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Introduction 

Ethanol is derived from alcoholic fermentation of sucrose or sugar cane and corn (60–70% starch) [1]. First generation 

bioethanol is produced through the sugar-based feedstock‘s [2]. Fermentation is an anaerobic biological process in which 

sugars are converted to alcohol by the action of microorganisms, usually yeast. The resulting alcohol is ethanol. The chemical 

reactions are the enzymatic hydrolysis of sucrose followed by fermentation of sugar. Invertase enzyme in the yeast catalyzes 

the hydrolysis of sucrose to convert it into glucose and fructose. Zymase enzyme present in the yeast converts the glucose and 

the fructose into ethanol [1]. 

 

 

C12H22O11                         C6H12O6 + C6H12O6 | C6H12O6                  2C2H5OH + 2CO2 

                         Sucrose                                     Glucose Fructose Glucose                                          Ethanol 

 

 

However, the fermentation broths only provide a low concentration alcohol mixture. Separation technology must be applied to 

extract the target products from the dilute solution before it is ready to serve as fuels [3]. To achieve a greater use of bio 

ethanol, it is important to develop innovative techniques to recover bio ethanol from the fermentation broth in order to make 

these production processes more economically viable [2]. Distillation is currently the dominate method to recovery alcohol 
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from dilute fermentation broths, taking advantage of its matured technique, high efficiency and easy to scale-up property [3]. 

Pervaporation is probably the most potential process owing to the following advantages:  

 

1. High separation factor potential — if a highly selective membrane is adopted.  

2. Moderate operating conditions and no harm to the micro-organisms.  

3. No need for additives which may cause contamination.  

4. Continuous process [3].  

 
Pervaporation is a method for the separation of mixtures of liquids by partial vaporization through a non-porous membrane. 

The separation mechanism is a solution–diffusion model. For ethanol recovery, the control process is the solution since the 

kinetic diameter of ethanol (0.57nm) is larger than that of water (0.32 nm). Therefore, choosing the proper membrane material 

for the separation system is very important [4].  

This implies that very dense homogeneous membranes without permanent pores are necessary. There are several types of 

membranes possible with such a dense structure:  

1. Homogeneous membranes;  

2. Asymmetric membranes;  

3. Composite membranes.  

 
With symmetric homogeneous membranes the whole membrane thickness contributes to the resistance to mass transfer, while 

for asymmetric and composite membranes the major part of the resistance is situated in the thin dense top layer [5]. 

This process requires the feed liquid mixture to contact one side of a semi-permeable membrane, while either vacuum or a 

sweep gas is applied at the permeate side of the membrane to generate a chemical potential difference for the separation to 

occur [6] (Fig 1). 

 

 
 

Figure 1: Schematic of the vacuum pervaporation process [4] 

 
It is well known that the properties of membrane materials are key points to determine the comprehensive pervaporation 

performance. Polydimethylsiloxane (PDMS) is a benchmark material of ethanol perm-selective membranes, which has been 

widely studied by many researchers. Nevertheless, pure PDMS membrane is limited in its performance due to a general trade-

off between flux and selectivity as well as their low separation factor ranged from 4.4 to 10.8, which restrains its industrial 

application [7].  

In order to increase the mechanical strength of the PDMS membrane, several polymer materials (Cellulose acetate (CA), 

Polyamide (PA), Polysulfone (PSF), Polyetherimide (PEI) and ceramics) can be used as the supported layer for PDMS 

composite membranes [8].  

The performance of PDMS can be further enhanced by incorporation of fillers to form mixed matrix membranes (MMMs). 

The structure of the MMMs can be classified as: concrete-like structure and sandwich-like structure, as shown in Fig. 2 [8]. 
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Figure 2: Structure of the mixed matrix membranes. Left: Concrete - like structure; right: Sandwich - like 

structure [8] 

 

 
POSS-g-PDMS MMMs were applied for ethanol recovery from aqueous solution. The morphology, structure properties, 

hydrophobicity, swelling properties and thermal properties of POSS-g-PDMS MMMs were investigated by SEM, FT-IR, CA, 

swelling measurements and TGA [7]. Lotus leaf powder/PDMS MMMs with different loading levels were fabricated by 

dispersing lotus leaf powder into PDMS polymer solutions as fillers. Second, to make use of the hydrophobicity generated by 

multiscale roughness of lotus leaf, porous PDVB was synthesized and coated onto the surface of PDMS composite membranes 

to mimic this multiscale structure [9]. The VTES-g-silicalite-1/PDMS/PAN thin-film composite membrane was produced in 

our laboratory [2]. Hydrophilic MOF-801 with superior water adsorption ability was incorporated into chitosan (CS) matrix to 

fabricate MOF- 801/CS MMMs for pervaporation dehydration of ethanol [10]. The hydrophobic modification of ZIF-90 

particles by dodecyl amine (DLA) was performed to fabricate novel PDMS/DLA-ZIF- 90 MMMs for ethanol recovery via 

pervaporation for the first time [11]. MAF-6/PDMS MMMs were fabricated by incorporating hydrophobic MAF-6 into PDMS 

matrix and utilized for ethanol/water pervaporation separation [12]. We have reported the dehydration and esterification 

coupled pervaporation of acetic acid with ethanol using NaAlg-beta filled mixed matrix membranes [13]. In this work, 

chitosan (CS)/TiO2 nanocomposite membranes were prepared by in situ sol–gel process, and characterized by scanning 

electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and thermogravimetry 

(TG) [14].  

We first reported the incorporation of surface etched MFI zeolite with HF acid into PDMS membranes and the effect of the 

zeolite surface morphology on interfacial integration and pervaporation performance of MMMs. Moreover, the sorption and 

diffusion selectivity of MMMs were also studied to clarify the pervaporation mechanism of MMMs [15]. A silicalite-1-PDMS 

hybrid composite membrane with polyvinylidene fluoride (PVDF) as support was fabricated. The effects of concentration of 

platinum catalytic agent on PDMS membrane structure were first investigated and characterized using Confocal Raman 

Microscopy spectrum (CRM), Differential Scanning Calorimeter (DSC), and extraction experiment [16]. A dense PV 

membrane with a superhydrophobic surface was fabricated and the effect of both the pre-polymerization of PDMS and the 

substrate characteristics on the membrane superhydrophobic surface was studied. In this work, the trade-off phenomenon was 

investigated in the separation of an ethanol aqueous solution at different feed concentrations and different feed flow rates [17]. 

High-silica ZSM-5 zeolites were incorporated into poly dimethyl siloxane (PDMS) polymers to form mixed matrix membranes 

for ethanol removal from water via pervaporation. The objective of this study was to determine the effect of silicone rubber 

components and composition on the ethanol–water separation performance of HiSiZ–SilR mixed matrix membranes [18]. The 

industrial organophilic nano-silica (ONS) filled PDMS composite membranes supported by non-woven fabrics were prepared 

with different content of ONS additive by solution casting method [19]. 

In present study, uniform and monodispersed MSS–ZIF-71 and MSS–ZIF-8 spheres were synthesized. These MSS–ZIF-71 

and MSS–ZIF-8 spheres were used for the preparation of PDMS-based MMMs and evaluated for the separation of ethanol 

from water via pervaporation [20]. In this work, therefore, hydrophobic MAF-6 nanoparticles were synthesized and introduced 

into PEBA to prepare mixed-matrix separation layer which was dip-coated on a ceramic hollow fiber substrate to form a 

mixed-matrix composite membrane [21]. We for the first time fabricate micro-patterned PDMS composite membranes to 
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enhance the ethanol separation efficiency [22]. In the current work, the ‗green‘ PDMS membrane (polydimethylsiloxane 

(PDMS) membrane that synthesized using water and replacing organic solvents) was further applied to separate ethanol from 

batch, fed-batch and continuous fermentation pervaporation integration system, respectively [23]. The ZIF-8 nanoparticle was 

in situ generated and fully wrapped by PDMS matrix, avoiding the interfacial defects at high filler loading; [2] the defect-free 

active layer with controllable thickness was prepared elaborately; and [3] the moderate aggregation shortened the spacing 

between ZIF-8 nanoparticles and even increased the docking probability of ZIF-8 windows, thereby constructing the relatively 

continuous pathways for molecular diffusion [24]. In the present work, the pervaporation performance of PDMS based 

MMMs for separation of ethanol/water mixtures was investigated. MMMs were fabricated by incorporating hollow silicalite 

spheres (HS) of 1 μm size, covered with a thin shell of microporous silicalite-1 zeolite crystals. Silicalite-1 is a pure silicon 

oxide polymorph of ZSM-5, a zeolite with MFI frame work topology. MFI type zeolites are microporous with 3D pore 

channels of ca.5.5Å [25]. The incorporation of the POSS nanoparticles exhibits significant improvement in the separation 

performance of the Pebax membranes. Therefore, the purposes of this study are to explore if POSS AL0136 and SO1440 

nanoparticles can form MMMs with the Pebax matrix at the molecular-level. Investigate their membranes performance for 

ethanol recovery via pervaporation and study the fundamental science bridging POSS chemistry, MMM fabrication and 

morphology, operating conditions and separation performance [26]. In this study, MIL-53/PDMS hybrid membranes were 

fabricated for ethanol perm selective pervaporation. The MIL-53 particles were synthesized using the hydrothermal method 

and then doped into the PDMS matrix. The hybrid membrane was prepared by the sonication-enhanced dip-coating method. 

The morphologies and structures of the particles and their hybrid membranes were characterized. The pervaporation 

performance of the hybrid membranes was investigated for ethanol/water mixture separation [27]. We reported an increase in 

ethanol permeability of 500% and an increase in ethanol–water selectivity of 400% by loading PDMS with 65 wt% particles 

of a hydrophobic ZSM-5. As we have tested these mixed matrix membranes over longer periods of time and have exposed 

them to simulated and actual fermentations broths, a number of issues have emerged which affect the viability of these 

membranes [28].  

This study focuses on the separation of ZIF-7 incorporated CS polymeric MMMs to introduce the ZIF properties of higher 

thermal and chemical stability and high porosity into them. In this study, we have successfully developed a high-performance 

pervaporation MMM (ZIF-7-incorporated CS membrane) for the separation of water and ethanol. The as-prepared ZIF-7/CS 

MMM shows strong potential for future pervaporation applications [29]. In present work, hydrophobic ZIF-67 particles were 

incorporated as fillers in PDMS to prepare MMMs in order to improve the separation properties of these membranes. Ethanol 

recovery from an aqueous mixture was chosen as application to test the performance of the ZIF- 67/PDMS MMM for 

pervaporation [30]. In this study, Different mixed matrix membranes (MMM‘s) composed of different inorganic and polymer 

materials for Efficient ethanol recovery will be studied. Detailed analysis based on experimental results about properties will 

be carried out.  

 

Trends 

 
Following graph shows the trend in the development of Pervaporation membranes for last 12 years. Trend lines 

based on the values of Separation Factor and Permeability Flux; the data has been gathered to make the following 

graph from different research papers. 
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Last Ten year Trend in Membrane Performance  

 
 

 

Discussion 

(VTES)-g-silicalite-1/ PDMS/PAN thin-film composite membrane  
The pervaporation execution of VTES-g-silicalite-1/PDMS/PAN thin-film composite membranes with different feed ethanol 

concentrations showed that the ethanol for feed concentrations in the permeate concentrated by a factor of 7 to 14 with the 

composite membranes. The behaviour of the fermentation medium nutrients and yeast cells on the separation performance 

revealed that glucose, xylose, salts, glucose, and glucose are untraversable components. The pervaporation execution of the 

composite membrane has not been affected at a lower concentration by the fermentation nutrients used in the pervaporation 

process. Because of the ―salting-out‖ effect, the selectivity of the membrane increased up to 11.3%, with increasing the NaCl 

concentration in the feed. There was an increase in permeation flux and stable selectivity when model ethanol/water solution 

adding dry yeast cells. VTES-g-silicalite-1/PDMS/PAN thin-film composite demonstrated exceptional fouling resistance in 

terms of its pervaporation performance with fermentation broths when the pervaporation process operated with both the cell-

free broth and fermentation broths containing the yeast cells. The selectivity of the membrane was well maintained at 17. Now, 

it will be focused to construct a pervaporation integrated system (consisting of the fermenter and the novel thin-film composite 

membrane) for continuous bioethanol recovery from fermentation broth.  

 

POSS-g-PDMS mixed matrix membrane  
It is verified by FT-IR and TGA that, POSS-g-PDMS MMMs were fabricated by cross-linking between V-POSS and PMHS. 

As compared to pure PDMS membrane, POSS-g-PDMS MMMs show higher cross linking density and gel content along with 

intensified ethanol affinity and hydrophobicity, which put up the enhancement of ethanol sorption selectivity. With increasing 

POSS loading, both separation factor and flux improved first and then decreased simultaneously. The top performance of 

POSS-g-PDMS MMMs was attained at 5 wt% POSS loading, with a separation factor of 17.7 and permeation flux of 536 

g/m2h. As compared to pure PDMS membrane, both the separation factor and flux were increased by 130% and 260%, 

respectively. Selective sorption was suggested as the vital contributor to the high separation factor of MMMs by the sorption 

and diffusion selectivity results. The sorption selectivity increased sharply with the increase of POSS loading. Though, there 

was a decrease in diffusion selectivity and permeation flux as POSS loading surpassed 5 wt% because there is the reduction of 

cavity size which generates tortuous pathways across the membrane due to excessive POSS loading. With the increase in 

operating temperature, the permeation flux of POSS-g-PDMS-5 MMMs increased while the separation factor and membrane 

selectivity increased first and then decreased at last. The permeation flux of POSS-g-PDMS-5 MMMs increased, while the 

separation factor decreased with the increase of feed concentration. It has been examined that the strong ethanol affinity, larger 
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cavity size, and more flexible chain mobility of POSS-g-PDMS MMMs were because of magnified swelling, and the coupling 

effect of ethanol and water molecules which might have contributed to the variation in pervaporation performance.  

 

PDMS Membrane Coupled with Fermentation  
Bioethanol production from PDMS membrane pervaporation together with fermentation is an optimistic process. We can use 

several polymers and inorganic materials as the supporting layer for PDMS composite membranes to increase the mechanical 

strength of the PDMS membrane. While the addition of fillers to form MMMs can be contributed to enhancing the 

performance of PDMS. The gathering of the by-products and yeast cells upstream of the membrane could cause to decrease in 

the flux of the membrane. The advantages of ethanol fermentation together with pervaporation include reduction of the amount 

of wastewater treatment, continuous operation for a long time, increase of ethanol productivity, increase of cell density and 

reduction of energy consumption required for purification. High ethanol concentration can be achieved during the 

pervaporation process by permeating fractional condensation. The saturation vapor pressure can be enchanced by the 

mechanical vapor compression heat pump which condensed the vapors at room temperature. This leads the process to be more 

energy-efficient, also the COP value could come to 7-9 of this mechanical vapor compression heat pump. Despite, great 

achievements attained, yet many efficacious approaches could be used for the further evolution of PDMS membrane 

pervaporation coupled with ethanol fermentation.  

 
Super Hydrophobic PDMS Membrane  
Two kinds of lotus-influenced PDMS composite membranes, lotus leaf powder/PDMS MMMs and PDVB-coated PDMS 

composite membranes were fabricated separately to combine the beneficial properties (low surface energy and super-

hydrophobicity) and attained increased ethanol recovery performances. The separation factors of the lotus leaf powder/ PDMS 

MMMs were decreased from 8 to 7 under various temperatures. An ideal dispersion morphology and an increase in the total 

flux by 22% (750 gm-2h-1, 37 °C, 6 wt%) of the MMMs were observed at the loading amount of 1.5 wt%.  

The PDVB-coated PDMS membranes attained super-hydrophobicity with a water contact angle greater than 150° and 

demonstrated a similar hierarchical structure to lotus leaf set up on the PDMS surface. The PDVB coated layer retards the 

wetting behavior of water and accelerates the adsorption of ethanol on the membrane surface which causes an increment in 

pervaporation performance of the PDVB-coated PDMS membranes with separation factor and total flux improved by 13% and 

30%, respectively. The PDVB-coated layer preserved the hierarchical structure and water contact angle (approximately 145°) 

despite the swelling phenomenon, after testing of two weeks. This study elucidated the influence of the ―lotus effect‖ on the 

pervaporation process for ethanol recovery and also delivers new methods in improving the hydrophobicity of PDMS surface 

but the performance of these two approaches cannot be considered the best compared with many other MMMs. These two 

strategies (the facile process of PDVB coating and renewability of lotus leaves) should be integrated with other developments 

in the bioethanol industry to achieve better pervaporation performance.  

 
MOF-801/CS mixed matrix membrane  
MOF-801/CS mixed matrix membranes (MMMs) were fabricated by the addition of hydrophilic MOF-801 crystals with 

exceptional water adsorption ability into chitosan (CS) matrix for pervaporation dehydration of ethanol. The experimental and 

simulation results validate the preferential adsorption of MOF-801 for water molecules appearing from their higher affinity 

towards water. However, the analysis of the free volume and the lowest energy sorption sites tells that the ethanol molecules 

lead to form clusters in the interior cages of MOF-801 resulted in the barrier for the diffusion of ethanol molecules by the 

water molecules in the window area. Therefore, the addition of MOF-801 remarkably increased separation factor and flux. 

Conquering the trade-off effect of CS membrane, the selective sorption and selective diffusion of water molecules were also 

improved. The MMMs with MOF-801 loading of 4.8 wt% at 343 K, revealed the highest separation performance with the total 

flux of 1937 g/m2 h and separation factor of 2156 for water/ethanol mixture. The operation stability of MMM tested for 100h, 

which exhibited that the stable membrane performance remained high enough to attain efficient separation of ethanol aqueous 

mixture, after 100 h operation which indicates the potential of MOF-801/CS MMMs. The exceptional separation performance 

and facile fabrication process exhibited the potential of MOF-801/CS MMMs for pervaporation dehydration of organic 

solvents.  

 
Hydrophobically modified ZIF-90-PDMS MMM 
DLA-ZIF-90 particles with exceptional surface hydrophobicity were prepared and then incorporated into the PDMS matrix to 

synthesize novel PDMS/DLA-ZIF-90 mixed matrix membranes (MMMs) for ethanol recovery via pervaporation. The 

conclusions from the study of this membrane are as follow:  

It has been revealed that DLA modification can only improve the hydrophobicity of ZIF-90 particles effectively and has no 

effect on the crystalline structure. The DLA modification of ZIF-90 particles was executed by imine condensation and then 
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characterized by FTIR, XRD, TGA, and SEM techniques. The separation factor of PDMS/DLA-ZIF-90 MMM was observed 

higher than both PDMS/ZIF-90 membranes and pristine PDMS. While, the flux of PDMS/DLA-ZIF-90 MMM was higher 

than pristine PDMS membrane due to the incorporation of ZIF-90-DLA particles, and the flux of PDMS/DLA-ZIF-90 MMM 

was slightly lower than PDMS/ZIF-90 MMM due to the enhanced interface between ZIF-90-DLA particles and PDMS matrix. 

The separation factor of the PDMS/DLA-ZIF-90 MMM increased with the increase in the DLA-ZIF-90 loadings up to 2.5 

wt% and then decreased with a further increase in DLA-ZIF-90 loading due to the particle aggregation. With the increase in 

DLA-ZIF-90 loading in the MMM, the permeation flux increases consistently. The maximum value of separation factor (15.1) 

and a comparable flux (99.5 g/m2 h) was achieved at 2.5 wt% DLA-ZIF-90 loadings for ethanol recovery at 60 °C. The values 

of separation factor, permeation flux, and selectivity of the DLA-ZIF-90 MMM increased while the values of permeabilities 

decreased with the increase of the operating temperature. The performance benchmark revealed that PDMS/DLA-ZIF-90 

MMM manifested superior separation factor and permeation flux compared with many PDMS-based membranes.  

 
Aluminum-rich Zeolite Beta Incorporated Sodium Alginate MMM 
The hybrid mixed matrix membrane fabricated by the incorporation of Zeolite beta with NaAlg, which revealed an enhanced 

pervaporation performance. An improved performance was observed by the mixed matrix membrane than the pristine NaAlg 

membrane in the PV dehydration of ethanol and acetic acid. The permeation flux and separation factor values were observed 

to be superior for 10 wt.% beta incorporated NaAlg mixed matrix membrane in comparison with the lower amount of beta 

incorporated NaAlg membranes. This may be due to the enhanced hydrophilicity because of a greater number of aluminum-

rich zeolite beta particles in NaAlg-4. The experimental data of thermodynamic model to describe the PV performance of 

water + ethanol mixture manifested that zeolite beta filled NaAlg mixed matrix membranes can be utilized in PV-aided 

esterification of ethanol and acetic acid to form ethyl acetate. The process of conversion of reactants into ethyl acetate 

increased with the increase in the number of beta particles in NaAlg. Moreover, there would be a higher conversion of ethanol 

into ester by the use of MMMs in a short time as compared to blank reaction, which was due to the catalytic effect of beta 

particles. Hence, it has been concluded that the rate of forwarding reaction was admired for NaAlg-4 membrane in comparison 

with the blank reaction, pristine NaAlg and NaAlg-2 membranes utilized in esterification reactions. 

 

Chitosan/TiO2 Nanocomposite MMM 
In situ sol-gel process was used to fabricate Novel CS/TiO2 nanocomposite membranes. The nano-sized TiO2 particles were 

prepared and then sprinkled over the polymer matrix homogeneously. Acetyl acetone acts as a chelating agent during 

membrane fabrication which can guide the forming rate of TiO2 nanoparticles to tone with the cross-linking rate of the 

polymer. CS/TiO2 nanocomposite membranes revealed an improved pervaporation performance for ethanol dehydration in 

comparison with the pure CS membrane and CS/TiO2 blending membranes. All CS/TiO2-R (1) and CS/TiO2-R [2] hybrid 

membranes showed a higher swelling degree than pure CS membranes. Moreover, with the increase in TiO2 content, an 

increase in the swelling degree of these hybrid membranes was observed. The Sorption selectivity of both CS, CS/TiO2-R (1), 

and CS/TiO2-R (2) membranes displayed the same trend, that is, their sorption selectivity increased at first, and then 

decreased with the increase in TiO2 content. It has been revealed that the diffusion selectivity of all hybrid membranes was 

smaller than that of pure CS membranes. The diffusion selectivity increased as TiO2 content increased. With the increase in 

TiO2 content, the permeation flux of CS/TiO2-R [1] membranes increased first and then decreased. The separation factor of 

CS/TiO2-R (1) hybrid membranes firstly decreased at 0–4wt% TiO2 content, then promptly increased at 4–8wt% TiO2 

content, and reduced again after reaching the maximum value at 8wt% of TiO2 content. With the increase in temperature, the 

permeation flux of the CS/TiO2-R (1) membrane increased, while the separation factor decreased. With the increase in water 

content in the feed from 2 - 15wt%, the permeation flux of CS/TiO2-R (1) membrane increased, while the separation factor 

decreased.  

 
Mixed matrix membranes with HF acid-etched ZSM-5  
The effects of HF etching of ZSM-5 pervaporation performance of ethanol/water mixtures were investigated by extending the 

study of ZSM-5 filled PDMS MMMs. It has been revealed that HF etched has successfully increased the hydrophobicity and 

surface roughness. The PDMS MMMs filled with etched ZSM-5 manifested high tensile strength and swelling resistance due 

to the tight integration of PDMS and zeolite phases. The sorption experiment showed that the sorption selectivity of MMMs 

enhanced with the increase in the concentration of HF solution. The MMMs etched ZSM-5 showed higher selectivity than 

those filled with non-etched ones. It has also been found that the increase in the HF acid concentration caused to increase in 

enhanced the zeolite-PDMS interfacial adhesion for the same zeolite loading which enhanced the ethanol selectivity with a 

minor reduction of total permeation flux. With the increase in HF acid concentration from 0 g/ml to 0.056 g/ml, the separation 

factor improved from 9.2 to 16.7 while the flux decreased from 148.6 g m-2 h-1 to 133.8 g m-2 h-1. Besides this, with the 

zeolite loading increased from 10% to 30%, both ethanol permeation and selectivity increased. However, excessive zeolite 
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loading or decreasing thickness of the selective layer caused poor ethanol selectivity. Moreover, the reduction in ethanol 

selectivity was also showed as the ethanol feed concentration and feed temperature increased. 

 
Silicalite-1-PDMS hybrid composite membrane  
A silicalite-1-PDMS hybrid composite membrane with polyvinylidene fluoride (PVDF) as support was fabricated by the 

casting solution method supported by pre-polymerization of the membrane solution using a platinum catalytic agent. The 

inspection of the optimal viscosity of the membrane solution showed that 2.0–3.0 Pa s was enough for the homogeneous 

distribution of silicalite-1 in the PDMS polymer. 67 wt% modified silicalite-1 is the ideal quantity that can be uniformly 

incorporated in the PDMS polymer under these conditions. The separation factor of 15.5 and the high flux of 5.52 kg/m2 h 

was obtained of 5 wt% ethanol-water solution at 50 °C, resulted in a pervaporation separation index (PSI) of 80.04. This PSI 

is the highest attained with a PDMS-based hybrid membrane. Following this, several thick membranes were utilized to inquire 

about their effects on the separation performance, and results showed that higher thickness caused a higher separation factor 

with increasing temperature. Interfacial adhesion characterization in composite membrane and membrane stability showed 

high interfacial adhesion properties and good stable separation performance of the composite membrane, verifying the 

mechanical stability and high potential of the prepared composite membranes for in situ ethanol recovery in future biorefinery 

plants.  

 
SiO2-PDMS MMM  
A pervaporation membrane with superhydrophobic surfaces was fabricated by using SiO2 and polydimethylsiloxane (PDMS) 

as membrane materials by a simple and facile casting method. The pre-polymerization of PDMS revealed that 50°C and 5 to 6 

h were good temperatures and time for the dispersion of SiO2 in the PDMS solution. The different substrates were probe to 

show that the relatively high surface roughness emerged in a pervaporation membrane with a super hydrophobic surface. The 

results of the effect of the water sliding angle on the separation performance revealed that a lower sliding angle directs to a 

higher separation factor. The membrane separation performance under different operating conditions was investigated and the 

results revealed the trade-off phenomenon in the PV process. The results exhibited that a pervaporation membrane with a 

super hydrophobic surface is an optimistic technique to improve the pervaporation membrane performance. Moreover, the 

proposed method for the membrane fabrication is simple and facile that can be scaled up to industrially fabricate 

pervaporation membranes with a superhydrophobic surface.  

 
Hydrophobic Zeolite–Silicone Rubber MMM  
The performance of silicone rubber membranes can be improved by fabricated a MMM by the incorporation of High-silica 

ZSM-5 zeolites into poly dimethyl siloxane (PDMS) polymers. The separation factor obtained by this membrane was higher 

than that required to exceed the energy efficiency of distillation. The results investigated from the study of this membrane 

revealed the important parameters which affect the membrane performance exceptionally were: high zeolite loading, uniform 

particle dispersion, and particle size. The parameters of least importance were: pre-crosslinking of the silicone rubber, catalyst 

level, and avoidance of moisture in the starting materials. The materials/methods distinguished in the literature are important 

to membrane performance; the alteration of particle surface chemistry was not investigated in this work. Alteration of particle 

surface chemistry and covalently bonding the zeolite particles to the polymer network deserves more investigation. 

 
Organophilic Nano-Silica Filled PDMS composite membrane  
A novel composite MMM was developed by using ONS-filled PDMS as the top active layer and non-woven fabric as the 

support layer for the PV of ethanol from water. SEM results showed that ONS sprinkled uniformly over the PDMS matrix, the 

ONS-filled PDMS membranes are dense with no considerable voids. Both XRD and FT-IR observations revealed that ONS is 

only physically blended in the PDMS polymer matrix and has a weak effect on the crystalline characterization of filled PDMS 

membrane. The swelling degree of the ONS-filled PDMS membrane was increased with the increase of ONS content in 

ethanol aqueous mixtures. With an increase of ONS addition, the solubility selectivity and the diffusion selectivity have the 

same increasing trends. When the temperature increased from 30 °C to 70 °C, the solubility selectivity increased but the 

diffusion selectivity increased first then decreased. As the operating temperature increased, the permeation flux increased 

continuously while the separation factor first increased and then decreased. With the increasing of ONS content, total flux 

increased quickly to the maximum and then decreased slowly to the minimum, the separation factor increased from 14.1 to 

41.2. When permeate-side vacuum pressure was increased (from 0.075 to 0.100 MPa), both total flux and separation factor 

increased non-linearly.  

 
MSS–ZIF-71 and MSS–ZIF-8 – PDMS MMM  
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Micro- and meso uniform hierarchal structures of MSS–ZIF-71 composites were developed by control over crystallization 

kinetics in Di-Methyl Furan (DMF) solution. The introduction of dual micro- and meso structures into the matrix of PDMS-

based MMMs via MSS–ZIFs composite sphere incorporation significantly improved both fluxes and separation factors in the 

pervaporation of water/ ethanol mixtures, compared to the unfilled and the MSS filled membranes. The MMMs filled with 

MSS–ZIF-71 provided exceptional fluxes, while the MSS–ZIF-8 provides consistently high separation factors for similar 

loadings. The results revealed the potential of MSS–ZIFs filled MMMs for liquid phase separation processes, such as 

purification of bioethanol from fermentation broths.  

 
MAF-6/PEBA Mixed Matrix Membrane  
MAF-6/PEBA mixed-matrix composite membranes were fabricated by a facile dip-coating method onto a ceramic hollow 

fiber substrate. The ethanol preferential sorption and surface hydrophobicity of the PEBA membrane was highly improved by 

the incorporation of the hydrophobic MAF-6 nanoparticles. The pervaporation performance was improved by uniformly 

dispersing the MAF-6 in PEBA matrix. The pervaporation performance factors: total flux of 4446 g/m2h and separation factor 

of 5.6 for 5 wt% ethanol/water in the feed at 60 °C were obtained. This new-developed hollow fiber, MAF-6/PEBA supported 

MMM can be an optimal strategy for biofuels production.  

 
Micro-patterned PDMS composite membranes  

Surface patterning strategy was established for the first time in the pervaporation process. Micro-patterned PDMS 

composite membranes were fabricated in two steps: first, patterning the two-layer PVDF substrate, and then 

casting PDMS solution on the as-prepared patterned substrate. Three kinds of cross linking agents (TEOS, VTES, 

and p-TTES) were employed to fabricate PDMS selective layer. Patterned membranes always exhibited higher 

total flux, compared with non-patterned ones. Among all the PDMS composite membranes found yet, patterned 

membranes cross-linked with TEOS possessed the highest total flux. There was no adverse effect on the 

separation factor by the surface patterning while increasing the total flux. In the light of this study, surface 

patterning is an effective way to improve pervaporation flux. Moreover, micro-patterned PDMS composite 

membranes with exceptional flux and sustainable separation factors have potential in industrial application for 

bio-ethanol recovery.  

 
PDMS composite membrane  
During the long-terms of integration, an average of 417.2 g/L and 446.3 g/L of ethanol product were obtained on the permeate 

side of the membrane in the fed-batch and continuous fermentation integration scenario, with ethanol separation factor ranging 

from 8.5 to 11 and 8 to 12, respectively. The results exhibited that the ethanol fermentation–pervaporation coupled strategy 

based on the ‗green‘ PDMS membrane can be optimistic technology for bio-ethanol production.  

 
MOF Nanoparticles in PDMS Membrane  
MMMs with defect-free active layer around 1 μm thickness were fabricated by a facile and generic strategy for ethanol perm-

selective pervaporation. SEM results manifested the in-situ growth of ZIF-8 nanoparticles on the PDMS matrix, providing 

good compatibility and uniform dispersion. The resultant membranes manifested good ethanol-affinity, hydrophobic and 

thermal properties, and the reduced mass transfer resistance, which assure the pervaporation performance power under 

different conditions and long-term use. The resultant membranes exhibited the thermal properties, hydrophobic and, and good 

ethanol-affinity, the reduced mass transfer resistance, which verified the separation power under different conditions and long-

term use. Both the permeation flux and separation factor were improved when the resultant membranes were utilized for 

ethanol recovery from aqueous solution, disclosing the desirable anti-trade-off effect. These findings are important for the 

rational design and fabrication of high-performance pervaporation membranes.  

 
PDMS MMM Containing Hollow Silicalite Sphere  
A significant increase in the fluxes and ethanol selectivity was observed for the membranes filled with the HS. This flux 

enhancement could be attributed to the presence of a hollow core allowing fast permeation of the selective sorption 

component. The high selectivity was attributed to the selective sorption of ethanol in the zeolite pores and the good adhesion 

between the polymer and the filler. The described method for MMMs can be adopted for other systems consisting of hollow 

particles with a selective shell for the preparation of MMMs to improve membrane performance.  

 
PEBAX-POSS Mixed Matrix Membrane  
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POSS loading at 2 wt. % Incorporating POSS particles into the Pebax 2533 polymer produces a simultaneous enhancement in 

both total flux and separation factor. The enhanced fluxes are mainly due to the increase in the driving force of the transport 

across the membrane. The partial fluxes and total flux increase with an increase in feed ethanol concentration. An increase in 

driving force is caused by the increase in operating temperature and fluxes increase as a result. However, both ethanol and 

water permeability decrease with the increase in the operating temperature because of the decrease in permeant sorption. 

 
MIL-53/PDMS MMM  
A MIL-53/PDMS hybrid membrane was fabricated on the surface of PS substrate and was used in ethanol perm selective 

pervaporation and exhibited excellent separation performance. The morphologies and structures of MIL-53 and its hybrid 

membrane were characterized. As MIL-53particles has a unique structure, the hybrid membrane with 40wt% loading showed a 

high total flux of 5467 g/(m2 h) with a comparable separation factor of 11.1 at 70.1C. It was revealed that this high-

performance MIL-53/PDMS hybrid membrane may have great potential in ethanol perm-selective pervaporation.  

 
ZIF-7/chitosan Mixed Matrix Membrane  
ZIF-7 particles were successfully incorporated into CS membranes with GA contents of 0.25, 0.5, and 0.75 g to form ZIF-

7/CS MMMs. Due to the cross-linking between the Zn atoms of ZIF-7 and the amino groups of the CS polymers the ZIF-7 

doped CS membranes showed smaller pore sizes. This cross-linking resulted in a lower flux but also a higher separation factor 

between water and ethanol. The present work reports the successful development of a high-performance pervaporation 

MMM—a ZIF- 7 incorporated CS membrane for the separation of water and ethanol. The prepared ZIF-7/CS MMM has 

potential for future pervaporation applications.  

 
ZIF-67 filled PDMS Mixed Matrix Membrane  
The advantages of the exceptionally high surface area (1245m2/g), hydrophobicity and pore volume (0.665 cm3/g) of the ZIF-

67 nanoparticles as filler were used for the separation of ethanol/water mixtures, resulting in more selective transport of 

ethanol over water. The membranes with 20% loading of ZIF-67 showed a triple increase in flux and twice in separation factor 

for ethanol/water mixtures as compared to unfilled PDMS membrane 

 

  

Separation Factor and Temperature Chart 
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Permeability Flux and Temperature Chart 

 
 

Separation Factor Value Chart 
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Permeability Flux Value Chart 

 
 

 

Conclusion 

After studying and analyzing different Mixed Matrix Membranes, it was concluded that MMM performances highly depend 

upon materials selected. Materials can be a polymer, organic and inorganic. It is the properties of the materials and their 

bonding together which enhance the characteristic separation performance of the MMM. Operation Temperature, Permeability 

Flux, Separation Factor, Stability of the MMM are some other factors that are also critically important while selecting the 

MMM. The MMM‘s mentioned in this review article were compared based on separation factor, Permeability Flux, 

Operational temperatures. In terms of the Separation factor; ZIF-7/Chitosan MMM demonstrated the most efficient 

performance with a value of separation factor 2812 at 25oC with 5wt% loading and 0.25g Glutaraldehyde (GA). In terms of 

permeability flux; MIL-53/PDMS Hybrid MMM demonstrated the most efficient performance with a value of permeability 

flux 5467g/m2h at 70oC and 40wt% MIL-53 Incorporation. 
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