m− 3) 
τ Membrane tortuosity (dimensionless) 
υ Fluid velocity (m s− 1) 
φ Variable in Eq. (13) 
ϕ Packing density (dimensionless) 

Subscripts 
a Inner of the module 
co Outer of the central collector tube 
e Effective 
ex External 
Exp Experimental 
f Feed phase 
G Global 
h Hydraulic 
in Inner 
k Knudsen 
ln Logarithm mean 
m-air Molecular in air 
p Pore membrane 
s Stripping phase 
Theo Theoretical 

Superscripts 
EtOH Ethanol 
i Component 
w Water  
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the role of the membrane in the separation mechanism was not almost 
addressed. In this work, our main objective is to shred some additional 
light into the wine dealcoholization with hydrophobic membranes. With 
this purpose, first, a correlation between the OD of water-ethanol solu
tions and red wine will be assessed. Second, a set of experiments using 
wine as feed stream will be carried out to obtain the operation condi
tions that yield the best performance in terms on ethanol permeation 
and short contact time to minimize loss of aromas. Third, a mathemat
ical model integrating the component-membrane interaction based on 
the application of Hansen solubility parameters will be developed, 
focusing on the evolution of individual wine components apart from 
ethanol. Finally, the experimental OD will be compared with the results 
generated by the proposed model at different working conditions. 

2. Materials and methods 

2.1. Experimental setup 

Fig. 1 shows the schematic representation of the lab scale plant for 
the osmotic distillation (OD) experiments. This includes the membrane 
module with the feed (Qf) and stripping (Qs) flow systems, pressure and 
temperature sensors and a scale for continuous monitoring of 
permeation. 

The feed tank, containing 375 mL of red wine (tempranillo, which 
corresponds to a black grape variety mainly grown in Spain) that was 
kindly provided by Bodegas Matarromera (Valbuena del Duero, Valla
dolid, Spain), is connected to the shell side of the membrane module. 
The stripping tank, with an adjustable volume between 75 and 375 mL 
of water, is connected to the tube side of the membrane module and both 
streams circulate in a counter-current configuration. This configuration 
facilitates the membrane operation. The recirculated feed and stripping 
streams are continuously fed into the module by peristaltic pumps 
(DINKO, model 1.9735.15) with flows varying from 21 to 74 mL min− 1. 

The membrane module was equipped with Liqui-CelTM MM-1x5.5 
hydrophobic porous polypropylene (PP) hollow fiber membranes from 
3MTM. The main characteristics of the membrane module are detailed in 
Table 1. 

The morphological characteristics of the PP hollow fibers were 
observed by scanning electron microscopy (SEM) using a microscope 
InspectTM F50 model working at a voltage of 10 kV. 

The temperatures of feed and stripping phases are measured by K- 
type thermocouples. All the experiments were carried out at room 
temperature (21 ◦C). Two manometers (MEX3D820B15, Bourdon) 
measure the pressure at tube and shell sides yielding values close to 1 
atm. The stripping tank is placed on an electronic precision scale 
(PRACTUM1102-1S, Sartorius) with a readability of 0.01 g to register its 
weight every 60 s since the beginning of each experiment. This allows to 
have an accuracy estimation of the mass flow through the membrane as 
a function of time, i.e. a continuous monitoring of the dealcoholization 
process. The different volumes, flow rates and temperature of both 

Fig. 1. Osmotic distillation lab scale plant scheme. Tf, Ts thermocouples, Pf, Ps manometers.  

Table 1 
Characteristics of the hollow fiber membrane module (MM - 
1x5.5 x-50 Liqui-Cel™) as supplied by the manufacturer 3MTM.  

Membrane module parameter Value 

Effective membrane area (m2) 0.18 
Number of fibers 2300 
Nominal pore size (µm) 0.03 
Porosity (-) 0.4 
Tortuosity (-)a 2.5 
Effective fiber length (cm) 14 
Membrane thickness (µm) 40 
Internal fiber diameter (µm) 220 
External fiber diameter (µm) 300  

a Estimated by the following equation:τ = 1/ε. 

Table 2 
Operating conditions at room temperature (21 ◦C) and Vf = 375 mL.  

Condition Qf 

(mL.s− 1) 
Qs 

(mL.s− 1) 
Vs 

(mL) 
Vf/Vs 

1  65  39  75  5 
2  65  39  375  1 
3  65  39  187.5  2 
4  21  39  187.5  2 
5  40  39  187.5  2 
6  74  39  187.5  2 

Qf feed flow rate, Qs stripping flow rate, Vf feed volume, Vs stripping volume. 
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streams used in this study are detailed in Table 2. 
During the experiments, 1 mL samples of the two streams leaving the 

module were taken at constant time intervals to analyze their ethanol 
concentration. 20 µL of methanol (HPLC grade, Scharlau) was added to 
each sample as internal standard. 0.5 µL of this mixture was injected on a 
gas chromatograph 7820A (Agilent Technologies) equipped with a 
PORAPAK Q80/100 column, 2 m × 1.8 in × 2 mm and FID detector. The 
injector worked in splitless mode with a ratio 1:100 at 250 ◦C. Helium 
was used as carrier gas at a constant flow of 1 mL min− 1 and the tem
perature in the oven was fixed at 200 ◦C. After each experiment, the 
aroma compounds in the partial dealcoholized wines were analyzed 
following a procedure previously developed and validated [29]. 

From the ethanol concentration of samples and stripping weight, 
mass flows at fixed time intervals were calculated following this equa
tion (Eq. (1)): 

JExp(t) =
ΔW
AeΔt

(1) 

Where ΔW is the variation of mass in the stripping or ethanol amount 
in the feed stream for an interval of time, Δt. Fixed time intervals were 
used for the previous calculations due to the fact that working in a 
recycle mode process decreases the driving force across the membrane 
as a function of time, what in turn reduces the ethanol flux through the 
membrane. 

After each experiment, the membrane module was cleaned as fol
lows. Milli-Q water was fed through the tube and shell sides for 20 min. 
Subsequently, a 0.5 v/v% NaOH solution preheated at 40 ◦C was 
recirculated at 65 mL min− 1 for 15 min through both membrane sides. 
Then the system was rinsed again with Milli-Q water using the same flow 
without recycling for 15 min. Finally, the membrane module was dried 
in two steps: first vacuum drying was applied at room temperature 
during 2 h using a PFEIFFER vacuum pump (MVP-040–2). After that, 
nitrogen was forced to flow through the membrane during 30 min at 
100 cm3(STP) min− 1 to ensure that the membrane pores were 
completely dried. 

3. Theory 

As previously stated, during OD ethanol is transferred from the wine 
towards the stripping stream (water) through a hydrophobic hollow 
fiber membrane contactor. Due to the hydrophobicity of the membrane, 
the aqueous streams at both membrane sides are not in contact through 
the pores, thus a liquid-vapor interface is formed in each pore edge. This 
vapor-liquid equilibrium distribution between the feed phase-air and 
striping phase-air can be considered by means of the respective Henry’s 
constant, Hi. In fact, recent studies suggest that the Henry’s constant 
values correlate with the loss of volatile organic compounds (VOCs) 
from the wine through the membrane [26,27,30]. Therefore, the flux of 
each volatile component across the membrane in osmotic distillation, Ji 

(g m-2 s-1), can be expressed as (Eq. (2)): 

Ji = Ki
G

(
ρf Hi

f

Mi Ci
f −

ρsHi
s

Mi Ci
s

)

(2) 

where Ki
G (g m− 2 s− 1 Pa− 1) is the global mass transport coefficient 

and Ci
f and Ci

s are the concentrations of components in the feed and 
stripping sides, respectively. 

Ki
G is inversely proportional to the global resistance to the mass 

transfer; and Ri
G is given by the sum of the three mass transfer resistances 

involved in the process (Eq. (3)): mass transfer resistance in the feed 
boundary layer, Ri

f , mass transfer resistance through the air gap in the 
membrane pores, Ri

m, and mass transfer resistance in stripping boundary 
layer, Ri

s [24,25]. 

Ri
G = Ri

f + Ri
m + Ri

s→
1

AeKi
G
=

Hi

AinMiKi
f
+

1
AlmKi

m
+

Hi

AexMiKi
s

(3) 

As a minor simplification, same values of Henry constant were 
considered in the feed and stripping sides when applying the previous 
equation. 

The mass transfer coefficients in the stripping, Ks, and feed, Kf , 
boundary layers can be calculated for each component from the Sher
wood number, with the following expression (Eq. (4)): 

Shi =
Kidh

Di (4) 

where Di is the molecular diffusion coefficient in the liquid phase 
(m2 s− 1), and dh is the hydraulic diameter (m), which can be described 
by Eq. (5) as a function of the inner diameter of the module, da, the outer 
diameter of the central delivery tube, dco, the external diameter of the 
hollow fibers, dex, and the number of hollow fibers, n. 

dh =
4cross − sectional area of flow

total fiber external circumference
=

d2
a − d2

co − nd2
ex

da + ndex
(5) 

Here, the structure of the module did not show a central collector 
tube. Therefore, dcovalue is 0 in the equation presented above. 

Sherwood number can be predicted by using correlations of the 
general form of Eq. (6): 

Shi = Af (ϕ)
(

dh

L

)α

ReβScγ (6) 

where A, α,βand γ are constants from the correlation of experimental 
data as a function of ϕ, which is the packing density of the module. Re 
and Sc are Reynolds and Schmidt numbers, respectively (see below). 

Regarding the stripping stream boundary layer, Lévêque correlation 
is widely used in the literature to predict the tube or stripping side mass 
transfer [31]. However, its limit of validity in terms of Graetz number, 
Gz, is not well defined. In the present work, Eq. (7) was chosen to predict 
Shi since a value of Gz = 3.24 was obtained and this equation is rec
ommended when Gz is less than 6 [32]. 

Shs = 0.5ReSc
(

dh

L

)

(7) 

The mass transfer coefficient in the feed boundary layer on the shell 
side was calculated using the correlation of Shen et al. [33], Eq. (8), 
since the constraints of the correlation correspond to the current 
experimental conditions (0.1 < Re < 250; 0.32 < ∅ < 0.45). 

Shf = 0.055Re0.72
f Sc0.33 (8) 

Mass transfer resistance of the membrane can be obtained from the 
so-called dusty gas model [34]. This model considers that the ethanol 
diffusion mechanism into the membrane pore is led by the Knudsen 
diffusion (molecule-pore wall collisions) and molecular effective diffu
sion (molecule-molecule collisions). Hence, the membrane transport 
coefficient in the membrane pores is expressed as (Eq. (9)): 

Ki
m =

Miε
RgTδτ

[
1

Di
k
+

1
Di

m− air

]− 1

(9) 

Where ε and τare the membrane porosity and tortuosity respectively, 
Mi is the molar weight of component i, T is the absolute temperature in K 
at which the experiment is carried out, Rg is the ideal gas constant, and 
Di

m− air is the molecular effective diffusion estimated with the Fuller, 
Schettler and Giddings relation [35] (Eq. (10)): 

Di
m− air =

10− 3T1.75
(

1
Mi +

1
Mair

)1
2

P
[
(
∑

vi)
1
3 + (

∑
vair)

1
3
]2 (10) 

where vi and vair are the diffusion volumes (cm3 mol− 1) for 
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components i and air, respectively. 
Finally, Knudsen effective diffusion, Di

k, is typically calculated with 
the following equation: 

Di
k =

dp

3

(
8RgT
πMi

)1/2

(11) 

where dp is the pore diameter of the hollow fibers. It is noticeable 
that this diffusion was found negligible in the case of aroma compounds 
[27,36]. Therefore, the molecular effective diffusion leads its behavior 
through the membrane, and the mass transfer coefficient of the mem
brane is expressed as follows: 

Ki
m =

MiεDi
m− air

RgTδτ (12) 

The influence of the interaction of each wine component with the 
membrane in terms of solubility, which is expected to contribute in some 
extent to the prediction of the components behavior during OD, is 
described here by the application of Hansen solubility parameters, HSP. 
These parameters integrate the dispersion force, δd, polar interaction 
(dipole-dipole), δp, and specific interaction such as hydrogen bonding, δh 

[37,38]. To predict the solubility of each component (1) on the mem
brane (2) the following expression can be used: 

HSP =
[
(δd2 − δd1)

2
+
(
δp2 − δp1

)2
+ (δh2 − δh1)

2
]1/2

(13) 

where values of δdi, δpi and δhi of each component and membrane 
polymer were obtained from previous literature [39] (Supplementary 
Table S1). In fact, we propose the modification of previous equation (3) 
by introducing the HSP, within the global mass transfer resistance 
expression as follows: 

Ri
G = Ri

f + Ri
m + Ri

s→
1

AeKi
G
=

Hi

AinMiKi
f
+

1

Alm

[
HSPi

HSPw

]φ

K
i

m

+
Hi

AexMiKi
s

(14) 

Here, each individual HSP is standardized with respect to membrane- 
water HSP. It is worth mentioning that the influence of this wine 
component-membrane interaction would be different for every compo
nent or family of components. Therefore, φ parameter, whose value 
would depend on each chemical family present in the wine (alcohols, 
esters and acids), is included in the expression. This modified model was 
applied to several alcohols, including ethanol, whose global mass 
transfer coefficients were properly defined and calculated accordingly 
(Supplementary Tables S2 and S3). Its further application to the rest of 
the volatile components is under study. 

The calculations of the model were implemented through an Excel 

sheet from Microsoft Office Professional Plus 2016 applying the 
following procedure. Given the experimental system described above, 
the driving force across the membrane decreases as a function of time. 
This means that concentrations and fluxes of each component change 
with time. Knowing Ki

G by means of the theoretical model and the initial 
component i concentration in feed, the initial Ji (t = 0) is calculated 
using equation (2). This permeation flux allows us to obtain the mass of 
component i transferred and the new volumes of the feed and stripping 
phases, applying the boundary conditions corresponding to the mem
brane module and the volumes and flow rates used, after an infinitesimal 
time. Then, new concentrations in both phases can be obtained to 
recalculate the permeation flux of the component i for the next infini
tesimal time. The calculation finishes when the dealcoholization time 
observed in the experimental section is reached. 

4. Results and discussion 

4.1. Hollow fiber module characterization 

Fig. 2 depicts the SEM images of one of the hollow fibers conforming 
the membrane module where it is possible to see its internal and external 
(290 ± 2 μm) diameter together with the membrane thickness (41 ± 2 
μm). Besides, Fig. 2A and B show the cross-section and external surface 
of the hollow fiber, respectively. Membrane thickness and inner and 
outer diameters are in agreement with those provided by the module 
marketer. In addition, the inset in Fig. 2A shows the membrane cross- 
section at a higher magnification, where a relatively homogeneous 
morphology is observed. 

4.2. Osmotic distillation of water – ethanol 

To study the performance of the OD set up, several preliminary ex
periments were carried out feeding water-ethanol solutions for deal
coholization. To accurately estimate the ethanol flow through the 
membrane from the stripping weight monitoring, each condition was 
replicated three times (Supplementary Tables S4 and S5). Indeed, the 
chromatographic analysis of ethanol at intervals of ca. 10 min that 
supported these studies demonstrated that the gain of weight in the 
striping reservoir corresponded to ethanol (Supplementary Figures S1 
and S2 for the different working conditions in Tables S4 and S5) within 
experimental error. 

In addition, the good correlation of the ethanol behavior during the 
OD process with hydroalcoholic solutions with that observed with wine 
in previous reports [26,28] was confirmed here, allowing to use these 
results in further OD experiments with wine as feed (Supplementary 

Fig. 2. Hollow fiber membrane cross-section (A) and external surface (B) SEM images of MM - 1x5.5 x-50 Liqui-Cel™ hollow fiber. The inset of (A) shows a detail of 
the membrane cross section. 
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Table S6). 

4.3. Influence of feed/stripping volume ratio 

Once the OD operation was validated with water-ethanol solutions, 
red wine was submitted to partial dealcoholization using the same 
experimental set up. With the goal of a decrease in the alcoholic degree 
of 3 v/v% (i.e. from the initial 14.5 v/v% to 11.5 v/v%), the volume 
ratio of both feed/stripping streams (Vf/Vs) was revealed as a critical 
variable in the operation of the OD carried out in this work. For a con
stant volume of feed phase, Vf, of 375 mL, volumes of stripping phase, Vs, 
between 75 and 375 mL were used. Fig. 3A-3C show the variation of the 
ethanol content in the feed and stripping streams with time for different 
Vf/Vs ratios. For an accurate comparison, Fig. 3D plots together the three 
curves of alcohol content in the feed. As the stripping volume increased, 
a higher loss of alcohol towards the stripping water was obtained under 
the same operation time. The alcohol content-Vf/Vs-time interaction 
suggests that it is possible to plan the achievement of a certain degree of 
alcohol in a relatively short period of time, what would minimize the 
wine exposure to conditions that may alter its properties. Besides the 
operation was done at near 20 ◦C. 

It is noticeable that at Vf/Vs = 5 (condition (1) in Table 2), the 
ethanol reduction was similar to those of the other ratios up to 20 min, 
and after that moment this operation condition limited the deal
coholization. This was due to the fact that the rapid decrease in the 
concentration gradient between feed and stripping streams, reaching 
almost steady state (JEtOH

Exp = 0) and preventing from achieving the degree 
of dealcoholization proposed (-3 v/v%). Moreover, no important dif
ference in the evolution of the ethanol content as a function of time was 
observed with the other two Vf/Vs values (conditions (2) and (3) in 
Table 2). The concentration gradient reached by working with these 

volume ratios allows the proposed degree of dealcoholization to be 
achieved with minimal differences in the operation time required 
(Fig. 3D). Thus, the optimal condition was set up at Vf/Vs = 2 to use a 
lower amount of stripping phase for an approximately loss of 3 alcoholic 
degrees. In addition, the stripping phase after the osmotic distillation is 
considered as a waste, or at least a stream needed of further treatment, 
representing an economic loss. Therefore, further improvement of this 

Fig. 3. Ethanol content as a function of time corresponding to a wine feed with 14.5 v/v% of ethanol. (A) Vf/Vs = 5; (B) Vf/Vs = 2; (C) Vf/Vs = 1; (D) Simultaneous 
comparison of ethanol content in the feed phase at different volume conditions. Vf = 375 mL; temperature = 21 ◦C; Qf = 65 mL min− 1; Qs = 39 mL min− 1. Rep
resented data are the mean values with the corresponding standard deviations from a triplicated analytical measurement. The curves are only guides to the eye. Solid 
and open symbols correspond to feed and stripping sides, respectively. 

Fig. 4. Ethanol content as a function of time for a wine feed with 14.5 v/v% of 
ethanol and Vf/Vs = 2 and different feed flows; temperature = 21 ◦C. Repre
sented data are the mean values with the corresponding standard deviations 
from a triplicated analytical measurement. The dotted lines represent the pro
posed dealcoholization grades (-3 v/v%) and (-1 v/v%) and the curves are only 
guides to the eye. 
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process could be to obtain bioethanol from this waste with greater added 
value. In fact, in the latter case, it is possible to achieve a valorization of 
the stripping phase via distillation or pervaporation to obtain an alcohol- 
rich stream. In such case, the optimal condition (Vf/Vs = 2), giving rise 
to a higher permeate ethanol concentration than Vf/Vs = 1, would be 
more favorable from the energy point of view. 

4.4. Influence of feed flow 

Fig. 4 shows the variation of the ethanol content for the experiments 
carried out with Vf/Vs = 2. The stripping flow was set up at 39 mL min− 1, 
while the feed flow was varied between 21 and 74 mL min− 1. The effect 
of Qs was not estudied in deph due to the lower influence on the ethanol 
transfer observed from water-ethanol experiments, in agreement with 
previous reported literature [40]. As Fig. 4 shows, an increment of the 
feed flow rate led to a faster decrease in the ethanol content of wine, 
what allowed to achieve the proposed goal (-3 v/v%) in 45 min at a Qf of 

Table 3 
Theoretical mass transfer coefficients at different operation conditions.  

Condition Ks ⋅ 106 

(m s− 1) 
Kf ⋅ 106 

(m s− 1) 
Km ⋅ 106 

(g m− 2 s− 1 Pa− 1) 
KG ⋅ 106 

(g m− 2 s− 1 Pa− 1) 
Error 
(%) 

1  9.57  2.91  210  31.8  1.8a 

2  9.57  2.91  210  31.8  3.8a 

3  9.57  2.91  210  31.8  4.5a 

4  9.57  1.24  210  27.9  11.0b 

5  9.57  2.02  210  30.4  8.3c 

6  9.57  3.20  210  32.1  3.4d  

a 45 min. 
b 96 min. 
c 66 min. 
d 50 min. 

Fig. 5. Experimental and predicted losses of high alcohols from modified and non-modified Rm expression: (A) isoamyl alcohol, (B) isobutanol, (C) 1-hexanol, (D) 2- 
phenylethanol and (E) benzyl alcohol. The dotted line represents the steady state loss fixed by the ratio Vf/Vs = 2 (i.e. calculated from the mass balance when feed and 
stripping ethanol concentrations were equal); temperature = 21 ◦C. 
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74 mL min− 1. In addition, working with a feed flow above 74 mL min− 1 

did not have the expected increment of ethanol transport through the 
membrane. In consequence, it is not recommended to work with the 
current membrane area overpassing this flow. 

4.5. Validation of theoretical model 

Using the proposed mathematical model, the theoretical mass 
transfer coefficients (Ki

s, Ki
f , K

i
m and Ri

G) were calculated for ethanol 
(shown in Table 3). The error corresponding to the ethanol concentra
tion was estimated as follows: 

Error(%) =
CEtOH

Exp,t − CEtOH
Theo,t

CEtOH
Exp,t

(15) 

where CEtOH
Exp,t andCEtOH

Theo,t are the ethanol experimental and theoretical 
concentrations, respectively, at a given process time (see Table 3). 

From the membrane resistance, Km calculation gave a value of 
2.1⋅10-4 g m− 2 s− 1 Pa− 1 which agrees with that obtained by Diban et al. 
[26,27], 1.6⋅10-4 g m− 2 s− 1 Pa− 1. As explained above, Hansen solubility 
parameters were applied to modify Rm to account for the influence of 
each component-membrane interaction (Eq. (14)). To validate the 
model, our study was focused on the alcoholic components (thus, 
excluding esters and acids), optimizing φ coefficient to minimize the 
sum of the standard errors between the theoretical and experimental 
concentration values of ethanol and other five different high alcohol 
compounds. In particular, alcohols whose presence is majority in the 

wine, and differing on the length of the aliphatic chain and/or the 
functional group (i.e. isoamyl alcohol, isobutanol, 1-hexanol, 2-phe
nylethanol and benzyl alcohol) were studied. The goodness of the 
theoretical approach was determined based on the sum of errors, which 
was calculated as follows: 

Error(%) =
∑

(
Ci

Exp − Ci
Theo

Ci
Exp

)2

(16) 

An error of 4.3% was obtained using a φ value of 2.29, while the 
error was 30% from the non-modified Rm. Then, Rm modified values 
correlated better with the loss of all alcohols tested than non-modified 
Rm values, showing a lower difference between theoretical and experi
mental values in case of high alcohol losses (Fig. 5). 

The losses of aliphatic alcohols (isoamyl alcohol, isobutanol and 1- 
hexanol) after a partial dealcoholization of 3 v/v% were close to the 
steady state (JEtOH = 0), being adequately predicted by both models. 
However, at a lower degree of dealcoholization (1 v/v%), both models 
differ in their predictions. Thus, after reducing one degree of ethanol, 
the flux calculated using the non-modified Rm values was overestimated 
in all the aliphatic alcohols tested, while using the current model this 
overestimation was corrected. On the other hand, aromatic alcohols (2- 
phenylethanol and benzyl alcohol) showed an experimental behavior 
significantly different from that of the aliphatic alcohols tested due to 
their minor volatility and higher molar mass. This means that their 
fluxes depend mainly on Rm, what increases the difference between both 
theoretical predictions. Thus, for the two dealcoholization steps, the flux 
calculated using the non-modified Rm values was overestimated, while 
using the current (modified) model this overestimation was partially 
corrected. As can be seen in Fig. 5D and 5E, the model predictions for 
aromatic alcohols were not as good as for aliphatic alcohols, possibly 
related to the influence of aromatic ring on the –OH group. 

Once the model to calculate the theoretical Rm values was optimized, 
the global mass transfer resistance was obtained to predict the ethanol 
transfer during dealcoholization process at different operating condi
tions. Fig. 6 depicts the theoretical estimation of each local resistance 
applied to calculate the global mass transfer resistance for ethanol. 
Fig. 6A and B show the results at different Qf and Qs conditions, 
respectively. 

Fig. 6 demonstrates that high flows improve the hydrodynamic 
conditions minimizing the feed and stripping boundary layer re
sistances, locating the main resistance in the membrane. In addition, the 
influence of Rf becomes lower as the flow increases, giving rise to a 
global transfer resistance that is not dependent on the flow (Fig. 6A). 
Hence, from a certain flow, the resistance associated to the feed 
boundary layer reaches a minimum, maintaining the global transfer 
resistance independent from feed flow. Moreover, Rs shows the minor 
contribution comparing to the others (Fig. 6A and B) as mentioned 
above. These results are in agreement with our empirical observations 
(Fig. 4), and a similar tendency was found in previous experimental 
reports [27,40]. 

Graphical representations of the evolution of theoretical and exper
imental ethanol fluxes are shown in Figs. 7 and 8 to corroborate the 
suitability of the mathematical model. As can be seen, similar theoretical 
trends and values to the experimental ones can be inferred from these 
figures, in line with the reduced ethanol concentration error reported in 
Table 3. Besides, the experimental fluxes easily achieved from the 
weight gained by the stripping phase are similar to those obtained from 
the chromatographic analyses, meaning the mass transfer corresponds 
almost exclusively to ethanol. The largest deviation between the simu
lated curves and the experimental values as a function of Vf/Vs ratio can 
be appreciated in condition (1) (Fig. 7A, Table 2) where the ethanol 
permeation flux almost reached steady state as Fig. 3A suggested. 

The influence of the Qf/Qs ratio on the variation of the ethanol 
content was also adequately predicted by the mathematical model as 
Fig. 8 depicts, although it is noticeable that at low feed flow rates 

Fig. 6. Simulated contribution of each local resistance to the RG for ethanol: 
(A) as a function of feed flow (Qf) (conditions used in experiments 2, 4, 5 and 6, 
see Table 2); (B) results obtained varying the stripping flow (Qs) in the 20–100 
mL min− 1 range. 
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(Fig. 8A), the predicted results slightly deviate from the experimental 
values. This may be due to the influence of the concentration polariza
tion on the ethanol flux, which has not been taken into account in the 
theoretical model. 

Finally, Fig. 9 compiles a set of 11 experiments carried out under the 
same experimental conditions and using the same polypropylene hollow 
fiber membrane module (in fact, the module was applied in more than 
20 experiments) to dealcoholize both water-ethanol solutions and the 
tempranillo wine. No important changes in ethanol permeation fluxes 
are appreciated with an average value of permeation flux of 0.025 ±
0.005 g m− 2 s− 1. This suggests that the permeation flux was unaffected 
by the type feed (either hydro alcoholic solutions or red wines) but also 
by a possible fouling generated during every experiment, having in mind 
that the hollow fiber membrane modules were submitted to an 
exhaustive cleaning protocol (water-NaOH solution-water treatments 
followed by drying evacuation and N2 flushing) after every use, as 
described in the experimental section. In summary, this allows to discard 
membrane fouling along the cumulative operation of the hollow fiber 
membrane module. 

5. Conclusions 

A partial dealcoholization of wine was successfully carried out by 
osmotic distillation (OD) using a polypropylene hollow fiber membrane 
module with a membrane area of 0.18 m2. The feasibility of the 
approach was first established using water-ethanol solutions, whose 
results showed a good correlation with those obtained with tempranillo 
red wine. This variety was used to study the influence of different 
experimental conditions on the ethanol mass transfer observed during 
dealcoholization. The best results were obtained at feed/stripping vol
ume ratio = 2 and feed flow = 74 mL min− 1. 

Furthermore, a mathematical model was proposed to predict the OD 

performance, obtaining an error as small as 4.3% in the prediction of 
alcohol losses. In this model, the membrane resistance expression, based 
on the so-called dusty gas model, was modified including a component- 
membrane specific interaction that allowed to describe the components 
behavior when permeating through the membrane as a function of their 
volatilities (Henry’s constants) and their interactions with the mem
brane material in terms of Hansen solubility parameters (HSP). 

The behavior of ethanol and other five high alcohols whose presence 
is majority in the wine was studied to develop the proposed membrane 
resistance expression. In addition, it was shown that the calculated 
membrane resistance (modified by the inclusion of Hansen solubility 
parameters, HSP) allowed an adequate prediction for alcohols with low 
Henry’s constant (i.e. the aliphatic alcohols studied here), while it was 
slightly overestimated for alcohols with high Henry’s constant such as 2- 
phenylethanol and benzyl alcohol. It is worth noticing that the HSP 
based modification gave rise to relatively small errors when experi
mental and theoretical ethanol concentrations were compared in a 
relatively wide range of operating conditions, and also when experi
mental and theoretical high alcohols concentrations were compared at 
the best working conditions in terms of feed flow, feed/stripping volume 
ratio and dealcoholization degree. 

Finally, the stable operation of the polypropylene hollow fiber 
membrane module was demonstrated through its use in more than 20 
dealcoholization experiments with both water-ethanol solutions and red 
wine. 
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