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Abstract  14 

This study aimed to optimize the osmotic distillation (OD) process parameters, including feed and stripping flow 15 

rates and operating time, in order to reduce the ethanol content of white wine and produce dealcoholized wine 16 

(0.5% v/v ethanol). The research focused on exploring dealcoholization kinetics and ethanol mass transfer 17 

behavior using mathematical modeling, alongside investigating the impact of different ethanol levels on physico-18 

chemical parameters, color profile and volatile composition of the wine. 19 

The results indicated that without renewing the stripping solution, ethanol reduction stabilizes after several cycles 20 

due to an equilibrium between ethanol content in the feed and stripping side. However, renewing the stripping 21 

solution increased ethanol removal rates, facilitating the production of dealcoholized wine. Partially dealcoholized 22 

wines (4.5-5% v/v ethanol) showed minor changes in physico-chemical properties, whereas wines with 0.5% 23 

ethanol exhibited significant variations in these parameters. The reduction in total volatile compounds correlated 24 

strongly (r = 0.93) with ethanol reduction. In particular, the volatile compounds revealed a general decrease with 25 

ethanol removal, in terms of esters (reduced by 89%), alcohols (78%), acids (86%), carbonyl compounds (96%) 26 
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and volatile phenols (88%). Additionally, variations in feed and stripping flow rates, in the range of investigated 27 

values, did not significantly impact the wine’s composition.  28 

Keywords: alcohol, color profile, dealcoholized wine, mathematical modeling, osmotic distillation, volatiles 29 

profile 30 

1. Introduction  31 

Wine, an integral part of daily diets and celebratory occasions for million people worldwide, holds immense 32 

cultural significance and contributes to the enjoyment and enrichment of life. In recent years, low and zero-alcohol 33 

(NoLo) wines have become increasingly popular due to consumer preference and specific social-health benefits 34 

(Deroover et al. 2021; Kumar et al. 2024). The market for non-alcoholic wine was estimated to be worth USD 35 

1469.15 million in 2022 and is projected to increase at a compound annual growth rate (CAGR) of 20.72% to 36 

reach USD 4546.76 million by 2028 (Research Reports World 2023). In addition, the EU defined the category of 37 

dealcoholized wine (≤0.5% v/v ethanol) and partially dealcoholized wine (>0.5% ethanol <8.5% v/v) (EU 38 

Regulation 2117/2021, p. 270. 2021).  39 

Dealcoholized or partially dealcoholized wines can be produced at three different stages of winemaking: pre-40 

fermentation (i.e. removal of fermentable sugars), during fermentation (i.e. biochemical reduction of the ethanol 41 

production by yeasts) and after fermentation (removal of ethanol) (Kumar et al. 2024; Sam, T.-Z. Ma, et al. 2021). 42 

Currently, post-fermentation techniques such as reverse osmosis (Ivić, Kopjar, Jakobek, et al. 2021; Ivić, Kopjar, 43 

Jukić, et al. 2021; Loyola García et al. 2021), nanofiltration (Banvolgyi et al. 2006, 2016; Massot et al. 2008), 44 

pervaporation (Bermudez Jaimes et al. 2020; Figueroa Paredes et al. 2024; Salgado et al. 2017; Sun et al. 2020), 45 

vacuum distillation (Kim et al. 2021; Sam, T. Ma, et al. 2021), spinning cone column (Belisario-Sánchez et al. 46 

2012; Puglisi et al. 2022), and osmotic distillation/membrane contactor (Diban et al. 2008; Esteras-Saz et al. 2021; 47 

Ferrarini et al. 2016; Gambuti et al. 2011; Liguori et al. 2013a, 2013b; Pham et al. 2019; Russo Paola et al. 2019) 48 

are widely used to remove ethanol from wine. Among all the post-fermentation techniques, osmotic distillation 49 

(OD) appears to be the most promising technique for removing ethanol from wine. This is due to its operating 50 

conditions at low temperature and atmospheric pressure, which avoid thermal damage to aroma volatile 51 

compounds and ensure low energy consumption (Liguori et al. 2013b; Varavuth, Jiraratananon, and Atchariyawut 52 

2009).  53 

The dealcoholization process could negatively affect both the volatile and non-volatile components of wine. 54 

Excess dealcoholization may produce an unacceptable product by altering the complex equilibrium among 55 

compounds responsible for taste, mouthfeel and flavor (Kumar et al. 2024; Sam, T.-Z. Ma, et al. 2021)[AC1]. For 56 
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example, dealcoholized Falanghina white wine, achieved by the removal of ethanol from 12.5% to 0.3% v/v using 57 

OD, resulted in significant losses in various volatile compound classes (Liguori et al. 2019). Specifically, there 58 

was a reduction of over 99% in overall esters, higher alcohols, acids, ketones, and lactones. Subsequent sensory 59 

analysis revealed a notable decrease in overall acceptability, appearance, odor, aftertaste, body, and sweetness 60 

compared to the original wine (Liguori et al. 2019). On the other hand, partial dealcoholization of Muscat white 61 

wine, where up to 6.15% v/v ethanol was removed, demonstrated less losses in total volatiles, including esters 62 

(24%), higher alcohols (7%), aldehydes (16%), and ketones (29%). Moreover, minor decreases were observed in 63 

aroma intensity and wine body with no significant changes in aftertaste (Ju et al. 2023).  64 

In light of the following results, there is a further need to gain more insight into ethanol transfer phenomena using 65 

a mathematical modeling approach. Currently, only a few studies (Diban et al. 2008, 2013; Esteras-Saz et al. 66 

2021) have described the modeling approach to understand ethanol transfer phenomena during dealcoholization, 67 

but these studies are only based on partial dealcoholization. Therefore, there is a need to thoroughly explore the 68 

mechanistic description of ethanol mass transfer and dealcoholization kinetics, with examining their impact on 69 

the physico-chemical and volatile profile until the complete dealcoholization of wine.  70 

The objective of this study was to investigate the impact of selected process parameters, (feed flow rate, stripping 71 

flow rate and operating time) on the dealcoholization of white wine using OD. Once the optimal operating 72 

conditions were determined, the dealcoholized wine (0.5% v/v ethanol) was produced. Furthermore, for each trial, 73 

dealcoholization kinetics and ethanol mass transfer behavior were explored at different feed and stripping flow 74 

rates using a mathematical modeling approach. Lastly, the effect of dealcoholization at different ethanol levels on 75 

physico-chemical parameters, color profile and volatile composition of the wine was investigated.  76 

 77 

2. Material and methods 78 

2.1 Wine 79 

Commercial white wine (SanCrispino, Cantine Ronco, Forlì (FC), Italy) - a blend of Trebbiano, Pinot, 80 

Chardonnay and Malvasia Italian grapes - with an alcohol content of 10.5% (v/v) was purchased from a local 81 

supermarket. 82 

 83 

2.2 Experimental setup and dealcoholization conditions 84 

The dealcoholization of wine was conducted using a lab-scale plant supplied by ITEST s.r.l. (Corato, Bari, Italy). 85 

This plant was equipped with a Liqui-Cell Extra-Flow 2.5 × 8-inch membrane contactor (from 3M Company, 86 
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Charlotte, NC, USA) which containsed microporous polypropylene hollow fibers with an average pore diameter 87 

of 0.2 μm and a total membrane surface area of 1.4 m2. The schematic diagram of the membrane contactor 88 

experimental setup is illustrated in Figure 1, and the membrane module characteristics are detailed in Table 1. 89 

The membrane contactor was connected to a storage tank through food-grade plastic pipes. In the process, the 90 

wine was pumped through the shell/feed side of the membrane, while distilled water, serving as the stripping 91 

solution, was pumped through the tube side in a counter flow configuration, as depicted in Figure 1. The feed tank 92 

contained 1 L of white wine, while the stripping tank held 2 L of distilled water. The dealcoholization process 93 

involved varying the pump frequencies on both the feed and tube sides, as outlined in Table 2. Six trials were 94 

conducted, each exploring different combinations of pump frequencies on both sides. Feed flow rates (Qf) and 95 

stripping flow rates (Qs), expressed as L/min, were measured in L/minby using digital flowmeters, ; inlet and 96 

outlet pressures for both tube side and shell side streams were registered by pressure gauges in order to control 97 

the pressure differentials between the two sides of the membrane.and pressure readings were obtained on both 98 

sides using a manometer. All trials were carried out at a constant temperature of 21±1 ℃  and monitored using 99 

thermocouples. 100 

The first five trials (1-5) lasted 120 minutes each, encompassing four dealcoholization cycles (DC) of 30 minutes 101 

each. The stripping solution remained unchanged throughout these cycles. In the 6th trial, the process ran for 240 102 

minutes, involving a total of seven dealcoholization cycles. The first six cycles were for 30 minutes each, and the 103 

final cycle (7th) lasted for 60 minutes. The stripping solution was replaced when the flux became zero on the feed 104 

side. The flux (J) was calculated as kg∙m-2∙h-1 using equation 1: 105 

                                                       𝐽 =
∆𝑤

𝐴.∆𝑡
                                                                        (1) 106 

where w is the change in wine weight in a defined time interval t and A is the membrane surface area. 107 

 108 

2.3 Theory 109 

Osmotic distillation is a separation process in which a liquid mixture containing volatile substances is contacted 110 

with a microporous hydrophobic membrane and can be operated at ambient temperature and atmospheric pressure. 111 

This hydrophobic membrane, also named membrane contactor, is non-wettable and water consequently cannot 112 

pass through it. The process is driven by the gradient in partial pressure and vapor pressure of the volatile solute 113 

between the feed solution and the stripping solution, inducing its migration across the membrane (Varavuth et al. 114 

2009). The mechanism of ethanol transportation during dealcoholization via OD can be delineated into three steps: 115 
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i. evaporation of ethanol at the membrane pores on the feed side;  116 

ii. diffusion of ethanol vapor through the membrane pores; 117 

iii. condensation of ethanol vapor in the stripping solution at the membrane pore exit. 118 

The fundamental relationship between flux and driving force in OD is derived from Darcy's law (Johnson and 119 

Nguyen 2017), as reported in equation 2: 120 

𝐽 =  𝐾∆𝑃𝑏                                                                       (2) 121 

where, J represents the water flux through the membrane pores (kg∙m-2∙s-1), K denotes the overall membrane mass 122 

transfer coefficient (kg∙m-2∙s-1∙Pa-1). Pb represents the pressure gradient on the bulk feed and strip side, and θ 123 

stands for the vapor pressure polarization coefficient (equation 3):  124 

𝜃 =
(𝑃𝑓𝑚−𝑃𝑠𝑚)

(𝑃𝑓𝑏−𝑃𝑠𝑏)
                                                                  (3) 125 

where, Pfm and Psm refer to the vapor pressures at the feed–membrane and membrane–strip interfaces, while Pfb 126 

and Psb denote the bulk feed and strip vapor pressures, respectively. 127 

K can be also expressed by the equation 4: 128 

1

𝐾
=  

1

𝐾𝑓
+  

1

𝐾𝑚
+ 

1

𝐾𝑠
                                                                (4)  129 

where Kf, Km and Ks are the mass transfer coefficients in the feed side, in the membrane and in the stripping side, 130 

respectively. Mass transfer coefficients (K, Kf, Ks, Km) are essential for quantifying the rate at which ethanol 131 

transfers from the wine through the membrane during osmotic distillationOD. These coefficients help in 132 

understanding and predicting the efficiency of the separation process by relating the mass transfer rate to the 133 

concentration gradient and the area available for mass transfer. Moreover, recent studies on wine dealcoholization 134 

have indicated that Henry’s constant values correlated with the loss of volatile compounds from the wine through 135 

the membrane (Diban et al. 2008, 2013; Esteras-Saz et al. 2021; Ferrarini et al. 2016). Therefore, the flux (Ji) of 136 

each volatile component across the membrane in OD can be calculated using equation 5: 137 

𝐽𝑖 = 𝐾 [
𝜌𝑓𝐻𝑓

𝑖

𝑀𝑖  𝐶𝑓
𝑖 −  

𝜌𝑠𝐻𝑠
𝑖

𝑀𝑖  𝐶𝑠
𝑖 ]                                                          (5) 138 

where K is the global mass transport coefficient, Mi is the molecular weight of component i, and 𝐶𝑓
𝑖 and 𝐶𝑠

𝑖 are the 139 

concentrations of components in the feed and stripping sides, respectively. 𝐻𝑓
𝑖  (𝐻𝑓

𝑖 = 𝑃𝑓
𝑖/𝐶𝑓

𝑖) and 𝐻𝑠
𝑖  (𝐻𝑠

𝑖 =  𝑃𝑠
𝑖/𝐶𝑠

𝑖) 140 

are the partition/henry Henry coefficients in the feed and stripping sides, respectively.  141 



 6 

The mass transfer coefficients in the feed (Kf) and stripping (Ks) sides can be calculated for each component using 142 

equation 6, based on the Sherwood number (Esteras-Saz et al. 2021): 143 

𝑆ℎ𝑖 =
𝐾𝑖 𝑑ℎ

𝐷𝑖                                                                   (6) 144 

Where where Di represents the molecular diffusion coefficient in the liquid phase (m2∙s-1), dh denotes the hydraulic 145 

diameter, which can be determined using equation 7 as given by Schöner et al. (1998): 146 

𝑑ℎ =
4 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑖𝑑𝑠 𝑓𝑖𝑙𝑙𝑒𝑑 𝑤𝑖𝑡ℎ 𝑓𝑙𝑢𝑖𝑑𝑠(4𝑉)

𝑤𝑒𝑡𝑡𝑒𝑑 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑒𝑑 (𝐴)
   =

𝑑𝑒𝑥
2 −𝑑𝑖𝑛

2 −𝑛𝑑0
2

𝑛𝑑0
2                                     (7) 147 

Wherewhere, dex is the external diameter of module, din the internal diameter of module, do the external fiber 148 

diameter, and n the total number of fibers in the contactor.  149 

Furthermore, Sherwood number (Sh) can be calculated using equation 8 (Johnson and Nguyen 2017). (Johnson 150 

and Nguyen 2017): Sh indicates the ratio of convective mass transfer to diffusive mass transfer, helping to 151 

understand how well the ethanol is being transported in the presence of fluid flow. 152 

 153 

𝑆ℎ =  𝛼 𝑅𝑒𝛽𝑆𝑐𝛾                                                                   (8) 154 

Where where Re and Sc represent are the dimensionless Reynolds and Schmidt numbers, respectively. Sh 155 

indicates the ratio of convective mass transfer to diffusive mass transfer, helping to understand how well the 156 

ethanol is being transported in the presence of fluid flow. Re describes the flow regime (laminar or turbulent), 157 

which influences the thickness of the boundary layer and the overall mass transfer rate. Sc represents the ratio of 158 

momentum diffusivity to mass diffusivity, providing insights into the relative thickness of the hydrodynamic and 159 

mass-transfer boundary layers. 𝛼, 𝛽, and 𝛾 denote experimentally determined coefficients specific to a given 160 

module design and fluid velocity. 161 

To predict the mass transfer coefficient on the stripping or tube side, the Lévêque correlation was used (Lévêque 162 

1928), with established limits of validity in terms of the Graetz number (Gz) (Baudot, Floury, and Smorenburg 163 

2001; Gabelman and Hwang 1999; Shen, Kentish, and Stevens 2010). Equation 9 was used to calculate Shi, given 164 

that Gz >6: 165 

𝑆ℎ𝑠 =  1.62 (𝑅𝑒𝑆𝑐
𝑑ℎ

𝐿
)

1/3

                                                        (9) 166 

     𝑅𝑒𝑠 =
4𝜌𝑄𝑠

𝑛𝜋𝜂𝑑𝑖
                                                                             (10) 167 

𝑆𝑐 =
𝜂

𝜌𝐷
                                                                                   (11) 168 
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where 𝜌 represents the density of the solution (kg∙m−3), 𝜂 signifies is the viscosity of the solution (Pa s), and D 169 

denotes the diffusion coefficient (m2∙s−1).  170 

The mass transfer coefficient for the feed phase (shell side) in cross flow module was determined through the 171 

experimental correlation established by Fouad and Bart (2007), denoted by equation 12. This correlation is 172 

expressed as a function of Reynolds numbers within the range of 0 < Re < 0.1 (Shen et al. 2010) on the shell side. 173 

The aforementioned conditions closely align with the parameters of the present experiments. 174 

𝑆ℎ𝑓 =  6.8695 𝑅𝑒0.3334𝑆𝑐0.33                                                                  (12) 175 

   𝑅𝑒𝑓 =
𝜌𝜈𝑑ℎ

𝜂
=  

2𝜌𝑄𝑓(𝑑𝑖𝑛+𝑑𝑜) (𝑙𝑛
𝑑𝑖𝑛

𝑑𝑜
⁄ )

𝜂𝜋𝑛𝐿𝑑𝑒𝑥
 ;  𝜈 =  

2𝑄𝑓 (𝑙𝑛
𝑑𝑖𝑛

𝑑𝑜
⁄ )

𝜋𝐿(𝑑𝑖𝑛−𝑑𝑜)
                                                                  (13)                   176 

The transport of vapor through the porous membrane during dealcoholization has been extensively elucidated in 177 

the literature using the Dusty Gas Model (DGM) (Diban et al. 2008, 2013; Esteras-Saz et al. 2021). The DGM 178 

incorporates considerations for both molecule–pore interactions (Knudsen diffusion) and molecule–molecule 179 

collisions (molecular diffusion). In accordance with this model, equation 14 defines the membrane mass transport 180 

coefficient for ethanol (i = EtOH) traversing the air gap within the membrane pore: 181 

 𝐾𝐸𝑡𝑂𝐻
𝑚 =  

𝑀𝐸𝑡𝑂𝐻𝜀

𝑅𝑔𝑇𝜏𝑒
[

1

𝐷𝐾𝑛,𝐸𝑡𝑂𝐻
+

1

𝐷𝑘−𝑎𝑖𝑟
]

−1

                                                                (14) 182 

Furthermore, Knudsen effective diffusivity for ethanol (DKn,EtOH) is calculated using equation 15 (Diban et al. 183 

2013):  184 

𝐷𝐾𝑛,𝐸𝑡𝑂𝐻 =  𝐾𝑂 [
8𝑅𝑔 𝑇

𝜋𝑀𝐸𝑡𝑂𝐻  
]

0.5

                                                                (15) 185 

where, 𝐾𝑂 =  [
𝜀𝑑𝑝𝑜𝑟𝑒

3𝜏
]                                                                (16) 186 

Where where Dk-air was calculated according to exist simultaneously given by equation 17 (Babu, Rastogi, and 187 

Raghavarao 2006): 188 

𝐷𝑘−𝑎𝑖𝑟 =  𝐾1𝑃𝐷𝑤−𝑎𝑖𝑟                                                                 (17) 189 

where, 𝐾1 =  [
𝜀

𝜏
]  𝑎𝑛𝑑  𝐷𝑘−𝑎𝑖𝑟 =  4.46 × 10−6 𝑇2.334                                                    (18) 190 

The effective molecular diffusion coefficient (Di) in the air phase was estimated by the Fuller-Schettler and 191 

Giddings empirical correlation (Diban et al. 2013; Perry 1950), described by equation 19:  192 

𝐷𝑖 =  
10−3𝑇1.75[

1

𝑀𝑎𝑖𝑟
+

1

𝑀𝑖
]

1/2
 

𝑃[(Σ𝑉𝑖)1/3+(Σ𝑉𝑎𝑖𝑟)1/3]
2                                                                (19) 193 
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Where where Vi and Vair are the diffusion volumes (cm3∙mol-1) for component i and air, respectively.  194 

The molecule–pore collisions have been found negligible in the case of aroma compounds (Diban et al. 2013; 195 

Esteras-Saz et al. 2021). Therefore, the mass transfer coefficient through the air gap of the membrane pore for the 196 

aroma components i was calculated using equation 20:  197 

𝐾𝑖
𝑚 =  

𝐷𝑖𝜀

𝑒𝜏
                                                                (20) 198 

 199 

2.4 Physico-chemical analysis  200 

The oenological parameters, such as ethanol, pH, total and volatile acidity, tartaric and citric acid, glucose, 201 

fructose, density, potassium and ash content, were determined using FTIR spectroscopy (BACCHUS 3 multispec 202 

model-TDI, Barcelona, Spain). 203 

 204 

2.5 Color analysis 205 

The color parameters, including absorbance at 420, 520 and 620 nm, intensity (420+520+620 nm), tone (420/520), 206 

chroma, hue, as well as L* (perceptual lightness), a* (red/green value), and b* (yellow/blue value) values were 207 

measured using a CIELab instrument (Smart analysis DNA phone Srl, Parma, Italy). 208 

 209 

2.6 Volatile analysis 210 

The volatile profile of dealcoholized wines at the end of the process was analyzed utilizing gas chromatography-211 

mass spectrometry (GC–MS) coupled with solid-phase microextraction (SPME), as per the methodology outlined 212 

by Gottardi et al. (2022) with minor modifications. Specifically, a 3 mL aliquot of the wine sample was dispensed 213 

into glass vials containing 1 g of sodium chloride (NaCl). Subsequently, 3 µL of 4-methyl-2-pentanol (Sigma-214 

Aldrich, Steinheim, Germany) was added as an internal standard to each vial (final concentration 10 mg∙L-1). The 215 

vials were then stored at 4 ℃ until analysis. The extraction of aroma compounds from the vial headspace was 216 

performed using a manually operated SPME fiber (Carboxen/ Divinylbenzene/Polydimethylsiloxane, Supelco). 217 

The vial was incubated at 45 ℃ with an extraction time of 20 minutes and a desorption time of 5 minutes into the 218 

injection port of the Intuvo 9000 GC system coupled with MS 5977B (Agilent Technologies). The resulting 219 

chromatogram was identified using the Agilent Hewlett–Packard NIST 2011 mass spectral library. The 220 

quantification of each compound was reported as mg∙L-1 equivalent to the internal standard applied. 221 

 222 

2.7 Membrane cleaning 223 
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After each experiment, membrane cleaning followed the procedure outlined by Ruby-Figueroa et al. (2023). 224 

Specifically, deionized water was passed through both the tube and shell sides. Subsequently, a 2% w/w KOH 225 

solution circulated for 1 hour at 40 ℃, followed by rinsing with water. Next, a 2% w/w citric acid solution was 226 

circulated for 1 hour at 40 ℃, followed by another rinse with deionized water. Finally, nitrogen gas was flowed 227 

through the membrane module to ensure complete drying of the membrane pores. 228 

 229 

2.8 Statistical analysis 230 

All the metrics was reported as averages ± standard deviations and analysed by ANOVA and the Tukey test was 231 

employed to determine significant differences (p-level < 0.05) among control wine and dealcoholized wine 232 

samples using Minitab 18 software (Minitab, LLC, USA).   233 

 234 

3. Results and discussion  235 

3.1 Ethanol transfer, ethanol flux and total flux  236 

The selective removal of ethanol in the dealcoholization process of alcoholic beverages using OD is facilitated by 237 

the establishment of a vapor pressure difference across the membrane wall. In order to understand the optimum 238 

exchange of ethanol from feed to stripping side, a series of trials (1-5) were carried out, adjusting the frequency 239 

of the feed and stripping pump while keeping the same operating time (120 min). The change in alcohol content 240 

in feed side (wine) and stripping side (water) during each trial as a function of processing time and 241 

dealcoholization cycle is shown in Figure 2 (1-5). The initial alcohol content (10.5% v/v) in white wine 242 

progressively decreased with processing time. After the 1st dealcoholization cycle the ethanol content was 243 

decreased till 5.7-6.7% v/v; a further reduction of ethanol of about 50% was achieved after the 2nd dealcoholization 244 

cycle. Particularly, Trial 1 showed no significant change in ethanol reduction after the 4th 3rd cycle, and Trials 2, 245 

[AC2]3, 4, and 5 exhibited no significant changes in ethanol reduction after the 3rd 2nd cycle. This finding could be due 246 

to the equilibrium between the ethanol concentration in the feed and the stripping side and approaching to almost 247 

steady state (J=0). Furthermore, it was observed that an increase in the feed pump frequency (20-60%) led to a 248 

faster decrease in the ethanol content of wine and reducing in processing time. Similarly, Esteras-Saz et al. (2021) 249 

observed that increasing the feed flow rate from 21 to 74 mL/min enabled the achievement of the proposed goal 250 

of 3% ethanol removal from wine in 45 minutes instead of 95 minutes.  251 

The changes in the total evaporation flux and ethanol flux with processing time and dealcoholization cycles for 252 

trials 1 to 5 are shown in Supplementary Figure 1 and Figure 3 (1-5), respectively. It can be observed that the total 253 
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evaporation flux declined in two phases. In the first stage, after the 1st dealcoholization cycle (1-30 min), there 254 

was a sharp decline in flux by 66%, 89%, 80.6%, 80.7%, and 82.35% from its initial value for trials 1, 2, 3, 4, and 255 

5, respectively. In the second stage, (after the 2nd dealcoholization cycle), flux declined gradually and approached 256 

the steady state (J=0) after 120, 60, 60, 90 and 60 min for trials 1, 2, 3, 4 and 5, respectively. A similar trend was 257 

observed in the case of ethanol flux for each trial.  258 

Incorporating insights from five preliminary trials, an optimized Trial 6 was designed and executed to produce 259 

dealcoholized wine with a targeted ethanol concentration of 0.5%. The process extended over 240 minutes, 260 

encompassing a total of seven dealcoholization cycles. The first six cycles were each set at a duration of 30 261 

minutes, while the final cycle (7th) extended to 60 minutes. The stripping solution was replenished when the flux 262 

approached the steady state (J=0). The changes in alcohol content on the feed side (wine) and stripping side 263 

(water) during each dealcoholization cycle are shown in Figure 2 (6), while the changes in ethanol flux are 264 

depicted in Figure 3 (6). The results showed a substantial increase in the alcohol reduction rate upon replacing the 265 

stripping solution. Initial alcohol content diminished to 5.76% v/v after the 1st cycle (OD6.1), further reducing by 266 

approximately 65% (till 3.72% v/v) after the 2nd cycle (OD6.2). Subsequent cycles - namely 3 (OD6.3), 4 (OD6.4), 267 

5 (OD6.5) and 6 (OD6.6) - exhibited alcohol reductions to 2.18, 1.25, 0.85 and 0.64% v/v, respectively. By the 268 

end of the 7th cycle (OD6.7), the final alcohol content reached 0.5% v/v. It is noteworthy that replacing the 269 

stripping solution when the flux reached a steady state significantly enhanced the ethanol reduction rate. When 270 

compared with trials 1-5, the trial 6 demonstrated an almost 31% higher ethanol reduction and 1.56 times higher 271 

ethanol flux after 120 minutes of processing time. This demonstrated the potential applicability of the optimized 272 

methodology in the production of Non-Alcoholic Low Alcohol (NoLo) wine. Similarly, Liguori et al. (2013) 273 

reported a higher ethanol reduction rate during the dealcoholization of Aglianico wine (13% v/v) when the 274 

stripping solution was renewed at the end of each cycle. The resultant dealcoholized wine, with an ethanol 275 

concentration of 0.19% v/v, was achieved within a processing time of 4.25 hours. 276 

The mass transfer coefficients (KG, Kf, Ks and Km), Sherwood numbers (Shf and Shs), Reynolds numbers (Ref and 277 

Res), Schmidt numbers (Scf and Scs), and diffusion coefficients of ethanol were calculated at various operating 278 

conditions using the proposed mathematical model (detailed in Table 3) at the conclusion of the process. The 279 

overall mass transfer coefficient (K) value ranged from 0.0222 to 0.5254 kg∙m-2∙h-1∙bar-1, with the highest value 280 

observed in trial 6. In comparison, Liguori et al. (2013) reported higher K values ranging from 6.4 to 9.3 kg∙m-281 

2∙h-1∙bar-1 during the partial dealcoholization of Aglianico red wine (12% v/v) at various operating conditions. The 282 

higher values in their study could be attributed to differences in feed and flow rates, and the ratio between feed 283 
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and stripping volumes. Furthermore, the membrane mass transfer coefficient of ethanol (Km) was calculated using 284 

the Dusty-gas model for each trial, and the resulting value was 0.03056 m∙s-1. Furthermore, the individual 285 

contributions to the overall mass transfer coefficient (K) are interpreted by representing the mass transfer 286 

resistances named resistance in feed boundary layer (Rf), membrane resistance through the air gaps in the 287 

membrane pores (Rm) resistance in stripping boundary layer (Rs). Figures 4A and 4B depict the theoretical 288 

estimation of individual resistances (Rf, Rm and Rs) at different Qs and Qf, respectively. The results show that an 289 

increase in flow rate improves the hydrodynamic conditions, minimizing the feed and stripping boundary layer 290 

resistances and locating the main resistance in the membrane. Additionally, the influence of Rf and Rs becomes 291 

lower as Qf and Qs increase, respectively. Furthermore, these results are in agreement with the influence of 292 

different Qf and Qs on ethanol removal (Figure 2). Similar results were obtained in previous studies for 293 

Tempranillo (Esteras-Saz et al. 2021) and Merlot wines (Diban et al. 2008).  294 

  295 

3.2 Effects of dealcoholization on the oenological parameters  296 

Physico-chemical parameters, such as alcohol content, dry extract, density, pH, total acidity, reducing sugar, 297 

volatile acidity, glucose, fructose, potassium and organic acids (malic, lactic, tartaric, citric, succinic acid) are key 298 

determinants of wine characteristics. The effect of distinct dealcoholization trials on these parameters upon the 299 

completion of the process for trials 1-5 (OD1-OD5) are summarized in Supp. Table 1. Furthermore, Table 4 shows 300 

the changes in these parameters for trial 6 across each successive dealcoholization cycle (OD6.1-OD6.7). The 301 

findings reveal that the dealcoholized wine obtained after each trial significantly (p < 0.05) differed from the 302 

original wine in terms of physicochemical parameters. The density of the wine exhibited a significant increase up 303 

to the 4th dealcoholization cycle, after which it maintained a constant value. The pH and volatile acidity remained 304 

relatively stable during the process of ethanol removal from wine, compared to the original wine. Wine contains 305 

weak acids, mainly tartaric and malic, and their change impact the pH of wine. While total acidity measures both 306 

dissociated (free) and bound hydrogen ions (H+), the pH measures only the free ones. Total acidity and pH can 307 

also be affected by the concentration of potassium (K+) which replace a H+ ion on tartaric acid resulting in the 308 

formation of potassium bitartrate (KHT), which has limited solubility. At pH < 3.65, the loss of KHT cause a 309 

further decrease of both the pH and total acidity. Although a general overall relationship between K+ 310 

concentrations and pH does not always exist in various independent wines (Boulton, 1980), the present study 311 

found a good linear relationship between K+ vs pH (R2 = 0.9175) and total acidity vs pH (R2 = 0.9787) as samples 312 

include the same initial wine (control) and further subsamples obtained from the same control wine. From these 313 
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findings it seems that the removal of alcohol change to little extent, if any, the relative balance among the 314 

chemicals involved in the acidic properties of wine.This stability suggests that the buffer systems in the wine 315 

(primarily from the organic acids) are effectively maintaining the pH despite minor changes in total acidity during 316 

ethanol removal. Notably, the wine sample (OD6.7) at 0.50% v/v ethanol exhibited the lowest values for total 317 

acidity (4.79 g/L). Similarly, On the other hand, Liguori et al. (2019) observed non-significant minor variations 318 

during the production of dealcoholized Falanghina white wine (0.3% v/v) by OD. Additionally, Motta et al. (2017) 319 

reported non-significant changes in physico-chemical parameters for three different red wines (Langhe, Verduno 320 

Pelaverga, and Barbera) during ethanol removal up to 5% using a membrane contactor. Reducing sugar decrease 321 

significantly throughout each dealcoholization cycle. In addition, dry extract and fructose showed a significant 322 

decrease after the first cycle, followed by a consistent value during subsequent ethanol removal cycles. Lactic 323 

acid and tartaric acid showed slightly higher values in dealcoholized wine samples compared to original wine. In 324 

contrast, malic acid did not show a significant effect during ethanol removal. Furthermore, succinic acid and 325 

glycerin showed a significant increase with the removal of ethanol, while citric acid decreased significantly. The 326 

concentration of potassium in wine significantly increased (ranging from 890.5 to 1964.5 mg/L) with the removal 327 

of ethanol. The increase in the concentration of potassium may be due to the higher solubility of potassium 328 

bitartrate and the enhancement of tartaric stability in wine when ethanol content decreases (Motta et al. 2017). In 329 

addition, the increment in the relative concentration of non-volatile compounds, including succinic acid, glycerin, 330 

and potassium, can be attributed to the concentration effect produced by the reduction of the final volume of the 331 

wine after dealcoholization (Sam, T.-Z. Ma, et al. 2021). 332 

 333 

3.3 Effect of dealcoholization on color profile 334 

The color parameters - including A420nm, A520nm, A620nm, intensity, tone, chroma, hue, L*, a*, and b* measured for 335 

the original wine and the dealcoholized wine obtained from trials 1 to 5 (refer to Supp. Table 2) and trial 6 (refer 336 

to Table 5). The results revealed that the absorbance at 420 and 520nm, as well as the color intensity of 337 

dealcoholized wines significantly increased compared to the original wine, except during the first two 338 

dealcoholization cycles of trial 6 (OD6.1 and OD6.2). However, a significant increase was observed after these 339 

initial two cycles. Unexpectedly, sample OD6.3 exhibited the highest values of absorbance at 420 nm (0.51), 340 

520nm (0.48), and color intensity (1.44). This could be potentially influenced by higher oxygen intake during the 341 

process leading to sample oxidation. Similarly, Liguori et al. (2013b) observed that the dealcoholization process 342 

did not affect the color intensity of wine for alcohol reduction up to -6% (within the first 60 minutes of the 343 
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dealcoholization process). In contrast, higher reductions in ethanol content led to a significant increase in color 344 

intensity, probably due to concentration effect. This increase in the absorbance at 420 and 520 nm, and color 345 

intensity contributed to a richer and darker appearance in the dealcoholized wine (Pérez-Magariño and González-346 

Sanjosé 2003). Tone value significantly decreased in all the trials with each dealcoholization cycle, except for the 347 

dealcoholized wine sample (OD-5) obtained at the end of the trial 5 dealcoholization process. The 348 

dealcoholization process led to significant changes in the chroma value; in particular, the highest (9.59) and lowest 349 

(3.93) values of chroma were observed for the dealcoholized wine samples OD6.7 and OD6.3, respectively. A 350 

higher chroma value indicates that the process resulted in a more saturated color of wine compared to the original 351 

wine, while a lower chroma value may lead to a slight decrease in specific colors such as yellow. The hue angle 352 

(°) showed a slight increase in the dealcoholized wine samples obtained from each trial, except for the sample 353 

OD-5 and OD6.3. Moreover, the L* value significantly decreased in the dealcoholized wine samples, resulting in 354 

reduced wine brightness. In addition, the highest b* value (9.32) and the lowest a* value (-2.27) was observed for 355 

wine sample OD6.7 at 0.5% ethanol.  356 

 357 

3.4 Effect of dealcoholization on volatile compounds 358 

A total of 36 volatile compounds were investigated, and it was found that each chemical category - including 359 

esters, alcohols, acids, terpenes, phenols, carbonyl compound and others - were differently affected by different 360 

dealcoholization conditions. The effect of distinct dealcoholization trials on these volatile compounds upon the 361 

completion of the process for trials 1-5 (OD1-OD5) were summarized in Supp. Table 3. Furthermore, Table 6 362 

shows the changes in these parameters for trial 6 across each successive dealcoholization cycle (OD6.1-OD6.7). 363 

Volatile alcohols: Volatile alcohols were quantified as the largest group (52% ) of the volatile compounds 364 

identified in the original wine. The most important alcohols are Isoamyl alcohol (69%), Phenylethyl alcohol 365 

(19.5%), Isobutyl alcohol (7.8% ) and 1-Hexanol (2.6% ). The alcohols contribute to the olfactory properties 366 

of wine by imparting its base vinous aroma along with some herbaceous and floral notes (Pittari, Moio, and 367 

Piombino 2023). In the course of the partial dealcoholization of wine (trials 1-5) to achieve a final ethanol 368 

concentration of 4.5 to 5% v/v, the average loss of total volatile alcohol was approximately 24% (Supp. Table 3). 369 

Notably, there was a significant reduction in the concentrations of isobutyl alcohol, isoamyl alcohol, 1-hexanol, 370 

and benzyl alcohol during the ethanol removal process. Surprisingly, no statistically significant differences were 371 

detected among the trials, indicating that variations in feed and stripping flow rates did not exert a discernible 372 

impact on the concentrations of volatile alcohol compounds in this study. 373 
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In the trial 6, after the 1st dealcoholization cycle (OD6.1, 5.74% v/v), the alcohol class experienced a significant 374 

loss (28.2%), primarily attributed to a higher reduction (43.4%) in isoamyl alcohols (Table 6). Subsequent cycles 375 

showed a continued decrease in the overall alcohol content, ranging from 33% in the 2nd dealcoholization cycle 376 

(OD6.2, 3.74%v/v) to 78% in the 7th dealcoholization cycle (OD6.7, 0.5% v/v). Specifically, isoamyl alcohols 377 

decreased from 55% in the 2nd cycle to 88.5% in the 7th cycle. Similarly, Liguori et al. (2013b) reported a 378 

substantial reduction in isoamyl alcohol from 66% in the 1st cycle (ethanol 6.5% v/v) to 99% in the 5th cycle 379 

(ethanol 0.21% v/v) during the dealcoholization of Aglianico red wine (13%v/v) using OD. Furthermore, isobutyl 380 

alcohol, 1-hexanol, and 2-ethylhexanol gradually decreased with the removal of ethanol in wine and showed a 381 

98%, 96% and 64% loss in dealcoholized wine with 0.5% v/v (OD6.7), respectively. The different behaviors of 382 

alcohol compounds may be attributed to variations in vapor pressure values, volatilities and ethanol affinity 383 

(Diban et al. 2008); for example, isobutyl alcohol has a high vapor pressure (8 mmHg at 20 °C), while 2-384 

ethylhexanol and 1-hexanol have vapor pressure values of 0.2 mmHg and 2.07 mmHg at 20 °C, respectively 385 

(Green and Perry 2007). In the context of the mass transfer of volatile compounds during the OD process, the 386 

mechanism is governed by the vapor pressure differences between the volatile compounds in the wine (feed) and 387 

the stripping liquid (water). Due to their higher vapor pressures compared to the stripping liquid, volatile 388 

compounds evaporate at the membrane pores on the wine side, diffuse through the hydrophobic membrane, and 389 

subsequently condense on the stripping liquid side.[AC3] 390 

According to Esteras-Saz et al. (2021) the different behavior of aromatic alcohols (2-phenylethanol and benzyl 391 

alcohol) with respect to the aliphatic alcohols ((isoamyl alcohol, isobutanol and 1- hexanol) can be attributed to 392 

their minor volatility and higher molar mass. This means that their fluxes depend mainly on Rm. 393 

Alcohols such as benzyl alcohol and phenylethyl alcohol exhibited minimal losses during ethanol removal. 394 

Phenylethyl alcohol demonstrated no significant changes up to the 6th dealcoholization cycle (0.64% v/v), while 395 

benzyl alcohol remained stable until the 5th cycle (0.85% v/v). Upon completion of the process (OD6.7), the 396 

dealcoholized wine (0.5% v/v) revealed a 67% and 33% reduction in benzyl alcohol and phenylethyl alcohol, 397 

respectively. The reduction in benzyl alcohol and phenylethyl alcohol during dealcoholization is attributed to the 398 

low concentration of polyphenol compounds in white wine (Liguori et al. 2019). In contrast, Liguori et al. (2013b) 399 

reported that phenylethyl alcohol remained stable when ethanol concentration was reduced to 7% v/v from in 400 

Aglianico red (13% v/v) wine due its low volatility and high solubility in water (vapor pressure = 0.10 hPa at 20 401 

°C; H value = 0.24 Pa m3 mol-1) and of the - interactions with polyphenols. In a study by Liguori et al. (2019), 402 

the impact of dealcoholization on the quality of Falanghina white wine (12.5%v/v) was investigated during the 403 
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production of dealcoholized wine (ethanol 0.27% v/v) using OD. The results revealed that volatile alcohols 404 

experienced a loss of approximately 99% during the production of dealcoholized wine. Specifically, isoamyl 405 

alcohol, 1-hexanol, 2-ethylhexanol, and benzyl alcohol were entirely lost in the dealcoholized wine, while 406 

phenylethyl alcohol showed a 97% reduction.  407 

Esters: Esters constitute the second most abundant group (30%) in original wine among the determined volatiles. 408 

During the partial dealcoholization of wine (trials 1-5) to achieve a final ethanol concentration of 4.5 to 5% v/v, 409 

there was an average loss of approximately 30% in total esters (Supp. Table 3). Furthermore, no statistically 410 

significant differences were observed among the trials. Notably, ethyl lactate, isoamyl lactate, diethyl succinate, 411 

and phenethyl acetate showed no significant variations during partial dealcoholization. Conversely, ethyl acetate, 412 

ethyl butanoate, isoamyl acetate, ethyl hexanoate, ethyl octanoate, and methyl salicylate experienced significant 413 

losses (28-75%) with the removal of ethanol, with no significant differences observed among different trials.  414 

Table 6 presents the reduction in ester concentrations observed during each dealcoholization cycle in trial 6. The 415 

total esters percentage loss was approximately 11% in the 1st cycle (OD6.1), where ethyl hexanoate, ethyl 416 

octanoate, isoamyl lactate, diethyl succinate, phenethyl acetate, and ethyl isopentyl succinate remained 417 

significantly unchanged. In contrast, other esters such as ethyl acetate, ethyl butanoate, isoamyl acetate, ethyl 418 

lactate, methyl salicylate, and dibutyl phthalate experienced significant losses. With a further increase in the level 419 

of dealcoholization, the loss of total esters increased up to 89% in the dealcoholized wine with 0.5% v/v ethanol 420 

(OD6.7). Specifically, ethyl butanoate, ethyl octanoate, ethyl phenylacetate, and ethyl isopentyl succinate were 421 

completely lost in the dealcoholized wine (OD6.7). Generally, esters have hydrophobic nature, thus their losses 422 

were expected during dealcoholization process, in varying amount depending on their physical and chemical 423 

properties (Diban et al. 2013). Also, Sam et al. (2021) mentioned that the removal of ethanol through 424 

dealcoholization of wine could be expected to impact the concentrations of ethyl esters and their corresponding 425 

acids, due to the resulting equilibrium shift towards ester hydrolysis. Similarly, Liguori et al. (2013b) observed a 426 

10% loss of total esters in the first cycle, and with a further increase in the level of dealcoholization, a 90% loss 427 

of esters was observed in the dealcoholized wine (0.19% v/v).  428 

Acids: The fatty acids, formed enzymatically during fermentation, can contribute with fruity, cheese, fatty and 429 

rancid notes to the sensory properties of wine (He et al. 2023). Total acid compounds accounted for approximately 430 

11.5% of all volatile compounds. During the partial dealcoholization of wine (trials 1-5) to achieve a final ethanol 431 

concentration of 4.5 to 5% v/v, no significant loss was observed in total acids (Supp. Table 3). In trial 6, during 432 

the first two dealcoholization cycles, the total acid did not show a significant effect (Table 6). However, with a 433 
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further increase in the dealcoholization cycle, a substantial reduction in total acid content was observed, ranging 434 

from 15.9% to 86.5%. The most abundant acids in the wine, such as octanoic acid, hexanoic acid, and acetic acid, 435 

exhibited significant reductions of 96.6%, 76%, and 75.3%, respectively, in the dealcoholized wine (OD6.7). The 436 

observed variations in acid losses during the incremental ethanol removal rate can be attributed to distinct vapor 437 

pressure values (i.e. acetic acid = 12.02 mmHg and heptanoic acid = 0.002 mmHg, at 20°C) (Green and Perry 438 

2007). Similarly, a substantial loss of octanoic acid (97%) was observed in Falanghina wine subjected to 439 

dealcoholization (0.27% v/v) via OD, while hexanoic acid and acetic acid were completely depleted (Liguori et 440 

al. 2019). 441 

Carbonyl compounds: These compounds principally deriving from grape, can contribute to wine aroma with an 442 

almond note. These compounds accounted for approximately 5.9% of all volatile compounds. 4-443 

Methylbenzaldehyde and benzaldehyde, that were the most abundant carbonyl compounds in wine, exhibiting 444 

losses of 100% and 95.4%, respectively, after the 1st dealcoholization cycle (OD6.1). Similarly, these compounds 445 

were completely depleted in partially dealcoholized wines (trials 1-5).  446 

Volatile phenols: Two volatile phenols, 3-methoxycatechol and 2,4-tert-butylphenol, known for contributing 447 

undesirable off-flavors associated with smoky, medicinal, or band-aid aromas in wine, were analyzed. 448 

Remarkably, the concentration of 3-methoxycatechol was found to be completely diminished in all dealcoholized 449 

samples. Conversely, 2,4-tert-butylphenol exhibited a reduction ranging from 52% to 88% in the dealcoholized 450 

samples.  451 

Other compounds: Only one terpene compound, α-terpineol, was identified in wine, derived from grapes in either 452 

free or glycoconjugated forms, contributing to the wine's aroma with its floral notes. The concentration of α-453 

terpineol did not exhibit a significant effect in trials 1-5. Conversely, in trial 6, α-Terpineol experienced a 26% 454 

reduction in the first cycle, and with increased levels of dealcoholization, the reduction in α-Terpineol intensified. 455 

Notably, in the dealcoholized wine (OD6.7), α-terpineol was completely lost. Furthermore, diethyl sulfoxide was 456 

detected in dealcoholized wines; however, its concentration remained below the olfactory threshold of 27 µg/L. 457 

Despite being present at below the olfactory threshold levels, diethyl sulfoxide demonstrated a positive impact on 458 

flavor attributes, contributing to enhanced fruity notes, fullness, and overall complexity (Lytra et al. 2014).  459 

To better understand the progressive loss of volatile compounds upon ethanol removal was highlighted through 460 

Principal Component Analysis (PCA) of quantitative data. The first two components accounted for 79.07% (trials 461 

1-5, Figure 5 (1-2)) and 74.19% (trial 6, Figure 5 (3-4)) of the total variance, respectively. In case of trials 1-5, 462 

the original wine is tightly surrounded by the majority of aroma compounds and positioned in the negative 463 
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segment of PC2. As above mentioned, the principal volatile compounds in the original wine (C) include isobutyl 464 

alcohol, isoamyl alcohol, 1-hexanol, ethyl butanoate, isoamyl acetate, ethyl phenylacetate, 2-ethyl hexanol, 465 

heptanoic acid, benzaldehyde etc. Moreover, the partially dealcoholized wines (OD1-OD5) are situated in the 466 

positive PC1 quadrant of PCA. Specifically, OD1 and OD5 are predominantly associated with phenylethyl 467 

alcohol, 4-ethyl-2-methoxyphenol, 4-butylbenzyl alcohol, hexanoic acid, 2-heptanone, diethyl succinate, and 468 

diethyl sulfoxide. Conversely, OD2, OD3, and OD4 exhibit a distinct association solely with acetoin. 469 

In the case of trial 6, the original wine (C) is tightly surrounded by most of the aroma compounds and positioned 470 

in the positive segment of PC2. It is evident that with an increase in the level of dealcoholization (OD6.1 to 471 

OD6.7), the volatile fraction of the wine diminishes. Notably, initial dealcoholized samples (OD6.1 and OD6.2) 472 

are located in the negative PC1 and PC2 quadrants of PCA, correlating with volatile compounds such as ethyl 473 

hexanoate, 2,4-butyphenol, ethyl octanoate, nonanoic acid, ethyl acetate, benzyl alcohol, and hexanoic acid. 474 

Subsequent increases in dealcoholization level (samples OD6.3 and OD6.4) are positioned in the positive PC1 475 

quadrant, and associated with butanoic acid, 2-heptanone, 4-ethylphenol, and 4-butylbenzyl alcohol. Furthermore, 476 

at higher dealcoholization levels (ethanol level <0.85% v/v), samples OD6.5-OD6.7 are located in both positive 477 

PC1 and PC2 quadrants of PCA, yet they exhibit no discernible association with any volatile compounds.  478 

Finally, the concentrations of total aroma and chemical classes of dealcoholized wines relative to the original wine 479 

were depicted in Figure 6A for trials 1-5 and in Figure 6B for trial 6, respectively. In trials 1-5, approximately 60-480 

87% of the total aroma was retained, with OD5 exhibiting the highest retention rate of 87%. Specifically, OD5 481 

retained almost 86.5%, 82.5%, 100% and 69% of total volatile alcohols, esters, acids, and terpenes, respectively. 482 

When examining volatile compounds in trial 6 (OD6.1-OD6.7), a general decrease was observed with ethanol 483 

removal, especially in dealcoholized wine (0.5%), which showed higher losses of volatile compounds such as 484 

esters (89%), volatile alcohols (78%), acids (86%), carbonyl compounds (96%), and volatile phenols (88%). The 485 

reduction of total volatile correlated well (r = 0.93) with the reduction of ethanol. These findings suggest that 486 

the mechanism of aroma loss depends on the synergism between the chemical and physical properties 487 

(chemical structure, boiling point, vapor pressure, water solubility, and hydrophobicity) of the volatile 488 

compounds and their interaction with the wine matrix, which changes during the process.  489 

 490 

4. Conclusions  491 

Osmotic distillation has been proven as a promising technique for producing dealcoholized wine with 0.5% v/v 492 

ethanol content. The effect of various process parameters, such as feed and flow stripping rate, operating time, 493 
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and replacing stripping solution at each dealcoholization cycle on the effectiveness of dealcoholization process 494 

showed that: (i) variation in feed and flow stripping rate does not significantly affect the ethanol removal rate. (ii) 495 

without replacing the stripping solution, ethanol reduction becomes constant after several cycles (at 4.5-5% v/v 496 

ethanol) due to an equilibrium between ethanol concentrations in the feed and stripping sides. However, replacing 497 

the stripping solution increases ethanol removal rates. Furthermore, ethanol mass transfer coefficients were 498 

estimated on the feed and stripping sides based on classical empirical correlations of dimensionless numbers (Re, 499 

Sc, Sh), while the membrane transfer coefficient (Km= 0.03056 m/s) was estimated using the dusty gas model. 500 

Variations in feed and stripping flow rates did not show significant differences (p < 0.05) in the physico-chemical 501 

parameters, color profile, and volatile composition of the wine among the trials (OD1-OD5). Furthermore, the 502 

dealcoholized wine (0.5% v/v ethanol) exhibited higher intensity, chroma, and hue value, and lower L* value 503 

compared to the original wine. Volatile compounds significantly decreased with ethanol removal and showed 504 

higher losses with increasing ethanol removal levels, particularly in the dealcoholized wine (0.5% v/v ethanol), 505 

which experienced higher losses of total volatile compounds (84%). The reduction in total volatile compounds 506 

correlated strongly (r = 0.93) with ethanol reduction. 507 

Additional researches are needed to assess the behaviour of different aroma compounds with regard their 508 

permeation through the membrane; sensory analysis, is also needed to determine the effect of processing 509 

parameters and ethanol removal on sensorial parameter or mouthfeel of individual wines. Management and 510 

economic issues related to the recycling of strip water, i.e. as a potential blending stock in the manufacture of 511 

alcoholic beverages, are also of noticeable investigative interest for the implementation of OD on large-scale. 512 

, including sensory analysis, is also needed to determine the effect of processing parameters and ethanol removal 513 

on sensorial parameter or mouthfeel of individual wines. 514 

 515 

Nomenclature 516 

Ae  effective membrane area (m2) 517 

C  concentration (g kg-1) 518 

D  molecular diffusion coefficient (m2 s-1) 519 

DKn,EtOH  Knudsen effective diffusivity for ethanol (m2 s-1) 520 

di  internal fiber diameter (µm) 521 

do  external fiber diameter (µm) 522 

dpore  nominal pore size (µm) 523 

din  internal diameter of module (m) 524 
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dex  external diameter of module (µm) 525 

dh  hydraulic diameter (m) 526 

e  membrane thickness (µm) 527 

F  pump frequency (%) 528 

Gz  Graetz numbers (-) 529 

J  flux (kg m-2h-1) 530 

K  overall mass transfer coefficient (kg m-2s-1Pa-1) 531 

Km  membrane mass transfer coefficient (m s-1) 532 

Kf  mass transfer coefficients in the feed (m s-1) 533 

Ks  mass transfer coefficients in the stripping (m s-1) 534 

L  effective fiber length (m) 535 

M  molecular weight (g mol-1) 536 

N  number of fibers  537 

P  partial vapor pressure (Pa) 538 

Q  flow rate (L min-1) 539 

R  mass transfer resistance in feed boundary layer (s m-1) 540 

Re  Reynolds numbers (-) 541 

Rg  ideal gas constant (J K-1 mol-1) 542 

Sc  Schmidt numbers (-) 543 

Sh  Sherwood numbers (-) 544 

T  Temperature (K) 545 

 546 

Greek letters 547 

ε  membrane porosity (-) 548 

τ  membrane tortuosity (-) 549 

𝜌  density (kg m−3) 550 

𝜂  viscosity (Pa s) 551 

 552 

Subscripts 553 

EtOH  ethanol 554 

i  component 555 

f  feed side 556 

m  membrane 557 

s  stripping side 558 
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 559 

Superscripts 560 

i  component 561 

m  membrane 562 

 563 
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Figure 1. Schematic diagram of the osmotic distillation experimental setup. 

Figure 2. Changes in ethanol content in the feed and stripping sides during the dealcoholization of wine (10.5% 

v/v) under different trials, represented as 1, 2, 3, 4, 5, and 6 in Table 2. 'F' denotes the feed side (wine), and 'S' 

represents the stripping side (distilled water). 



Figure 3. The changes in ethanol flux during the dealcoholization of wine (10.5% v/v) under different operating 

conditions, represented as 1, 2, 3, 4, 5, and 6 in Table 2.  

 

Figure 4. Simulated contribution of each local resistance to the RG for ethanol a function of (1) stripping flow 

(Qs), (2) feed flow (Qf) (for trials 1-5, see Table 2). 



 

Figure 5. Plot of cases and variables obtained by PCA elaboration of the total volatile compounds characterizing 

the original (C) and dealcoholized wine. Legend: (1&2): Plot of cases (1) and variables (2) obtained by PCA 

elaboration of the total volatile compounds for trials 1-5. (3&4): Plot of cases (3) and variables (4) obtained by 

PCA elaboration of the total volatile compounds for trial 6 at each dealcoholization cycle.  



 

Figure 6. Total aroma (mg∙L-1) and chemical classes (mg∙L-1) (1) for trials 1-5 (2) and for trial 6 at each 

dealcoholization cycle with respect to the original wine (C).  

 



Table 1. Membrane module characteristics 

 

Membrane module characteristics 

(Liqui-Cel® Extra-Flow 2.5 x 8 in. membrane contactor) 

Value 

 

Fiber type 
Celgard® microporous 

polypropylene hollow fiber 

Cartridge dimensions (DxL) 8 x 28 cm (2.5 x 8 in) 

Effective membrane area, Ae 1.4 m2 

Effective area/volume 29.3 cm2/cm3 

Number of fibers, n 10000 

Effective fiber length, L 0.16 m 

Internal fiber diameter, di 220 µm 

External fiber diameter, do 300 µm 

Nominal pore size, dpore 0.2 µm 

Maximum transmembrane differential pressure 4.2 kg/cm2 (60 psi) 

Maximum operating temperature range 40℃ (104 F) 

Membrane porosity, ε 0.4 

Membrane thickness, e 40 µm 

Membrane tortuosity, τ 2.5 

 

 

Table 2. Operating conditions of osmotic distillation at room temperature (21±1°C), feed volume (Vf) = 1L, and stripping volume (Vs) = 2L. 

 

Trial Ff/Fs 
Feed side (wine) Stripping side (Distilled water) 

Ff (%) Qf (L/min) Fs (%) Qs (L/min) 

1 1 20 1.5 20 1.5 

2 0.5 20 1.5 40 3 

3 0.33 20 1.5 60 6 

4 2 40 3.3 20 1.5 

5 3 60 5.1 20 1.5 

6 0.67 40 1.5 60 6 

 

 

 

 

 

 



Table 3. Calculated parameters of ethanol at different operation conditions 

 

Trial Time 
D*10-9 

(m2/s) 
Ref Scf Shf 

Kf *10-8 

(m/s) 
Res Scs Gzs Shs 

Ks *10-7 

(m/s) 

Dkn,EtOH 

(m2/s) 

Km 

(m/s) 

K 

(kg/m2hbar) 

1 120 3.97 0.013 383.27 11.36 3.64 9.52 383.27 28271.60 49.18 1.57 24.32 0.03056 0.3372 

2 120 3.97 0.013 383.27 11.36 3.64 19.04 383.27 56543.19 61.95 1.98 24.32 0.03056 0.0487 

3 120 3.97 0.013 383.27 11.36 3.64 38.07 383.27 113086.39 78.04 2.50 24.32 0.03056 0.0222 

4 120 3.97 0.028 383.27 14.78 4.73 9.52 383.27 28271.60 49.18 1.57 24.32 0.03056 0.1163 

5 120 3.97 0.043 383.27 17.08 5.47 9.52 383.27 28271.60 49.18 1.57 24.32 0.03056 0.0330 

6  

120 3.97 0.013 383.27 11.36 3.64 38.07 383.27 113086.39 78.04 2.50 24.32 0.03056 0.5254 

240 1.98 0.013 766.54 14.28 2.28 38.07 766.54 226172.21 98.30 1.57 24.32 0.03056 0.2836 

 

 

Table: 4 The physico-chemical parameters of original (C) and dealcoholized wine samples for trial 6 at each dealcoholization cycle (DC). 

 

DC 
Time 

(min) 

Alcoho

l (% 

v/v) 

Densit

y 

(kg/m3

) 

Total 

acidity 

(g/L) 

pH 

Volatil

e 

acidity 

(g/L) 

Reduci

ng 

sugar 

(g/L) 

Dry 

extract 

(g/L) 

Glucos

e (g/L) 

Fructos

e (g/L) 

Malic 

acid 

(g/L) 

Lactic 

acid 

(g/L) 

Tartari

c acid 

(g/L) 

Citric 

acid 

(g/L) 

Succini

c acid 

(g/L) 

Glyceri

n (g/L) 

Potassi

um 

(mg/L) 

Ash 

(g/L) 

C 0 
10.53±

0.06a 
996±0f 

5.56±0.

19a 

3.21±0

.04a 

0.31±0.

01a 

8.44±0

.03a 

27.39±

0.52a 

4.42±0

.01c 

4.0±0.

02a 

1.16±0

.17a 

0.97±0.

07b 

1.59±0

.15b 

0.45±0

.03a 

0.35±0.

07d 

5.89±0

.21d 

890.5±

25.9g 

1.88±0.

07ab 

OD6.1 30 
5.74±0.

02b 
999±0e 

5.13±0.

04b 

3.15±0

.02ab 

0.28±0.

01b 

5.87 ± 

0.08e 

21.12±

0.35b 

4.69±0

.04d 

1.17±0

.03cde 

0.98±0

.07a 

0.95±0.

02b 

2.08±0

.11a 

0.35±0

.03b 

0.57±0.

02cd 

6.29±0

.07d 

1210.0

±9.90f 

1.94±0.

02a 

OD6.2 60 
3.74±0.

04c 

1001±

0d 

5.09±0.

01bc 

3.14±0

.01b 

0.27±0.

01b 

5.79 ± 

0.04e 

20.92±

0.17b 

4.89±0

.09c 

0.89±0

.02e 

0.97±0

.04a 

0.95±0.

01b 

2.15±0

.02a 

0.30±0

.0bc 

0.63±0.

01c 

6.85±0

.07c 

1446.0

±1.41e 

1.83±0.

02ab 

OD6.3 90 
2.17±0.

01d 

1004±

0c 

4.99±0.

04bcd 

3.10±0

.01b 

0.28±0.

01b 

6.21 ± 

0.13d 

21.24±

0.07b 

5.07±0

.16b 

1.13±0

.03de 

1.03±0

.01a 

1.15±0.

02a 

2.20±0

.01a 

0.27±0

.01bcd 

0.74±0.

12bc 

7.39±0

.08b 

1705.0

±7.07d 

1.72±0.

01bc 



OD6.4 120 
1.27±0.

02e 

1005±

0b 

4.89±0.

01bcd 

3.12±0

.02b 

0.28±0.

01b 

7.52 ± 

0.26cd 

21.27±

0.07b 

6.21±0

.24a 

1.30±0

.01bcd 

1.07±0

.04a 

1.12±0.

01a 

2.22±0

.02a 

0.22±0

.01d 

0.98±0.

04a 

7.75±0

.01ab 

1832.5

±13.4c 

1.55±0.

02cd 

OD6.5 150 
0.85±0.

0f 

1006±

0a 

4.92±0.

04bcd 

3.11±0.

01b 

0.28±0.

01b 

7.92 ± 

0.19c 

21.39±

0.02b 

6.39±0

.01a 

1.52±0

.18bc 

1.12±0

.06a 

1.14±0.

01a 

2.14±0

.0a 

0.23±0

.01d 

0.91±0.

0ab 

7.99±0

.16a 

1894.0

±32.5bc 

1.44±0.

05d 

OD6.6 180 
0.64±0.

01g 

1006±

0a 

4.82±0.

02cd 

3.09±0

.00b 

0.26±0.

01c 

8.20 ± 

0.33ab 

21.27±

0.27b 

6.58±0

.15a 

1.62±0

.17b 

1.13±0

.04a 

1.12±0.

04a 

2.20±0

.04a 

0.19±0

.02d 

0.91±0.

01ab 

8.06±0

.17a 

1973.0

±3.54ab 

1.44±0.

07d 

OD6.7 240 
0.50±0.

01h 

1006±

0a 

4.79±0.

01d 

3.09±0

.00b 

0.24±0.

0d 

8.14 ± 

0.04b 

21.48±

0.08b 

6.47±0

.03a 

1.66±0

.07b 

1.09±0

.03a 

1.14±0.

03a 

2.20±0

.01a 

0.21±0

.02d 

0.76±0.

07abc 

8.04±0

.07a 

1964.5

±21.9a 

1.39±0.

0d 

 

 

 

 

 

Table: 5 Color profiles of original (C) and dealcoholized wine samples for trial 6 at each dealcoholization cycle (DC). 

 

DC 
Time 

(min) 
A420nm A520nm A620nm Intensity Tone Chroma Hue () L a b 

C 0 0.13±0.01e 0.07±0.01e 0.06±0.01d 0.26±0.02e 2.76±0.73a 6.03±0.45bc 100.55±2.83c 93.67±0.78a -1.03±0.24ab 5.90±0.48bc 

OD6.1 30 0.13±0.01e 0.09±0.00e 0.07±0.00d 0.30±0.01e 1.39±0.04b 8.63±0.15ab 103.70±0.00bc 92.06±0.70a -2.03±0.01bc 8.38±0.16ab 

OD6.2 60 0.13±0.01e 0.08±0.01e 0.08±0.01d 0.29±0.02e 1.61±0.08b 7.55±0.07ab 111.44±0.41a 92.55±0.64a -2.78±0.01c 7.03±0.08abc 

OD6.3 90 0.51±0.00a 0.48±0.00a 0.46±0.00a 1.44±0.01a 1.07±0.00b 3.93±0.11c 90.82±0.40d 64.55±0.21e -0.06±0.03a 3.93±0.11c 

OD6.4 120 0.24±0.01c 0.19±0.01c 0.17±0.00c 0.60±0.00c 1.25±0.01b 7.17±0.14abc 101.42±0.81bc 84.05±0.07c -1.43±0.11abc 7.03±0.12abc 

OD6.5 150 0.27±0.00b 0.22±0.00b 0.21±0.00b 0.70±0.00b 1.21±0.00b 6.93±0.08abc 104.80±0.00abc 81.15±0.21d -1.78±0.01bc 6.70±0.08abc 

OD6.6 180 0.23±0.00c 0.21±0.00b 0.20±0.00b 0.64±0.00c 1.09±0.00b 6.13±2.45abc 107.72±4.05ab 82.05±0.07d -1.95±1.18bc 5.79±2.20bc 

OD6.7 240 0.16±0.00d 0.10±0.00d 0.08±0.00d 0.35±0.00d 1.62±0.03b 9.59±0.00a 103.70±0.00bc 90.95±0.07b -2.27±0.03bc 9.32±0.01a 

 

 

 

Table 6: Volatile compounds content (mg∙L-1 equivalent to the internal standard; mean values ± standard deviation) in original (C) and dealcoholized wine samples for trial 6 

at each dealcoholization cycle. 

 

RT Compounds C OD6.1 
Loss 

(%) 
OD6.2 

Loss 

(%) 
OD6.3 

Loss 

(%) 
OD6.4 

Loss 

(%) 
OD6.5 

Loss 

(%) 
OD6.6 

Loss 

(%) 
OD6.7 

Loss 

(%) 



4.84 Isobutyl alcohol 5.82±0.12a 2.08±0.14b 64.3 1.47±0.20c 74.7 0.65±0.08d 88.8 0.37±0.12de 93.6 
0.31±0.0

1de 
94.7 0.25±0.03de 95.7 0.13±0.18e 97.8 

5.85 Isoamyl alcohol 
51.72±1.47

a 

29.25±3.15
b 

43.4 
23.39±1.97

c 
54.8 

13.86±0.20
d 

73.2 9.24±0.14de 82.1 
7.02±0.1

1e 
86.4 5.75±0.52e 88.9 5.99±0.37e 88.4 

7.42 1-Hexanol 1.95±0.12a 1.24±0.11b 36.4 0.96±0.01c 50.8 0.47±0.00d 75.9 0.23±0.01e 88.2 
0.10±0.0

2e 
94.9 0.08±0.03e 95.9 0.07±0.01e 96.4 

9.07 2-Ethylhexanol 0.22±0.02a 0.13±0.00b 40.9 0.13±0.00b 40.9 
0.10±0.01b

c 
54.5 0.10±0.00bc 54.5 

0.08±0.0

0c 
63.6 0.08±0.01c 63.6 0.08±0.00c 63.6 

13.03 Benzyl alcohol 0.24±0.02b 0.21±0.03b 12.5 0.24±0.05b - 0.31±0.02a - 0.23±0.02b 4.2 
0.19±0.0

0c 
20.8 0.15±0.02c 37.5 0.08±0.03d 66.7 

13.36 
Phenylethyl 

alcohol 

14.55±1.56
cd 

20.42±0.00
ab 

- 
23.60±2.72

a 
- 

26.28±0.97
a 

- 
21.33±1.35

ab 
- 

17.42±0.

01c 
- 

14.32±1.79c

d 
- 9.81±2.96d 32.6 

17.47 
4-Butylbenzyl 

alcohol 
nd 0.13±0.01a - 0.14±0.01a - 0.14±0.03a - 0.14±0.00a - 

0.10±0.0

0a 
- 0.08±0.03a - 0.10±0.01a - 

  ∑Alcohols 74.49±3.02 53.45±3.13 28.2 49.93±1.00 33.0 41.81±1.15 43.9 31.64±1.63 57.5 
25.22±0.

09 
66.1 20.70±2.44 72.2 16.25±3.54 78.2 

2.82 Ethyl Acetate 
10.93±0.32

a 6.63±0.38b 39.3 2.10±0.52c 80.8 
1.86±0.13c

d 
83.0 0.88±0.07de 91.9 

0.39±0.0

9e 
96.4 0.60±0.04e 94.5 0.29±0.01e 97.3 

4.25 Ethyl butanoate 2.14±0.05a 1.00±0.12b 53.3 0.23±0.33c 89.3 0.01±0.00c 99.5 0.06±0.08c 97.2 
0.03±0.0

4c 
98.6 0.06±0.04c 97.2 0.0±0.00c 100.0 

5.06 Isoamyl acetate 3.12±0.06a 1.64±0.07b 47.4 0.91±0.06c 70.8 0.51±0.05b 83.7 0.19±0.01d 93.9 
0.15±0.0

1d 
95.2 0.21±0.03d 93.3 0.30±0.00d 90.4 

6.10 Ethyl hexanoate 4.92±0.16a 5.20±0.04a - 3.91±0.11b 20.5 1.85±0.07c 62.4 0.46±0.04d 90.7 
0.36±0.0

0d 
92.7 0.27±0.00d 94.5 0.35±0.02d 92.9 



7.34 Ethyl lactate 3.60±0.14a 2.84±0.27b 21.1 2.49±0.06b 30.8 1.95±0.03c 45.8 1.77±0.04cd 50.8 
1.54±0.0

2d 
57.2 1.45±0.16d 59.7 1.32±0.05d 63.3 

8.52 Ethyl octanoate 5.31±0.40a 5.66±0.30a  3.81±0.08b 28.2 2.00±0.28c 62.3 0.16±0.02d 97.0 
0.10±0.0

0d 
98.1 nd 100.0 nd 100.0 

9.85 Isoamyl lactate 0.39±0.01a 0.38±0.02a 2.6 0.38±0.01a 2.6 0.29±0.01b 25.6 0.24±0.01b 38.5 
0.17±0.0

1c 
56.4 0.14±0.02c 64.1 0.12±0.02c 69.2 

10.82 Diethyl succinate 
10.26±0.64

b 

13.00±0.59
a 

- 
13.26±0.94

a 
- 

10.93±0.34
b 

- 8.38±0.46c 18.3 
5.17±0.0

0d 
49.6 3.04±0.54e 70.4 1.71±0.69f 83.3 

12.05 Methyl salicylate 0.53±0.09b 0.27±0.01d 49.1 0.86±0.03a - 0.79±0.05a - 0.68±0.05b - 
0.58±0.0

1c 
- 0.46±0.05c 13.2 0.28±0.04d 47.2 

12.08 
Ethyl 

phenylacetate 
0.35±0.08a 

0.25±0.02a

b 
28.6 nd 100.0 nd 

100.

0 
0.13±0.18ab 62.9 nd 

100.

0 
nd 100.0 nd 100.0 

12.44 Phenethyl acetate 0.97±0.02b 0.72±0.04c 25.8 0.49±0.02d 49.5 1.67±0.03a - 0.26±0.00e 73.2 
0.19±0.0

1e 
80.4 0.19±0.04e 80.4 0.16±0.02e 83.5 

13.24 
Ethyl isopentyl 

succinate 
0.21±0.02a 0.18±0.03a 14.3 0.12±0.00b 42.9 0.10±0.00b 52.4 0.12±0.01b 42.9 ndc 

100.

0 
ndc 100.0 ndc 100.0 

18.41 Dibutyl phthalate 
0.28±0.03b

c 
0.41±0.01b - 0.69±0.02a - 0.43±0.03b - 0.33±0.04bc - 

0.21±0.0

0c 
25.0 0.23±0.01c 17.9 0.22±0.02c 21.4 

  ∑Esters 43.00±1.80 38.20±1.21 11.2 29.24±1.50 32.0 23.36±0.63 45.7 13.66±0.46 68.2 
8.88±0.0

6 
79.3 6.65±0.93 84.5 4.73±0.82 89.0 

8.72 Acetic acid 1.50±0.04a 
1.14±0.05b

c 
24.0 0.95±0.10c 36.7 1.60±0.22a - 0.77±0.10cd 48.7 

0.40±0.0

3d 
73.3 0.39±0.08d 74.0 0.37±0.00d 75.3 

10.37 Butanoic acid nd nd - nd - 0.15±0.01a - 0.15±0.02a - 
0.13±0.0

1a 
- 0.12±0.02a - 0.09±0.01b - 



10.76 Heptanoic Acid 0.29±0.02a 0.16±0.02b 44.8 nd 100.0 0.18±0.00b 37.9 0.19±0.01b 34.5 
0.19±0.0

0b 
34.5 0.17±0.02b 41.4 0.15±0.05b 48.3 

12.68 Hexanoic acid 
5.09±0.75b

c 

5.14±0.13b

c 
- 9.92±0.66a - 

5.16±0.33b

c 
- 6.05±0.14b - 

3.31±0.0

4cd 
35.0 1.88±0.34d 63.1 1.22±0.45d 76.0 

14.48 Octanoic acid 9.50±0.85a 
7.69±0.41a

b 
19.1 

08.06±0.66
b 

15.2 6.74±0.24b 29.1 3.49±0.00c 63.3 
0.09±0.0

0d 
99.1 0.15±0.03d 98.4 0.32±0.15d 96.6 

15.27 Nonanoic acid 0.21±0.03b 
0.12±0.03b

c 
42.9 0.39±0.03a - 

0.12±0.03b

c 
42.9 0.11±0.02bc 47.6 

0.09±0.0

1c 
57.1 0.07±0.04c 66.7 0.08±0.01c 61.9 

  ∑Acids 16.59±1.69 
14.25±0.59

a 
- 

19.32±0.08
a 

- 
13.96±0.83

b 
15.9 

10.74±1.08
c 

35.3 
4.21±0.0

8d 
74.6 2.78±0.52e 83.2 2.24±0.67e 86.5 

5.61 2-Heptanone 

nd nd 

- nd - 0.88±0.02a  0.85±0.01a - 
0.54±0.0

2b 
- 0.62±0.06a - 

nd 

- 

6.72 Acetoin nd 0.31±0.02a - nd - nd  0.04±0.06b - 
0.04±0.0

5b 
- 0.07±0.02b - 

nd 

- 

8.88 Furfural 0.58±0.05a nd 100.0 nd 100.0 nd 
100.

0 
nd 100.0 nd 

100.

0 
nd 100.0 nd 100.0 

9.52 Benzaldehyde 1.09±0.06a 0.05±0.08b 95.4 0.10±0.15b 90.8 0.06±0.08b 94.5 0.21±0.01b 80.7 
0.09±0.0

0b 
91.7 0.08±0.01b 92.7 0.12±0.04b 89.0 

10.67 

4-

Methylbenzaldeh

yde 

6.77±0.39a nd 100.0 0.20±0.28b 97.0 nd 
100.

0 
nd 100.0 nd 

100.

0 
0.03±0.04b 99.6 0.15±0.00b 97.8 

  
∑Carbonyl 

Compounds 
8.44±0.50 0.37±0.06 95.6 0.30±0.14 96.4 0.94±0.10 88.9 1.10±0.06 87.0 

0.66±0.0

3 
92.2 0.80±0.12 90.5 0.27±0.03 96.8 

10.35 
3-

Methoxycatechol 
0.34±0.05a nd 100.0 nd 100.0 nd 

100.

0 
nd 100.0 nd 

100.

0 
nd 100.0 nd 100.0 



16.55 
2,4-tert-

butylphenol 
0.75±0.14a 

0.53±0.01a

b 
- 

0.57±0.04a

b 
- 

0.36±0.07b

c 
52.0 0.14±0.01cd 81.3 

0.13±0.0

0cd 
82.7 0.17±0.02cd 77.3 

0.13±0.03c

d 
82.7 

  ∑Volatile phenols 1.09±0.09 0.53±0.01 51.4 0.57±0.04 47.7 0.36±0.07 67.0 0.14±0.01 87.2 
0.13±0.0

0 
88.1 0.17±0.02 84.4 0.13±0.03 88.1 

11.06 α-Terpineol 0.23±0.00a 0.17±0.00b 26.1 
0.14±0.02b

c 
39.1 0.11±0.02c 52.2 0.05±0.00d 78.3 

0.04±0.0

0d 
82.6 nd 100.0 nd 100.0 

11.25 Diethyl sulfoxide nd 0.13±0.01a - nd - 0.18±0.02a - 0.21±0.01a - 
0.18±0.0

0a 
- 0.14±0.02a - 0.14±0.07a - 

*Loss (%) represents the losses in volatile compounds at a particular dealcoholization cycle with respect to the original wine.  
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Suppl. Figure 1. The changes in total ethanol flux during the dealcoholization of wine (10.5% v/v) under different operating conditions/trials, represented as 1, 2, 3, 4, 5 in 

Table 2.  

 

 



Supp. Table:1 Effects of different dealcoholization conditions on the physico-chemical parameters of trial 1 to 5 at the end of the dealcoholization process (120 min) 

 

 

Supp. Table:2  Effects of different dealcoholization conditions on the color profiles of trial 1 to 5 at the end of the dealcoholization process (120 min) 

 

Trial 
Time 

(min) 
A420nm A520nm A620nm Intensity Tone Chroma Hue () L a b 

C 0 0.13±0.01d 0.07±0.01c 0.06±0.00c 0.26±0.02d 2.76±0.73a 6.03±0.45c 100.55±2.83a 93.67±0.78b -1.03±0.24ab 5.90±0.48c 

OD-1 120 0.17±0.00b 0.12±0.00a 0.12±0.01a 0.41±0.01b 1.37±0.07b 5.34±0.35cd 100.27±0.81a 89.05±0.21c -0.94±0.01a 5.25±0.35cd 

OD-2 120 0.21±0.00a 0.13±0.00a 0.11±0.00a 0.45±0.00a 1.61±0.05b 8.74±0.19a 99.12±0.00ab 88.85±0.07d -1.36±0.02bc 8.63±0.19a 

OD-3 120 0.18±0.00b 0.13±0.00a 0.12±0.00a 0.43±0.00ab 1.35±0.01b 5.65±0.09cd 99.69±0.00ab 88.25±0.07d -0.94±0.01a 5.57±0.08cd 

OD-4 120 0.15±0.01c 0.10±0.01b 0.10±0.00b 0.36±0.00c 1.48±0.09b 4.88±0.30d 103.42±0.41a 90.55±0.07c -1.15±0.04abc 4.75±0.30d 

 Trial 
Time 

(min) 

Alcoho

l (% 

v/v) 

Densit

y 

(kg/m3) 

Total 

acidity 

(g/L) 

pH 

Volatil

e 

acidity 

(g/L) 

Reduci

ng 

sugar 

(g/L) 

Dry 

extract 

(g/L) 

Glucos

e (g/L) 

Fructos

e (g/L) 

Malic 

acid 

(g/L) 

Lactic 

acid 

(g/L) 

Tartari

c acid 

(g/L) 

Citric 

acid 

(g/L) 

Succini

c acid 

(g/L) 

Glyceri

n (g/L) 

Potassi

um 

(mg/L) 

Ash 

(g/L) 

C 0 
10.53±

0.06a 996±0c 
5.56±0.

19a 

3.21±0.

04a 

0.31±0.

01a 

8.44±0.

03cd 

27.39±

0.52b 

4.42±0.

01d 

4.0±0.0

2b 

1.16±0.

17ab 

0.97±0.

07d 

1.59±0.

15c 

0.45±0.

03a 

0.35±0.

07c 

5.89±0.

21d 

890.5±

25.9e 

1.88±0.

07b 

OD-1 120 
4.59±0.

01e 

1004±0

.11a 

5.56±0.

0a 

3.21±0.

02a 

0.31±0.

01a 

11.16 ± 

0.19a 

29.21±

0.05a 

6.61±0.

18ab 

4.54±0.

01a 

1.31±0.

04a 

1.26±0.

07ab 

1.74±0.

07bc 

0.37±0.

04bc 

0.50±0.

20bc 

7.23±0.

11a 

1347.0

±19.8ab 

2.01±0.

01a 

OD-2 120 
4.75±0.

01d 

1003±0

.11a 

5.52±0.

03a 

3.23±0.

03a 

0.28±0.

01b 

8.61 ± 

0.37c 

25.43±

0.24c 

5.15±0.

31c 

3.45±0.

06c 

1.34±0.

08a 

1.37±0.

01a 

1.82±0.

09b 

0.36±0.

00bc 

0.77±0.

03a 

7.29±0.

18a 

1310.5

±23.3ab 

2.01±0.

01a 

OD-3 120 
4.65±0.

04de 

1004±0

.06a 

5.32±0.

01ab 

3.18±0.

01ab 

0.29±0.

01b 

6.91 ± 

0.08d 

27.83±

0.07b 

6.76±0.

01a 

4.51±0.

01a 

1.15±0.

04ab 

1.20±0.

01bc 

2.01±0.

04a 

0.43±0.

00ab 

0.62±0.

06bc 

6.71±0.

13c 

1180.5

±6.36d 

1.93±0.

02ab 

OD-4 120 
4.88±0.

01c 

1003±0
a 

5.54±0.

01a 

3.20±0.

01a 

0.29±0.

01b 

10.14 ± 

0.13b 

27.85±

0.06b 

6.04±0.

19b 

4.10±0.

01b 

1.22±0.

04ab 

1.19±0.

04bc 

1.80±0.

06b 

0.42±0.

00ab 

0.50±0.

04bc 

7.12±0.

06a 

1240.5

±0.71c 

2.01±0.

0a 

OD-5 120 
5.06±0.

02b 

1001±0

.02b 

5.28±0.

02ab 

3.17±0.

02ab 

0.28±0.

01b 

4.50 ± 

0.13e 

21.57±

0.14d 

3.43±0.

11e 

1.07±0.

02d 

0.97±0.

0b 

1.05±0.

03cd 

2.00±0.

01a 

0.31±0.

01c 

0.83±0.

06a 

6.92±0.

04b 

1332.5

±21.9a 

1.91±0.

01ab 



OD-5 120 0.10±0.00e 0.03±0.00d 0.01±0.00d 0.13±0.00e 3.67±0.19a 7.91±0.16ab 95.68±0.00c 98.10±0.00a -0.79±0.02a 7.87±0.16b 

 

Supp. Table:3 Volatile compounds content (mg∙L-1 equivalent to the internal standard; mean values ± standard deviation) in original (C) and dealcoholized wine samples for 

trial 1 to 5 at the end of the dealcoholization process (120 min). 

 

RT Compounds C OD1 
Loss 

(%) 
OD2 

Loss 

(%) 
OD3 

Loss 

(%) 
OD4 

Loss 

(%) 
OD5 

Loss 

(%) 

4.84 Isobutyl alcohol 5.82±0.12a 1.35±0.14b 76.8 1.38±0.22b 76.3 1.81±0.01b 68.9 1.05±0.48b 82.0 0.94±0.21b 83.8 

5.85 Isoamyl alcohol 51.72±1.47a 28.74±0.52b 44.4 28.73±0.46b 44.5 25.58±1.35b 50.5 27.85±1.52b 46.2 33.44±7.68b 35.3 

7.42 1-Hexanol 1.95±0.12a 1.53±0.11a - 1.54±0.14a - 1.26±0.10a - 1.41±0.13a - 1.56±0.43a - 

9.07 2-Ethylhexanol 0.22±0.02a nd 100.0 0.11±0.01b 50.0 0.08±0.01b 63.6 nd 100.0 0.10±0.01b 54.5 

13.03 Benzyl alcohol 0.24±0.02a 0.16±0.01ab 33.3 0.14±0.01b 41.7 0.16±0.00ab 33.3 0.14±0.03b 41.7 0.22±0.05ab 8.3 

13.36 Phenylethyl alcohol 14.55±1.56b 27.46±1.76a - 23.32±1.49ab - 19.08±0.52ab - 22.76±3.29ab - 28.01±6.48a - 

17.47 4-Butylbenzyl alcohol nd 0.14±0.02a - 0.10±0.00a - 0.13±0.01a - 0.10±0.02a - 0.19±0.05a - 

 ∑Alcohols 74.49±3.02 a 
59.39±1.29 

ab 
20.3 55.33±2.32ab 25.7 48.08±1.98 b 35.5 

53.31±2.17 

ab 
28.4 

64.46±14.92 

ab 
13.5 

2.82 Ethyl Acetate 10.93±0.32a 7.20±0.63ab 34.1 7.35±0.30b 32.8 5.92±0.56b 45.8 6.15±0.26b 43.7 7.86±2.02ab 28.1 

4.25 Ethyl butanoate 2.14±0.05a 0.67±0.14b 68.7 0.72±0.00b 66.4 0.55±0.16b 74.3 0.74±0.09b 65.4 0.95±0.18b 55.6 

5.06 Isoamyl acetate 3.12±0.06a 1.60±0.06b 48.7 1.16±0.13b 62.8 1.06±0.03b 66.0 1.09±0.29b 65.1 1.27±0.26b 59.3 

6.10 Ethyl hexanoate 4.92±0.16a 1.86±0.18b 62.2 1.40±0.19b 71.5 1.34±0.06b 72.8 1.38±0.37b 72.0 2.44±0.50b 50.4 

7.34 Ethyl lactate 3.60±0.14a 3.11±0.32a - 2.86±0.01a - 2.26±0.20a - 2.86±0.04a - 3.68±0.88a - 

8.52 Ethyl octanoate 5.31±0.40a 2.37±0.21b 55.4 1.05±0.16c 80.2 1.32±0.03bc 75.1 0.80±0.19c 84.9 2.04±0.65bc 61.6 

9.85 Isoamyl lactate 0.39±0.01a 0.48±0.06a - 0.39±0.03a - 0.31±0.01a - 0.39±0.00a - 0.43±0.10a - 

10.82 Diethyl succinate 10.26±0.64a 16.38±1.64a - 12.23±0.24a - 10.35±0.59a - 11.29±1.40a - 14.83±3.57a - 

12.05 Methyl salicylate 0.53±0.09a 0.23±0.03b 56.6 0.20±0.02b 62.3 nd 100.0 0.14±0.02bc 73.6 0.13±0.03bc 75.5 

12.08 Ethyl phenylacetate 0.35±0.08a 0.16±0.00b 54.3 0.14±0.01b 60.0 0.14±0.03b 60.0 0.12±0.01b 65.7 0.20±0.04ab 42.9 

12.44 Phenethyl acetate 0.97±0.02a 1.15±0.14a - 1.04±0.03a - 0.89±0.08a - 0.90±0.02a - 0.80±0.17a - 

13.24 Ethyl isopentyl succinate 0.21±0.02a 0.24±0.02a - 0.17±0.00ab 19.0 0.15±0.00b 28.6 0.13±0.01b 38.1 0.20±0.00ab 4.8 

18.41 Dibutyl phthalate 0.28±0.03bc 0.17±0.01bc 39.3 0.49±0.08ab - 0.29±0.01bc - 0.10±0.04c 64.3 0.69±0.21a - 



 ∑Esters 43.00±1.80 a 35.62±3.44ab 17.2 29.18±1.17ab 32.1 24.57±1.75b 42.9 26.09±0.63b 39.3 35.51±8.56ab 17.4 

8.72 Acetic acid 1.50±0.04a 1.36±0.15a - 1.31±0.11a - 1.05±0.05a - 1.47±0.07a - 1.59±0.40a - 

10.37 Butanoic acid nd nd - nd - nd - nd - nd - 

10.76 Heptanoic Acid 0.29±0.02a nd 100.0 ndc 100.0 nd 100.0 0.15±0.00b 48.3 0.20±0.04b 31.0 

12.68 Hexanoic acid 5.09±0.75a 9.12±0.76a - 7.89±0.38a - 9.45±2.86a - 7.53±0.27a - 10.78±2.81a  

14.48 Octanoic acid 9.50±0.85a 7.73±1.17ab 18.6 3.36±0.01cd 64.6 4.84±0.26bc 49.1 1.87±0.24d 80.3 6.18±1.54ab 34.9 

15.27 Nonanoic acid 0.21±0.03a 0.19±0.12a - 0.10±0.01a - 0.10±0.02a - 0.09±0.01a - 0.26±0.15a - 

 ∑Acids 16.59±1.69a 18.40±0.43a - 12.65±0.47a - 15.45±2.56a - 11.11±0.45a - 19.01±4.94a - 

5.61 2-Heptanone nd nd - nd - nd - 5.02±0.95a - 3.69±0.85a - 

6.72 Acetoin ndd 0.20±0.01c - 0.28±0.00bc - 0.21±0.02c - 0.58±0.02a - 0.34±0.07b - 

8.88 Furfural 0.58±0.05a nd 100.0 nd 100.0 nd 100.0 nd 100.0 nd 100.0 

9.52 Benzaldehyde 1.09±0.06a 0.16±0.00c 85.3 0.17±0.00c 84.4 0.18±0.05c 83.5 0.21±0.09bc 80.7 0.46±0.11b 57.8 

10.67 4-Methylbenzaldehyde 6.77±0.39a nd 100.0 nd 100.0 nd 100.0 nd 100.0 nd 100.0 

 ∑Carbonyl Compounds 8.44±0.50a 0.36±0.12c 95.7 0.45±0.01c 94.7 0.39±0.03c 95.4 5.82±0.88b 31.0 4.49±1.05b 46.8 

10.35 3-Methoxycatechol 0.34±0.05a nd 100.0 nd 100.0 nd 100.0 nd 100.0 nd 100.0 

16.55 2,4-tert-butylphenol 0.75±0.14a 0.20±0.02b 73.3 0.16±0.01b 78.7 0.24±0.04b 68.0 0.09±0.01b 88.0 0.21±0.05b 72.0 

 ∑Volatile phenols 1.09±0.09a 0.20±0.02b 81.7 0.16±0.01b 85.3 0.24±0.04b 78.0 0.09±0.01b 91.7 0.21±0.05b 80.7 

11.06 α-Terpineol 0.23±0.00a 0.23±0.02a - 0.20±0.04a - 0.15±0.01a - 0.14±0.01a - 0.16±0.04a - 

11.25 Diethyl sulfoxide nd 0.27±0.01a - 0.25±0.02a - 0.19±0.02a - 0.23±0.04a - 0.20±0.06a - 

*Loss (%) represents the losses in volatile compounds at a particular dealcoholization cycle with respect to the original wine.  

 


