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Abstract 

This work presents an investigation into the efficiency of ethanol separation from water using vacuum membrane distillation 

(VMD). The study explores the influence of variables such as feed flow rate, initial ethanol concentration, and temperature on 

the performance of the distillation process. The polyvinylidene fluoride (PVDF) membrane was utilized due to its desirable 

properties such as high thermal stability, chemical resistance, and excellent mechanical properties. The results showed that the 

feed temperature had the greatest impact on the permeation flux. The permeate flux and ethanol flux increased with increasing 

initial ethanol concentration, while the separation factor decreased. Increasing the feed flow rate also resulted in increased 

permeate flux, ethanol flux, and separation factor. The study provides valuable insights into the optimization of the VMD 

process for efficient ethanol-water separation. The findings could potentially contribute to the development of more 

sustainable and efficient separation processes in the industry. 

Keywords: Membrane distillation;PVDF ;separation; ethanol-water mixture; feed flow rate. 

1. Introduction 

In order to physically separate volatile components  

the thermally induced membrane distillation (MD) 

technique might be used [1]. MD often comes in four 

main types. : (1) sweeping gas membrane distillation 

(SGMD)[2] ; (2) direct contact membrane distillation 

(DCMD)[3] ;(3) air gap membrane distillation 

(AGMD) [3,4]; and (4) vacuum membrane 

distillation (VMD) [5–7]. Because VMD may 

achieve a higher percentage of rejection and larger 

flux than DCMD, it has been employed in separation 

processes like salt-water desalination. [8,9], volatile 

component separation [10], treatment of waste water 

[11–15]. the type of additives, the polymer's nature, 

its solvent and nonsolvent properties and synthesis 

method all affect the membrane's ability to prevent 

pore wetting and have a well-designed pore shape 

that will increase flux. Commercially. In the 

preparation of polymeric membranes for Membrane 

Distillation (MD) applications, a variety of solvents 

are utilized. These solvents, which are often 

classified as hazardous substances, pose 

environmental concerns due to their potential for 

harm. Some of the common solvents used in 

membrane preparation include N-methyl-2-

pyrrolidone (NMP), dimethylformamide (DMF), 

dimethylacetamide (DMAc), and dimethyl sulfoxide 

(DMSO) as depicted in Table 1.[16–18]. N-methyl-2-

pyrrolidone (NMP) is a popular solvent due to its 

high boiling point and excellent solvency for a wide 

range of polymers. However, it is classified as a 

reproductive toxin and is subject to stringent 

regulatory controls. Dimethylformamide (DMF) is 

another commonly used solvent, with a high 

dissolving power for a wide range of organic 

substances and polymers. However, it is also a 

hazardous substance, with potential health effects 

including liver damage and potential carcinogenic 

effects. Dimethylacetamide (DMAc) is a polar 

aprotic solvent with a high boiling point. It is used in 

the production of polyacrylic fibers and films. 

However, it is also a hazardous substance, with 

potential health effects including skin, eye, and 

respiratory irritation, and long-term exposure can 

lead to liver damage. Dimethyl sulfoxide (DMSO) is 

a less toxic alternative to the other solvents 

mentioned, with a lower environmental impact. It is a 

good solvent for a wide range of polar and non-polar 
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molecules and polymers. However, its relatively high 

cost compared to other solvents can be a limiting 

factor in its use.  

While a variety of solvents can be used in the 

preparation of polymeric membranes for MD 

applications, each has its own set of advantages and 

disadvantages. The choice of solvent must therefore 

be made carefully, taking into account factors such as 

solvency power, toxicity, environmental impact, and 

cost.[19,20].   
 

Table 1: Comparison of Solvents used for Membrane Preparation 

Solvent 
Surface tension 

(dyn/cm) 

Viscosity 

(cP) 

Vapor Pressure 

(mmHg) 

Melting 

Point (°C) 

Boiling 

Point (°C) 
Hazards 

Dimethylformamide 

(DMF) 
48 0.97 13.4 (20 °C) -97.5 153 

Toxic, flammable, harmful 

to the environment 

N-methyl-2-pyrrolidone 

(NMP) 
47.9 0.95 10.1 (20 °C) -63 202 

Toxic, flammable, harmful 

to the environment 

Dimethylacetamide 

(DMAc) 
47.2 0.94 8.8 (20 °C) -98 166 

Toxic, flammable, harmful 

to the environment 

Tetrahydrofuran (THF) 17.2 0.47 76.0 (20 °C) -118 66 
Flammable, harmful to the 

environment 

Dimethyl sulfoxide 

(DMSO) 
43.5 2 76.0 (20 °C) -39 189 

Toxic, corrosive, harmful 

to the environment 

Acetone 23.7 0.32 234 (20 °C) -95 56 
Flammable, harmful to the 

environment 

Ethyl acetate 24.5 0.47 200 (20 °C) -84 77 
Flammable, harmful to the 

environment 

   

Relatively reduced energy costs than traditional 

distillation, reverse osmosis, and pervaporation are 

some of the main benefits of the membrane 

distillation process over conventional separation 

methods. Significantly less membrane fouling than 

with microfiltration, ultrafiltration, and reverse 

osmosis; a smaller vapor space than with traditional 

distillation; a significant rejection of dissolved, non-

volatile species; operating temperature compared to 

traditional evaporation and lower operating pressure 

than pressure-driven membrane processes [21–25]. 

Other methods can be used in order to separate two 

components like Air-assisted liquid–liquid 

microextraction has which is used to extract a variety 

of analytes, including organic substances and medical 

analytes[26],liquid-liquid microextraction strategies 

based on the in-situ formation or in-situ 

decomposition of the deep eutectic solvent [27] as 

well as the air agitation which used as a green co-

factor with dispersive liquid–liquid microextraction 

solidified floating organic drop , which addresses the 

major drawbacks of the previous techniques 

[28].Electrothermal  atomic absorption spectrometry 

(ETAAS) could be used also especially in water 

treatment applications [29] 

The study aims to provide a more efficient and cost-

effective method for ethanol separation, which is 

important in various industries such as biofuel 

production and pharmaceuticals. The results of the 

study can contribute to the development of more 

sustainable and environmentally friendly separation 

processes. 

2-  Experimental part  

The vacuum membrane distillation cell (VMDC) 

utilized in the current study, shown in Figure 1, the 

membrane cell made of two separate compartments 

made of acrylic polymeric material to prevent 

corrosion and to avoid the dissolving by the ethanol 

solution. The outer area of the cell is 54 m
2
 and the 

polymeric PVDF membrane of 16 m
2
 was inserted in 

the middle of cell between the two polymeric 

compartments. The polymeric membrane separates 

the cell into two chambers. The down part of cell 

contains two parts, one for entering the feed solution 

and the other part for which Leaving the retentate 

which recycled again to the feeding tank. The 

distance between the two parts was about 2cm.A 

vacuum using a vacuum pump was applied to other 

party cell (Upper party or permeate part) The 

permeate was obtained by condensing the fluxed 

vapor leaving the upper part of cell using Cold water 

that circulated through the condenser. The Condensed 

vapor (Permeate) leaving the condenser was collected 

in permeate tank. 

 
Fig 1. Schematic Representation of the Laboratory-Scale 

Vacuum Membrane Distillation Apparatus 
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Different concentrations of the ethanol-water 

combination synthetic feed solution were made. 

namely 2, 5, 7 and 10 wt.% the temperature of feed 

solution was ranged for 20 to 60   and the 

volumetric flow rate of feed solution used in the 

present work were 0.064, 0.103, 0.143 and 0.179 

L/min was adjusted by peristaltic pump. By 

measuring the amount of ethanol present in the 

aqueous solution gathered in the permeate tank, the 

amount of ethanol that passes through the membrane 

was found. Before each run, 2L of synthetics feed 

solution was placed in the feed tank and permitted to 

circulate through the cell membrane for one hour and 

a sample of permeate tank wasn’t taken and analysed 

to obtain the concentration of ethanol. According to 

the next equation (1), The separation factor was 

calculated using the measured concentration: 

           
(          ⁄ )

(          ⁄ )
 (1) 

The total permeates flux and ethanol permeate flux 

was determined by the following equations (2) and 

(3) 

       
  

   
 (2) 

 

         
      

   
 (3) 

 

2. Membrane Preparation 

Raw PVDF pellets ( = 1.78 g/m
3
, average Mwt 

275,000 g/mol) purchased from sigma Aldrich. The 

polymer (PVDF) was dried in a vacuum oven before 

membrane fabrication to get rid of any moisture. The 

PVDF membrane were prepared using a high-

precision flat sheet membrane casting machine20 

weight percent PVDF, 5 weight percent 

polyvinylpyrrolidone (PVP), and 75 weight percent 

N,N-dimethyl lactamide (DMAC) were combined to 

create the casting solution, it has been heated at 60 

  and stirred until the formation of a homogenous 

doping solution. A nonwoven fabric was used to 

support the membrane as the homogenous polymeric 

solution was cast onto a glass plate after being 

maintained in storage for 24 hours to allow for 

degassing. To eliminate the solvents, distilled water 

was added to a coagulation bath in which the casting 

glass plate was instantly submerged for 24 hours. The 

synthesized membrane was initially allowed to air dry 

for 48 hours at room temperature before being dried in 

a vacuum oven at 70 °C to eliminate the solvent and 

nonsolvent that had been confined within the 

membrane matrix   

3. Characterization of the PVDF membranes 

Scanning Electron Microscopy 

The morphology of produced membranes was 

displayed using scanning electron microscopy 

(SEM). So as to achieve electrical conductivity, the 

membrane sample was layered with gold. A SEM 

TESCAN (3 XMU, MIRA) was used to scan the top 

surface of membranes to show the pores within them.  

[30] 

 

Fourier Transform Infrared Spectroscopy 

(FTIR) 

it is one of the most effective methods for sample 

characterization to determine the functional groups 

and the possible molecular bonds between chemical 

compounds. FTIR is used for quantitative and 

qualitative analysis and it is applicable for a varied 

range of materials and conditions. A 

spectrophotometer is a device responsible for the 

determination of the absorption spectrum of a sample. 

FTIR spectrophotometer (Bruker,Alpha) is much 

faster than the traditional spectrophotometer in 

providing the IR spectrum.[31] 

 

Contact Angle 

The contact angle governs the membrane surface's 

hydrophilicity and wetability. The contact angle was 

measured using a compact video microscope (CVM). 

The average drop volume was 10 l, and the contact 

time was 10 s. Each value was the average of 10 

repeated measurements. The testing procedure is 

based on ASTM D5946-96 standard procedures for 

corona-treated polymer films employing 

measurements of the water contact angle and ASTM 

D724-99 standard test technique for the surface wet 

ability of paper. [32,33]. 

 

Membrane Porosity 

The following equation, which uses density as a unit, 

can be utilized to determine the porosity of the 

membrane. After being submerged in isopropanol for 

six hours, the membrane was dried using tissue 

paper. Equation (4) was used to determine the 

porosity by measuring the weight of the wiped-and-

dried membrane [34]. 

 

         
(    ⁄ )

(    ⁄ )  (    ⁄ )
 (4) 

 
Table 2: Main Characteristics of PVDF membrane 

Membrane Porosity Contact angle Pore size Tensile 

strength 

PH range 

PVDF 45.6% 110 0.22μm 4.5MPa 2-10 
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Pore size  

Using ImageJ software (LOCI, University of 

Wisconsin, Madison, WI, USA), the typical PVDF 

membrane pore size was determined.[35]  

 

Results and Discussion –  

Scanning Electron Microscopy 

Figures 2a and 2b presents the SEM imaging of the 

PVDF membrane was investigated. The SEM 

imaging was performed at an accelerating voltage of 

15 𝑘𝑉 showed the porosity of the fabricated PVDF 

membrane. 

 

Fig 2a. Sem of PVDF membrane 

Fig 2b. Sem of PVDF membrane 

 

Pore size, porosity and contact angle 

The average pore size of 0.22 μm. Hydrophobicity of 

the membrane was analysed by the water contact 

angle test. In this experiment, the contact angle 

between the membrane sample and the deionized 

water was determined. and compared with that 

between methylene blue and membrane sample. The 

contact angle was carried out twice with different 

drop phases the contact angle between the 𝑃𝑉𝐷𝐹 

membrane and water drop phase is equal to (110). 

To guarantee the accuracy of the results, the 

membrane porosity test was performed three times. 

By substituting in equation (4), it was discovered that 

it is equivalent to 45.6%. The primary membrane 

properties are outlined in Table 2. 

 

Fourier Transform Infrared Spectrometer (FTIR) 

The membrane's structure active bonds and phases 

are visible using a Fourier Transform Infrared 

Spectrometer (FTIR). As revealed in Figure 3, peaks 

at 3305,2948 𝑐 −1
 reveals the 𝐶𝐻2 asymmetric and 

symmetric stretching vibration, respectively. The 

peak at 1095 cm
-1

 is attributed to C-F wagging 

vibration, whereas those at 1406 and 870 cm
-1

 

demonstrate CH2 deformation and rocking vibrations, 

respectively. Additionally, distinctive bands at 1043, 

1035, and 791 cm
-1

 are associated with the stretching, 

deformation, and bending vibrations of CF2.  

The presence of the Y-phase at 1241 and 433 cm
-1

 

and the  -phase at 719 cm
-1

 are further characteristics 

of the PVDF membrane. 

 
Fig 3. PVDF membrane FTIR 

Figure (4) shows the outcome of the rate of 

volumetric flow on the total permeate flux at different 

initial ethanol concentration in the feed. It can be 

seen that; the total permeate flux was increased with 

the increase of the feed flow rate. This may be 

attributed to the followings: 

Two resistances in series take place during the 

membrane separation  

1. The barrier to mass transfer caused by the 

thickness of concentration boundary layer on 

the membrane feed side. 

2. The resistance offers due to the membrane 

related to the first resistance, increasing the 

feed rate renders the concentration 
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boundary layer became thinner with a 

consequent increase the mass transfer 

coefficient and improve the mass transfer 

rate 

 
Fig 4.the outcome of volumetric flow rate on the total 

permeate flux at different initial ethanol 

concentration in the feed 

 

On the other hand, at the membrane feed side, the 

mass transfer resistance is independent of flow rate 

and is linked to the membrane's properties for 

example its porosity, mean pore size, thickness, etc. 

Mass ethanol transport over the membrane may be 

aided by a higher the porosity of the membrane, 

bigger average pore size, and a thinner membrane 

thickness. With a lower flow rate, the water's 

convective mass transfer resistance may also 

predominate, and by raising the feed rate, the 

membrane flux may rise. However, a larger feed flow 

rate may cause more mass transfer resistance across 

the membrane, and an increase in feed velocity may 

not result in an increase in flux across the membrane. 

At temperature of 50 °C, as the feed flow rate raised 

from 0.064 L/min to 0.103 L/min, the permeate flux 

raised by about 68 % compared to that at flow rate 

0.064 L/min at different initial ethanol 

concentrations. 

Increasing the feed velocity, greater mixing in the 

membrane feed side produced owing to turbulence 

with consequent increase in the permeate flux. 

At a temperature of 50 °C, Figure (5) illustrates the 

impact of feed flow rate on the total ethanol 

concentration. This was a scribed to  

1. The hydrophobicity of membrane renders it 

highly selective to the ethanol than water. 

2. At greater feed concentrations, Water is less volatile 

than ethanol. and produces less vapor. This enhanced 

the flow of ethanol across the membrane and exerted 

a significant partial vapor pressure on the membrane 

side of the feed. 

 
Fig 5.the effect of feed flow rate on the total ethanol 

concentration and at a temperature of 50 °C 

 

At a temperature of 50 °C and various beginning 

concentrations of ethanol, Figure (6) illustrates the 

impact of feed flow rate on the separation factor. The 

separation factor increases with the feed flow rate 

from 0.064 L/min to 0.143 L/min and subsequently 

drops upon increasing the feed flow rate to 0.179 

L/min. 

At a specific feed flow rate, there is a decrease in the 

separation factor as the initial concentration of 

ethanol increases. This may be due to the fact that, as 

the concentration of ethanol increase, the viscosity of 

solution increases with consequent decrease in the 

mass transfer rate of total and ethanol permeate 

leading to decreasing the separation factor. The 
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relationship between the total permeate flux, the 

ethanol permeate flux, and the separation factor at 

various feed flow rates at a temperature of 50 °C is 

shown in Figures (7), (8), and (9) respectively. These 

findings demonstrated that when the ethanol 

percentage in the feed increases, the total permeate 

flux and ethanol flux both increase while the 

separation factor drops. 

 

 
Fig 6.the effect of feed flow rate on the separation 

factor at a temperature of 50 °C and different initial 

concentration of ethanol 

 

The effect of temperature was investigated by 

changing the feed temperature from 20 °C to 60 °C 

[36]with a step of 10 °C for one hour with a feed 

flow rate of 0.0103 
  

   
nitial concentration of ethanol 

of 2 wt%. 

Total permeate flux, ethanol permeate flux, and 

separation factor increases with increasing the feed 

temperature as shown in figures 10, 11 and 12. 

 

 
Fig 7. the impact of the initial ethanol concentration 

on the total permeate flux at various feed flow rates at 

50 °C 

 
Fig 8. the impact of the ethanol's starting 

concentration on the ethanol permeate flux at various 

feed flow rates at a 50 °C 
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Fig 9. the impact of the initial ethanol content on the 

separation factor at various input flow rates at 50 °C 

 

4- Conclusions 

 

The study has successfully demonstrated the potential 

of vacuum membrane distillation (VMD) using a 

commercial polyvinylidene difluoride (PVDF) 

membrane for the separation of ethanol from a 

synthetic ethanol-water mixture. The experimental 

results showed that the feed temperature was the most 

significant factor affecting the permeation flux of the 

PVDF membrane.  

The total permeate flux and ethanol flux were found 

to increase with the increasing initial ethanol 

concentration of the water-ethanol mixture, while the 

separation factor decreased. Furthermore, an increase 

in the feed flow rate led to an increase in the total 

permeate flux, ethanol flux, and separation factor.  

However, the ethanol flux and separation factor 

decreased abruptly at temperatures above 50 °C, 

which can be attributed to the opposing effects of 

molecule size and component boiling point.  

The study also highlighted the benefits of using 

dimethyl sulfoxide (DMSO) solvent for membrane 

synthesis. These findings provide valuable insights 

for the optimization of the VMD process and 

contribute to the development of more sustainable 

and efficient methods for the separation of volatile 

components from mixtures.  

Further research is required to investigate the long-

term stability of the PVDF membrane and the 

potential for scale-up of the VMD process for 

industrial applications. Additionally, the impact of 

other operating parameters, such as feed 

concentration and membrane thickness, on the 

performance of the VMD process should be explored. 

 

 
 

Fig 10. The temperature's impact on total permeate 

flux at 0.1 L/min feed rate and 2% starting ethanol 

concentration 

 

 
 

Fig 11. The impact of temperature on the ethanol 

permeate flux at 0.1 L/min and 2% wt starting 

ethanol concentration. 
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Fig 12. The impact of temperature on the separation 

factor at 0.1 L/min and 2% wt starting ethanol 

concentration. 

  

 
Figure 13 Effect of Feed Temperature on % increase 

at 20 
o
C, 2 % wt initial conc and 0.1 L/min flow rate 

 
 

Figure 14 Effect of Feed Temperature on Total 

permeate flux, Ethanol flux and separation factor at 

20 
o
C, 2 % wt initial conc and 0.1 L/min flow rate 
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Nomenclature  

Symbol Abbreviation and symbols 

αEth-H2O: Separation factor or membrane selectivity 

xEth,p:  Ethanol mole fraction in permeate. 

xEth,F:  Initial ethanol mole fraction in the feed bulk liquid. 

xw,p  Water mole fraction in permeate. 

xw,F  Initial water mole fraction in the feed bulk liquid. 

JEth,t  Total ethanol flux Kg/m
2
.h  

WEth,p  Accumulated mass of ethanol in permeate  

J Total Permeate flux Kg/m
2
.h 

Wp  Accumulated mass of permeate (Kg) 

A Effective membrane area 0.04*0.04=0.0016m
2
 

t  The operation of time (Hour) 

ɛ porosity of the membrane 

mp mass of membrane (g) 

mb mass of isopropanol absorbed (g) 

ρp Membrane’s density (g/cm
3
) 

ρb Isopropanol's density (g/cm
3
) 
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