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A B S T R A C T   

Separation of organic-organic solvent mixtures is energy-intensive by using conventional methods, which is also 
a challenging task for membrane technology. Over the past decade, pervaporation (PV) and vapor permeation 
(VP) have been continuously studied for the separation of organic solvent mixtures. The PV and VP processes are 
limited by thermodynamic vapor–liquid equilibrium (VLE) and thus consume less energy compared with con-
ventional distillation technology. In this review, we focus on the membrane materials toward organic solvent PV/ 
VP separation, including polymeric membranes, microporous membranes, mixed-matrix membranes and other 
emerging membranes, and separation systems in the recent decade, and define the current state-of-the-art for 
membrane materials and performance. The separation mechanism of different membrane materials such as af-
finity and size sieving, or the synergy of both is discussed, aiming to understand the priority permeation orders in 
different types of membrane materials, and provide fundamental insights for the design of high-performance 
membrane materials and structures. Additionally, the PV/VP process is compared with reverse osmosis (RO) 
process toward organic solvent separation in terms of membrane materials, separation performance and trans-
port mechanism. Finally, we outlook the potential opportunities and challenges of applying advanced membrane 
materials for PV/VP separation of organic solvent mixtures.   

1. Introduction 

The separation of organic-organic solvent mixtures is very important 
for petrochemical, pharmaceutical and agrochemical industries[1,2]. At 
present, distillation is dominant in the separation of organic-organic 
solvent mixtures, especially for the separation of nonideal mixtures 
[3–5]. However, distillation is high energy consumption for the sepa-
ration of similar boiling points, azeotrope and isomers[6,7]. In recent 
years, pervaporation (PV) and vapor permeation (VP) separation of 
organic solvent mixtures have been favored[8–13]. Pressure difference 
is applied on both sides of a membrane to allow the components to 
selectively pass through the membrane. The membrane process no 
longer depends on thermodynamic equilibrium to realize the separation 
of components[14]. Precisely constructed membrane pore structure and 
chemical environment with size sieving and preferential adsorption of 
organic components can achieve high separation efficiency towards 
close boiling and azeotropic mixtures[15,16]. 

Generally, membrane materials determine the separation 

performance, application spectrum and service life of membrane[8]. 
Different from the dehydration of organic solvents, there are many kinds 
of organic mixed systems with similar chemical properties[17]. More 
importantly, the separation of organic-organic solvent mixtures requires 
higher solvent-tolerance to the membrane[18,19]. Many membranes 
with excellent performance in dehydration of organic solvent are often 
incompetent for the separation of organic mixtures[20]. Among many 
membrane materials, polymer is indispensable, including polyimide (PI) 
[21], chitosan (CS)[22], polydimethylsiloxane (PDMS)[23,24] and poly 
(ether-block-amide) (PEBA)[25] etc.[26,27]. Polymeric membranes are 
mainly used to separate aromatic/aliphatic, polar/non-polar mixtures 
and gasoline desulfurization[27,28]. Microporous membranes have 
outstanding separation performance, including zeolite[29], CMS[30] 
and silica[31,32] membranes. The idea of mixed-matrix membrane 
balances the separation performance and manufacturing difficulty 
[33–35]. In recent years, the development of fillers has also injected new 
vitality into the mixed matrix membrane. Advanced membrane mate-
rials such as two-dimensional materials[36] and MOF[37,38], COF[39] 
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etc. framework materials[40,41] bring new opportunities for the sepa-
ration of organic-organic mixtures. 

There are some reviews related to the separation of organic solvents 
by PV or VP, while they mainly focused on the dehydration of organic 
solvents[8,27,35], or on a certain type of membrane materials or a 
certain type of organic solvent mixtures[37,42,43]. Some comprehen-
sive and in-depth reviews lack timeliness, focusing on polymeric mem-
branes rather than the emerging inorganic and organic–inorganic hybrid 
membrane materials[16,17]. Therefore, it is necessary to provide an 
overview of the state-of-the-arts membrane materials for pervaporation 
separation of organic solvent mixtures. In this review, as shown in Fig. 1, 
taking membrane materials as the main line, we will introduce the 
emerging membrane materials used for PV/VP separation of organic 
solvent mixtures in recent ten years. Combined with the characteristics 
of membrane materials, their performances in different organic solvent 
mixtures are reviewed. By comparing the transport mechanism of mol-
ecules in different membrane materials and membrane processes, 
readers can clearly understand the priority of components. This review 
will provide insight for designing and preparing membrane materials for 
the separation of organic solvent mixtures in the last part. 

2. Membrane materials 

2.1. Polymeric membranes 

Polymeric material is one of the most studied and widely used 
membrane materials, which observes the solution-diffusion mechanism 
in the process of pervaporation. The mixed components first dissolve on 
the membrane surface, where the adsorption rate is determined by the 
affinity of polymeric materials for different components; and then 
diffuse in the membrane, where the diffusion rate is determined by the 
free volume of the polymeric materials and the molecular size of the 
components[44]. Therefore, compared with dehydration of organic 
solvent, the separation of organic-organic solvent mixtures is more 
challenging. On the one hand, the structure and chemical properties of 
organic mixed components are similar. On the other hand, the polymeric 
membranes are more likely to swell in organic solvents[17]. Neverthe-
less, many polymeric materials have been reported for the aromatic/ 
aliphatic, polar/non-polar mixtures separation, and gasoline 

desulfurization[27]. Table 1 summarizes the performance of polymeric 
membranes for pervaporation separation of organic solvents. 

Polyimide (PI) with benzene ring and polar imide group on the chain 
is one of the popular membrane materials for the separation of aro-
matic/aliphatic mixtures[51]. The benzene ring can have π-π interaction 
with aromatic components, and the polar amide group can also interact 
with the π electron cloud of aromatic components. Therefore, PI mem-
branes can separate aromatic/aliphatic mixtures by affinity[52]. It can 
be predicted that grafting groups with better affinity to benzene ring on 
PI chain can improve the selectivity of PI membrane to aromatics. 
Freeman et al.[53,54] studied a series of PI membranes for the separa-
tion of toluene/n-heptane and benzene/n-heptane mixtures. The results 
showed that the introduction of siloxane can significantly improve the 
permeation flux of PI membrane, and the improvement of separation 
factor was due to the change of solubility coefficient. The introduction of 
fluorine groups into PI, such as 2,2-bis(3,4-dicarboxyphenyl)hexafluor-
opropane dianhydride 6FDA, can effectively improve the solubility co-
efficient of PI membrane in organic solvents, and the free volume of the 
membrane can be increased simultaneously[46]. Crosslinking can 
effectively enhance the swelling resistance of PI membrane in organic 
solvents[55,56]. 

Chitosan (CS) is a natural degradable biological polysaccharide. Its 
main chain contains amino and epoxy groups, which has good hydro-
philicity. Good chemical stability and membrane-forming property 
make it an outstanding membrane material[22]. Due to its good hy-
drophilicity, CS membrane is usually used to remove polar components 
in PV process, such as dehydration of organic solvents[57] and polar/ 
non-polar mixtures separation[58]. However, pure CS membrane faces 
challenges in the process of PV, such as swelling in water, dissolution in 
acid and poor mechanical strength, which limits its practical applica-
tion. In addition, the separation performance of pure CS membrane is 
not considerable. Therefore, it is necessary to modify CS membrane. At 
present, there are mainly cross-linking, grafting, blending and prepa-
ration of composite membrane to improve the properties of CS mem-
brane[22]. Chen et al.[59] prepared STA/CS hybrid membrane by 
modifying CS with silicotungstic acid hydrate (STA). The –OH on the 
surface of STA can form hydrogen bonds with the –OH or –NH2 of CS. 
Therefore, the amorphous region of the CS was enhanced with intro-
ducing STA. When the doping amount of STA was 8 wt%, the perva-
poration separation performance of STA/CS membrane for methanol/ 
dimethyl carbonate (MeOH/DMC) mixtures was the best. Later, they 
found that crosslinking STA/CS membrane with glutaraldehyde (GA) 
could effectively improve the swelling resistance of the membranes[47]. 
Therefore, the separation factor of cross-linked GA-STA-CS membrane 
has been further improved. 

Unlike CS, polymethylsiloxane (PDMS) is a hydrophobic silicone 
rubber[60]. Therefore, PDMS membranes will preferentially adsorb and 
permeate the non-polar components when separating polar/non-polar 
solvent mixtures by PV[24]. Our group tried to separate MeOH/DMC 
mixtures with PDMS membrane[48]. The transport behavior of MeOH 
and DMC molecules in the PDMS membranes and the effects of operating 
conditions on the properties of the membrane were systematically 
studied. However, the separation factor of PDMS membrane was low 
due to the only dependence on affinity and the excessive swelling of 
PDMS membrane. More research is using PDMS membrane for gasoline 
desulfurization. By optimizing the preparation conditions, the PV sep-
aration performance of PDMS membrane can be improved to a certain 
extent, but the sulfur enrichment factor is still at a low level[42]. 
Because the gasoline component has strong affinity with PDMS mem-
brane material, PDMS membrane is easy to be swelled during testing. 
Zhou et al. reported a method to improve the interfacial adhesion and 
stability of PDMS composite membrane[61]. With Modification of poly 
(methylhydrosiloxane) on polyacrylonitrile support by plasma, the 
resulting composite membranes exhibited enhanced interfacial adhesion 
and the PDMS membrane layer displayed reduced swelling in toluene 
and n-heptane. Liu et al.[49] investigated the effect of three crosslinking 

Fig. 1. Overview of the review article for PV or VP separation of organic sol-
vent mixtures. 

S. Liu et al.                                                                                                                                                                                                                                       



Separation and Purification Technology 299 (2022) 121729

3

agents on the swelling resistance of PDMS membrane. It was found that 
compared with 3-aminopropyltrimethoxylsilane (APTMS), and 3-glyci-
dyloxypropyltrimethoxylsilane (GPTMS) the swelling degree of PDMS 
membrane crosslinked with 3-mercaptopropyltrimethoxylsilane 
(MPTMS) was the lowest, and thus the sulfur enrichment factor was 
the highest, up to 3.46 with the total flux of 6.71 kg/(m2⋅h) (feed: 200 
ppm, 45 ℃). 

Compared with PDMS membrane, the sulfur enrichment factor of 
polyethylene glycol (PEG) membrane reported in the literature is higher 
(3.51 ~ 12.59)[62] However, due to the regular arrangement of PEG 
molecular chains and easy crystallization, the free volume in the mem-
brane is small, and its permeation flux is low. Kong et al. first proposed 
crosslinking PEG to improve the sulfur enrichment factor and perfor-
mance stability of PEG membrane[62,63]. It was found that the sepa-
ration performance of PEG membrane was significantly improved after 
crosslinking with maleic anhydride, and the sulfur enrichment factor 
increased with the increase of crosslinking agent time and crosslinking 
agent content, but too high crosslinking content and too long cross-
linking time would lead to the decline of sulfur enrich effect. Hu et al. 
studied the effects of molecular weight, thiophene type and leakage of 
membrane solution in the substrate on the desulfurization performance 
of PEG membrane[50]. It was found that with the increase of PEG mo-
lecular weight, the permeation flux of the membrane showed a down-
ward trend. When the molecular weight of PEG was 35 K, the highest 
sulfur enrichment factor of thiophene was 12.59, the permeate flux was 
1.1 kg/ (m2⋅h) (200 ppm, 85 ℃). 

Block copolymers are a kind of important materials for separation of 

organic-organic solvent mixtures by pervaporation, including poly 
(ether-block-amide) (PEBA)[64], polyurethane (PU)[65] etc. The 
distinct characteristic of this kind of polymer is that there are hard 
segments and soft segments with tunable proportion. The hard segment 
makes the membrane structure more rigid and has stronger swelling 
resistance in organic solvents. The soft segment has higher affinity for 
organic components. The balance between separation performance and 
membrane stability can be achieved by reasonably designing the soft 
and hard segments. Wang et al.[25] coated the ceramic tube with PEBA 
layer, and then obtained the PEBA composite membrane through ther-
mal crosslinking at 80 ℃ (Fig. 2). Through the characterization of in-
verse gas chromatography (IGC), it was found that the solubility and 
diffusivity of PEBA membrane for toluene were higher than that of n- 
heptane. The thermally crosslinked PEBA membrane exhibited not only 
good separation performance with flux of 0.28 kg/(m2⋅h) as well as 
separation factor of 4.0 at 80 ℃, but also good stability and swelling 
resistance. 

2.2. Microporous membranes 

Microporous membranes are usually composed of crystalline mate-
rials with inherent micropores including zeolite[66–68], metal–organic 
frameworks (MOF)[37,69–71] and covalent-organic framework (COF) 
[39,40]. These pores are usually rigid and fixed in size. Ultra-high sep-
aration performance will obtain by selecting crystals with pore size 
between the two components, for specific mixed components[41]. The 
structural stability of microporous membrane in pervaporation process 

Table 1 
Pervaporation performances of polymeric membranes.  

Membranes Feed solution Temperature/◦C Total flux/kg(m2⋅h) Separation factor Ref 

DSDA-DABC/DDBT 60 wt% Benzene/cyclohexane 70 0.057 28 [45] 
6FDA-4MPD/DABA 5 wt% Naphthalene/n-decane 120 0.067–1.333 1.88–2.71 [46] 
GA-STA-CS 10 wt% MeOH/DMC 50 1.03 90.5 [47] 

70 wt% MeOH/DMC 50 1.29 63.3 
PDMS-PVDF 30 wt% DMC/MeOH 40 0.49 3.95 [48] 
Crosslinked PDMS 200 ppm Thiophene/n-heptane 45 3.46 6.71 [49] 
PEG 200 ppm Thiophene/heptane 85 1.1 12.59 [50] 
PEBA 50 wt% Toluene/n-heptane 80 0.28 4 [25]  

Fig. 2. Thermally crosslinked PEBA membranes for separation of organic-organic mixtures[25].  
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is higher than that of polymeric membranes, especially in organic sol-
vents. Microporous membranes are usually prepared by hydrothermal 
synthesis. It remains challenge to obtain pure membranes with perfect 
structure, which limits the development of most microporous mem-
branes. Microporous silica is another kind of microporous membranes 
material widely studied[31,32]. The silica membranes are usually syn-
theized by sol–gel method. Table 2 summarizes the performance of 
microporous membranes for PV or VP separation of organic solvent 
mixtures. 

Zeolite is the earliest developed inorganic membrane material. There 
are many kinds of zeolites with various pore sizes[80]. The hydrophi-
licity and acid stability of zeolite can be controlled by adjusting Si/Al 
ratio[81,82]. The use of zeolite membrane is determined according to 
the hydrophilicity and pore size of zeolite. Hydrophilic zeolite is usually 
used for dehydration of organic solvents, while hydrophobic zeolite is 
used for recovery of organic solvents[83]. For the separation of organic- 
organic mixtures by PV, zeolite membrane showed excellent separation 
performance for MeOH/benzene or MeOH/MTBE mixture[84,85]. 
However, the fluxes and selectivities for organic/organic separation are 
obviously lower than those for dehydration of alcohol[80,84,85]. It may 
be due to inappropriate pore size and hydrophilicity. MFI is a kind of 
hydrophobic zeolite with high Si/Al ratio (greater than10). Its elliptical 
aperture is about 0.51 nm × 0.57 nm, and the circular pore diameter is 
about 0.54 nm[86,87]. Many applications of MFI membranes have been 
reported for the separation of xylene isomers via VP, because the pore 
size of MFI matches the dynamic diameter of xylene. 

The application of MFI zeolite membrane benefits from the regular 
arrangement of pores in the crystal, but the randomization of crystal 
growth on the substrates will greatly reduce the separation performance 
of the membrane. It is meaningful to prepare oriented MFI membranes 
due to the different aperture size in three directions of MFI (Fig. 3a). 
Pham et al.[87] successfully prepared b-oriented MFI membranes on the 
substrate. The single layer crystal seed was oriented to grow and inhibit 
self-crystallization by controlling the gel composition and hydrothermal 
temperature accurately (Fig. 3b), and the b-oriented Silicalite-1 (SL) MFI 

membranes were prepared by secondary growth method without gel 
[72]. It was found that the thinner the thickness, the shorter the channel 
length, and the higher the permeability and selectivity. 

Although the oriented continuous zeolite membrane grown on 
porous substrate has excellent separation performance, the intergran-
ular micropores and defects produced in the process of template roasting 
seriously affect the selectivity of the membrane[88]. Tsapatsis et al. 
developed top-down[89] and bottom-up[29] methods to prepare MFI 
nanosheets with longer along c-axis and shorter along b-axis. For top- 
down method, it is necessary to peel the layered MFI and remove non- 
exfoliated block, which is usually time-consuming with low yield. The 
bottom-up method to prepare MFI nanosheets needs to overcome the 
formation of orthogonal intergrowths. Jeon et al.[29] used the nano-
sheets with high aspect ratio and thickness of 5 nm grown from bottom- 
up by a single orthogonal symbiosis triggered nanocrystal seed to 
construct a defect free and ultra-thin coating layer effectively covering 
the surface of porous substrates. The coating formed a b-oriented MFI 
zeolite membrane after secondary growth. Compared with traditional 
MFI membranes, the prepared membrane has higher separation per-
formance, in which the PX/OX separation factor is as high as 8000 and 
the PX permeance is 2.6 × 10-7 mol/(m2⋅s⋅Pa). Later, they used a novel 
and simple floating particle coating method to produce tightly packed 
MFI nanosheets on substrate[90]. The defect-free membrane can be 
obtained by secondary growth without gel, which further enhanced the 
PX/OX separation factor to more than 10000. 

MFI nanocrystals were used as seeds, the direct growth of nanosheets 
proceeds through the occurrence of a single rotational intergrowth after 
the seed crystals attain a certain size and shape. So, the nanosheets 
contain the seed nanocrystals embedded at their center, resulting in a 
complex morphology deviating from that of an ideal 2D shape. Recently, 
Tsapatsis and co-workers improved this method[73]. As shown in Fig. 4, 
MFI nanosheets were synthesized using nanosheet fragments as seeds 
instead of the previously used MFI nanoparticles. The obtained MFI 
nanosheets exhibited improved thickness uniformity and were free of 
rotational and MEL intergrowths. As expected, the MFI membranes 
resulted from this kind of nanosheets showed high separation perfor-
mance, especially in flux of PX, for xylene isomers at elevated 
temperature. 

Metal-organic framework (MOF) membrane is a new kind of poly-
crystalline membranes developed rapidly in recent two decades. Like 
zeolite, MOF usually has a well-defined crystal structure and pore size, 
and MOF membrane is often prepared by hydrothermal synthesis. In 
recent years, researchers have developed some new methods to prepare 
MOF membranes, such as contra-diffusion method. Unlike zeolite, MOF 
is coordinated by metal source and organic ligands. Therefore, MOF has 
better compatibility with polymers than zeolite, while the chemical 
stability and thermal stability of MOF are not as good as those of zeolite. 
MOF membrane does not need structure directing agent in the prepa-
ration process. MOF membranes mainly depend on size-sieving effect 
and preferential adsorption to separate organic-organic solvent mixtures 
[77]. Many MOF membranes have been reported for the separation of 
organic-organic mixtures by PV, such as ZIF-8[91], ZIF-71[92] and 
MOF-5[69,70]. However, the separation performance of these mem-
branes is undesirable because they cannot provide appropriate window 
size for molecular sieving. 

MIL-160 with suitable window size (0.5 ~ 0.6 nm) is promising for 
separating PX (0.58 nm) from OX and MX (0.68 nm) by pervaporation 
[74,93]. As shown in Fig. 5a, Huang et al. prepared defect free MIL-160 
membranes on polydopamine modified ceramic flats by hydrothermal 
synthesis at 100 ℃[74]. The combination of polydopamine modified 
ceramic substrate and MIL-160 was better than unmodified ceramic 
substrate. For the separation of equimolar binary PX/OX mixtures at 75 
℃, the PX flux of the MIL-160 membrane was ~ 1.5 × 10-3 mol/(m2⋅s), 
and the PX/OX selectivity was 38.5. This is attributed to the high 
adsorption and diffusion selectivity for PX in the MIL-160 membrane. 
Compared with the separation of xylene isomers by VP process of MFI 

Table 2 
PV or VP performances of microporous membranes.  

Membranes Feed 
solution 

Temperature/ 
◦C 

Flux Separation 
factor 

Ref 

Silicalite-1 0.32 kPa 
PX/0.31 
kPa OX 
vapor 

150 12.0 × 10- 

8 mol/ 
(m2⋅s⋅Pa) 

1100 [72] 

MFI 16 kPa PX/ 
1.7 kPa OX 
vapor 

250 1.1 × 10-7 

mol/ 
(m2⋅s⋅Pa) 

600 [73] 

MFI PX/OX 1:1 
vapor 

150 PX ~ 2.6 
× 10-7 

mol/ 
(m2⋅s⋅Pa) 

~8000 [29] 

MIL-160 PX/OX 1:1 
liquid 

75 PX ~ 1.5 
× 10-3 

mol/ 
(m2⋅s) 

38.5 [74] 

UiO-66 5 wt% 
MeOH/ 
MTBE 

40 1.21 kg/ 
(m2⋅h) 

~ 600 [75] 

UiO-66- 
NH2 

1312 ppm 
thiophene/ 
n-octane 

40 2.16 kg/ 
(m2⋅h) 

17.86 [76] 

Zn/Co-ZIF 15 wt% 
MeOH/ 
MTBE 

50 1.96 kg/ 
(m2⋅h) 

6985 [77] 

Silica 7 wt% 
MeOH/ 
DMC 

50 3.6 kg/ 
(m2⋅h) 

156 [78] 

BTESA 10 wt% 
MeOH/ 
DMC 

50 4.11 kg/ 
(m2⋅h) 

115 [79]  
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membrane[29,90], MIL-160 membrane using PV process to separate 
xylene isomers requires lower temperature. Furthermore, the MIL-160 
membrane shows promising stability in contact with the liquid xylene 
isomers. 

UiO-66 membrane is another promising MOF membrane for perva-
poration separation of organic-organic solvent mixtures[75]. This MOF 
shows good hydrothermal stability and can maintain structural integrity 
in a variety of organic solvents. Zhang et al. synthesized UiO-66 mem-
branes on ceramic tube by secondary growth method for pervaporation 
separation of methanol/methyl tert-butyl ether (MeOH/MTBE) mixtures 
[75]. Because the pores size of UiO-66 is 0.6 nm, which is between the 
molecule size of MeOH (3.8 Å) and MTBE (6.3 Å), UiO-66 membrane 
showed good separation performance with total flux of 1.21 kg/(m2⋅h) 
and separation factor of ~ 600, at 40 ℃ with 5 wt% MeOH in the feed. 
The authors found that the crystallization and intergrowth of UiO-66 
crystals can be balanced by controlling the ratio of acetic acid and 
water. UiO-66 can be functionalized to improve its affinity for specific 
components to enhance the separation performance. For instance, owing 
to the affinity for thiophene, amino functionalized UiO-66 (UiO-66-NH2) 
membrane showed excellent desulfurization performance with perme-
ation flux of 2.16 kg/(m2⋅h) and enrichment factor of 17.86 under 40 ◦C 
for 1312 ppm thiophene/n-octane mixtures [76]. Recently, Zhang and 
co-workers prepared defect-free ZIF-67 layer on porous ceramic tube via 
a novel strategy. As shown in Fig. 5b, the introduction of a thin layer of 
Zn/Co hydroxy double salts (HDSs) on the tube surface and then the 
facile conversion of the HDS layer to a dense and stable bimetallic Zn/ 
Co-ZIF membrane. This ZIF-67 membrane showed excellent separation 
performance for MeOH/MTBE mixtures with flux of 1.96 kg/(m2⋅h) and 
separation factor of 6985. 

Covalent organic framework (COF) is an emerging class of crystalline 
porous materials. Similar to MOF and zeolite, COF membranes show 
well-defined crystalline pores. Compared with MOF, COF is covalently 
bonded by organic linkers, so it is more stable[39]. Methods including 
in-situ growth[94], layer-by-layer stacking[95] and interfacial poly-
merization[96] have been developed to fabricate COF membranes. Until 

now, COF membranes are mainly used for gas separation, water treat-
ment, organic solvent nanofiltration, and dehydration of organic solvent 
[39,40]. However, it remains a challenge to construct COF membrane 
with pore size less than 1 nm requires the use of smaller and shorter 
organic linkers. It is also difficult to obtain large size and uniform COF 
nanosheets, which makes it difficult to assemble films through LBL or 
other solution processes[39–41]. Some researchers use COF as filler to 
prepare mixed-matrix membrane for organic solvent mixtures separa-
tion by PV[97,98], which will be described in detail later in this review. 
Overall, as a promising new generation of membrane material, there is a 
lot of space for COF membranes in the field of separating organic solvent 
mixtures, and also several challenges, especially the preparation of 
defect-free COF membranes with pore size less than 1 nm. 

Amorphous microporous silica membranes with high porosity and 
excellent size sieving performance have been studied for about 30 years 
[99]. Like the traditional inorganic ceramic membrane, the microporous 
silica membranes are prepared on the surface of a porous substrate by 
sol–gel method. Tetramethyl orthosilicate (TMOS) and tetraethyl 
orthosilicate (TEOS) are the most commonly used molecular precursors 
[100]. A silica sol can be obtained by the hydrolysis and condensation of 
precursors, and then coated on the porous substrate and calcined to 
obtain the silica membranes. The porous silica membranes prepared 
from TEOS and TMOS precursors show good thermal stability and me-
chanical strength, however, they cannot resist hot water and steam, and 
the separation performance will decline sharply[101]. The silica mem-
branes fabricated by organic–inorganic hybrid alkoxides showed both 
high separation performance and stability, because of the network sta-
bility of inorganic silica and the versatility of organic chemistry. Com-
mon organic–inorganic precursors are 1,2-bis(triethoxysilyl)ethane 
(BTESE) and bis(triethoxysilyl)methane (BTESM), which converted the 
network structure of the silica membranes from Si-O-Si to Si-(C)n-Si-O 
[79]. 

Tsuru et al. first reported the separation of MeOH/DMC using pure 
silica membranes. SiO2, SiO2-ZrO2, and SiO2-TiO2 membranes were 
prepared on α-alumina supports by sol–gel processing[78]. Their pore 

Fig. 3. (a) Schematic illustrations of different sharped zeolite crystals. (b) SEM images of typical b-oriented monolayers of SL crystals and (c) SEM images top-view of 
assembled on glass plates.[87]. 
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sizes range from 0.3 to 1.2 nm, and the hydrophilicity of the membrane 
surface can be controlled. The results showed that the separation factor 
of SiO2-ZrO2 membrane was less than 10, the separation factor of SiO2 
membranes would increase from 10 to 160 with the decrease of pore size 
and the increase of surface hydrophilicity. As the membrane pore size 
was reduced to 0.3 nm, the performance of silica membrane was the best 
with 7 wt% MeOH/DMC separation factor of 140 and the flux of 3.6 kg/ 
(m2⋅h). This is because the pores of silica membrane can preferentially 
adsorb and penetrate MeOH molecules. 

The 1,2-bis(triethoxysilyl)acetylene (Si-C–––C-Si unit, BTESA) mem-
brane is very promising for the separation of organic-organic mixtures. 
As shown in Fig. 6, due to the short and rigid C–––C bridged bond and the 
larger Si-O-Si bond angle, the pore size (0.4–0.5 nm) of BTESA mem-
brane is larger and the porosity is higher than another extensively 
investigated hybrid silica, bis(triethoxysilyl)ethane (Si-CH2-CH2-Si unit, 
BTESE) [79,102,103]. In 2020, Tsuru’s group also applied organosilica 
membranes to PV separation of organic-organic mixtures [79]. Ultrathin 
BTESA membranes prepared by sol–gel method showed excellent sep-
aration performance for MeOH/DMC mixtures at 50 ℃ with the sepa-
ration factor of ~ 120 and the total flux of 2–4 kg/(m2⋅h) and by a long- 
term test for 90 days. The pervaporation separation of MeOH/MTBE 
mixtures also confirms that the transport behavior of molecules in the 
BTESA membrane follow the generalized solution-diffusion model. 

2.3. Mixed-matrix membranes 

Unlike the above-mentioned polymeric and microporous mem-
branes, mixed-matrix membranes (MMMs) are usually composed of two 
(or more than) materials: matrix (including but not limited to polymeric 
materials) and fillers (porous, non-porous, and 2D materials etc.). 
MMMs combine the excellent processability of polymeric matrix and the 
high separation performance of fillers to break through the upper-bound 
of polymeric membranes. There are many kinds of polymeric matrices 
and fillers, so there are infinite possibilities for mixed matrix membrane. 
However, in order to realize the synergistic effect of polymeric matrix 
and filler, the matching of permeability coefficient and interfacial 
compatibility need to be considered[44]. Table 3 summarizes the per-
formance of MMMs for pervaporation separation of organic solvent 
mixtures. 

The first-generation filler is zeolite with purely inorganic phase, such 
as Cu2+Y zeolite[107], Ni2+Y zeolite[108] and so on. However, because 
the interfacial compatibility between purely inorganic phase and poly-
meric matrix is poor, non-selective channels would be produced, thereby 
reducing the separation performance of the MMMs. In addition, zeolites 
may agglomerate in the polymeric phase, resulting in lower doping 
amount. The above problems can be improved by modifying the surface 
properties of zeolite. In comparison, MOF is a more ideal filler due to 
their own inclusion of organic ligands. 

In recent years, many MOF-based MMMs have been widely reported 
for the separation of organic solvent mixtures by PV, such as the 

Fig. 4. (a) Schematic illustration of the preparation of flat zeolite MFI nanosheets. SEM images for (b) fractured MFI nanosheets and (c) acquired after purification 
using centrifugation. (d) Surface and (e) cross-sectional SEM images of zeolite MFI membranes fabricated from multilayer coatings of novel MFI nanosheets.[73]. 
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Cu3(BTC)2/PDMS[109], HKUST-1/PVA[110], Co(HCOO)2/PEBA[104], 
and so on[111]. As shown in Fig. 7a, Zhang et al. prepared Co(HCOO)2/ 
PEBA membrane on ceramic tube by three steps[104]. Co(HCOO)2 MOF 
with different particle sizes were synthesized as facilitated transport 
fillers. This membrane showed good separating performance for 
toluene/n-heptane mixtures, with flux of 0.77 kg/(m2⋅h) and separation 
factor of 5.1. In order to separate MeOH/DMC mixtures, UiO-66 was 
selected to prepare UiO-66/CS MMMs (Fig. 7b) [105], because the pore 
size of UiO-66 falls in the molecular kinetic diameters of MeOH (3.8 Å) 
and DMC (6.0 Å). UiO-66 was synthesized from different zirconium 
metal precursors to study the effect of defect degree on membrane 
separation performance. It was found that the lower the defect degree of 
UiO-66, the higher the separation performance. The interfacial inter-
action between UiO-66 and CS chain will limit the migration and 
weaken the hydrogen bonding of CS chain. For pervaporation MeOH/ 
DMC mixtures at 50 ℃, the separation performance of 10 wt% UiO-66/ 
CS MMM is higher than that of the same type of membrane reported in 
the literature. 

Silica nanoparticles were commonly used as fillers to prepare MMMs 

[112]. Although without pores, they can enhance the physical or 
chemical properties of the polymeric matrix, such as hydrophilic and 
chain conformation. Lin et al. blended alkyl-modified nanosilica with 
vulcanized silicone rubber to prepare SiO2/PDMS membranes for PV 
separation of DMC/MeOH [106]. The alkyl-modified SiO2 enhanced the 
affinity of SiO2/PDMS membrane to DMC, therefore, the permeation 
flux of DMC increased with the increase of SiO2 doping. However, as the 
doping amount continues to increase, the defects of SiO2/PDMS mem-
brane increased, so the MeOH molecules passing through membrane 
increased and reduced the separation factor. The optimal SiO2/PDMS 
membrane showed excellent separation performance for MeOH/DMC 
azeotrope with permeation flux of 1.2–3.8 kg/(m2⋅h) and separation 
factor of 4.4–5.6. Xu et al. prepared BTESE/PDMS membranes by 
incorporating BTESE fillers into PDMS matrix for pervaporation desul-
furization[113]. Organosilica networks were employed to enhance the 
PDMS chain rigidity and meanwhile increased the free volume of the 
membrane. Therefore, while improving the membrane separation per-
formance, the swelling of PDMS membrane was also suppressed. 

A large number of studies have shown that metal ions loaded into 

Fig. 5. (a) Schematic representation of the separation of PX from its bulkier isomers (OX and MX) through metal–organic framework MIL-160 membrane[74]; 
Scheme of the preparation of bimetallic Zn/Co-ZIF membrane on ceramic tube by conversion of a layer of Zn/Co-HDS[77]. 
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polymeric matrices can improve the desulphurization performance 
[114–117]. This is because the empty orbits of metal ions and thiophene 
sulfur lone pair electrons can form reversible π bond complexation, and 
these metal ions promote the transfer of thiophene in the membrane. 
There are mainly-two methods introducing metal ions into polymer 
membrane: blending metal ions with polymer matrix[114–116] and ion 
exchange after membrane formation [117]. The first membrane prepa-
ration method is limited by the types of inorganic particles, and the 
available metal ions are limited. The effect of the combination of metal 
ions and polymers on the membrane separation performance may 
exceed the effect of metal ions promoting the transfer. The membrane 
prepared by ion exchange method is complicated. Most metal ions are 
enriched on the membrane surface, while the content of metal ions in 
the membrane is low, which unable give full play to the role of pro-
moting the transmission of metal ions. Moreover, the stability of metal 

ions loaded on the membrane surface needs to be further studied. 
With the continuous emergence of new materials, the types of fillers 

are becoming more abundant, such as GO[33,118,119], CNs[120] and 
MoS2[121] sheets, COF[97,98], and so on. As shown in Fig. 8a-d, Pan 
et al. introduced Ag+ loaded COF (SNW-1) into PEBA for pervaporation 
gasoline desulfurization[97]. It was found that the pore structure of 
Ag+@COF provided more mass transport paths for the permeation of 
small molecules such as thiophene. The π-π coordination complex be-
tween Ag+ and thiophene sulfur promoted the transport of thiophene. 
When the filling amount of Ag+@COF was 9 wt%, the permeation flux of 
the MMM can be as high as 16.35 kg/(m2⋅h) and the sulfur enrichment 
factor was 6.8 (feed: 1312 ppm, 60 ℃). Wang et al. studied the per-
formance of Ag+ modified COF (LZU-8)/PEBA membrane for pervapo-
ration separation of aromatic/aliphatic mixtures (Fig. 8e)[98]. Due to 
the selective channel provided by COF and the assisted transmission 

Fig. 6. Illustration of the hydrolysis and condensation processes of (a) BTESA and (b) BTESE monomers. (c) and (d) SEM image of a cross-sectional view of a BTESA 
membrane[79]. 

Table 3 
Pervaporation performances of MMMs.  

Membranes Feed solution Temperature/◦C Flux/kg/(m2⋅h) Separation factor Ref 

Co(HCOO)2/PEBA 10 wt% toluene/n-heptane 40 0.77 5.1 [104] 
UiO-66/CS 10 wt% MeOH/DMC 50 0.36 337 [105] 
SiO2/PDMS 70 wt% DMC/MeOH 50 1.2–3.8 4.4–5.6 [106] 
Ag+@COF/PEBA 1312 ppm thiophene/ n-octane 60 16.35 6.8 [97] 
COF/PEBA 50 wt% toluene/n-heptane 40 0.29 4.03 [98]  
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effect of Ag+, both the permeation flux and selectivity of COF/PEBA 
membrane were enhanced. The optimized membrane showed a 
permeation flux of 0.29 kg/(m2⋅h) and a separation factor of 4.03 for 
separation of 50 wt% toluene/n-heptane mixtures. 

2.4. Other emerging materials 

In recent years, other emerging materials have been reported, such as 
2D materials[122–124], carbon molecular sieves (CMS)[30,125], ionic 
liquids (IL)[126–128], polymers of intrinsic microporosity (PIM)[129], 
and so on. This brings more opportunities for membranes and membrane 
processes including the separation of organic-organic mixtures. Table 4 
summarizes the performance of emerging material membranes for per-
vaporation separation of organic solvent mixtures. 

Fig. 7. (a) Schematic illustration of the preparation process of Co (HCOO)2/PEBA membrane[104]. (b) Schematic structure of UiO-66/CS MMM towards methanol- 
DMC separation[105]. 

Fig. 8. SEM image of (a, c) Pebax-Ag+@SNW-1–3/PSf, and (b, d) Pebax-Ag+@SNW-1–9/PSf membranes[97]. (e) Schematic illustration of fabrication process of 
COFs/Pebax nanohybrid membrane[98]. 

Table 4 
Pervaporation performances of emerging material membranes.  

Membranes Feed 
solution 

Temperature/ 
◦C 

Flux/ 
kg/ 
(m2⋅h) 

Separation 
factor 

Ref 

GO-Zn2+ 10 wt% 
MeOH/DMC 

50  0.7 61.9 [123] 

[C8MIM] 
[NTf2] 

80 wt% 
DMC/MeOH 

30  0.74 21 [126] 

PIM-1 23.16 wt% 
MeOH/ 
Ethylene 
glycol 

50  ~0.49 26.15 [130]  
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Graphene oxide (GO), one of the most typical 2D materials, is a de-
rivative of graphene, which has been widely concerned since 2010 s. GO 
is one of the most promising membrane materials with controllable, 
frictionless interlayer channels and good chemical stability, which has 
been widely studied in organic solvent nanofiltration, solvent dehy-
dration, gas separation and water purification. Our group first studied 
the transport behavior of MeOH, DMC and H2O in GO membrane[124]. 
It was found that the priority order of polar molecules adsorbed by GO 
membrane was H2O and MeOH, respectively, but hardly adsorbed DMC 
molecules. Although the lack of effective regulation interlayer channels 
of GO membrane leads to the moderation of MeOH/DMC separation 
performance, the GO membrane showed great potential for the separa-
tion of organic-organic mixtures. Recently, by introducing metal cations 
into the interlayer of GO membrane[123], the interlayer spacing and 
chemical properties of GO membrane were effectively controlled. As 
shown in Fig. 9, cations and GO sheets showed not only electrostatic 
interaction, but also cation-π interaction. Reasonable design of the two 
forces would enhance the size sieving property and stability of GO 
membrane. The effects of the cation species on the structure and sepa-
ration performance of GO membranes were investigated. The optimal 
GO-Zn2+ membrane showed good pervaporation performance with total 
flux of about 0.7 kg/(m2⋅h) and separate factor of 61.9 for separation of 
10 wt% MeOH/DMC mixtures at 50 ℃. The swelling resistance of GO 
membrane after Zn2+ regulation was enhanced, leading to the stable 
separation performance during 120 h continuous operation. 

Supported ionic liquid membrane (SILM) is a continuous liquid film 
formed by uniformly dispersing ionic liquid (IL) into porous substrate 
[131]. IL is composed of anions and anions and exists as a liquid below 
100 ℃. The transport of molecules in SILM membrane follows the 
solution-diffusion model. Therefore, researchers attempted to modify 
the anion and cation of IL to regulate the chemical environment of the 
membrane and enhance its affinity for specific components. Although IL 
shows good chemical stability and low vapor pressure, the stability of 
SILM is still a challenge. SILMs have been widely studied for gas sepa-
ration, and recently imidazolium cation type SILMs have been reported 
for separation of transesterification mixtures[132]. Luis et al. studied 
two SILMs with different cations for pervaporation separation of DMC/ 
MeOH mixtures [126]. 1-octyl-3-methylimidazolium bis(tri-
fluoromethanesulfonyl)imide ([C8MIM][NTf2]) and N-octyl-N- 

methylpyrrolidinium bis(triuoromethanesulfonyl)imide ([C8C1Pyrr] 
[NTf2]) show higher affinity toward DMC, thus both SILMs preferen-
tially penetrate DMC components. The SILM prepared by ([C8MIM] 
[NTf2]) showed higher separation performance. The flux was 0.74 kg/ 
(m2⋅h) and the separation factor was 21 at 30 ℃ at 0.8 M fraction of 
DMC. 

Polymers of intrinsic microporosity (PIM) is a new kind of rigid 
polymeric material. The pore size distribution of PIM is narrow and 
show large porosity. PIM membranes have been widely used for gas and 
liquid separation. Wu et al. studied the pervaporation of water, MeOH 
and ethylene glycol (EG) molecules in PIM-1 membrane[130]. Although 
the solubility coefficients of MeOH and EG in the membrane are similar 
due to the smaller molecular size of MeOH, PIM-1 membrane can 
effectively separate MeOH and EG with a separation factor of 26.15 
based on the size-sieving effect. Interestingly, PIM-1 membrane showed 
an opposite results when dealing with the azeotrope of MeOH and DMC 
(DMC accounted for 18 mol%)[133]. The PIM-1 membrane preferen-
tially penetrated DMC with larger molecular size. At 40 ℃, the separa-
tion factor of 500 μm thick PIM-1 membrane was 2.3, which is 
equivalent to PDMS membrane, but its flux is much higher than PDMS 
membrane. When azeotropic steam was used as feed for vapor perme-
ation, the separation factor of PIM-1 membrane was as high as 5.1, 
which is state-of-the-art performance for the preferential separation of 
DMC via PV process. 

We summarize the pros and cons of the above membrane materials, 

Fig. 9. Schematic of cationic controlled GO membrane for MeOH/DMC separation [123].  

Table 5 
Pros and cons of various membrane materials.  

Membrane type Separation 
performance 

Processability Economic 
feasibility 

Stability 

Polymeric 
membrane 

* ***** ***** ** 

Microporous 
membrane 

***** * ** ***** 

Mixed-matrix 
membrane 

*** **** **** *** 

2D-material 
membrane 

** *** *** **** 

Note: The greater the number of *, the higher the performance. 

S. Liu et al.                                                                                                                                                                                                                                       



Separation and Purification Technology 299 (2022) 121729

11

including separation performance, processability etc. As shown in 
Table 5, although the separation performance and stability of polymeric 
materials are not considerable, they are still the dominant membrane 
materials owing to the good processability and low cost. Microporous 
membranes show high separation performance and stability, while face 
the challenges in scalable and cost-effective fabrication of defect-free 
membrane. MMMs are the balance of the separation performance and 
processability. For emerging membranes such as 2D-material mem-
branes, it is critical to further evaluate the stability and develop large- 
scale fabrication method. 

2.5. Membrane structure and configuration 

Membrane structure and configuration is another key aspect for the 
evolution of membranes for practical applications in separation of 
organic solvent mixtures. For polymer-based membranes, it can be 
divided into homogeneous membrane, asymmetric membrane and 
composite membrane. Homogeneous membrane is a dense film with 
uniform texture and no physical pores, and its thickness is generally tens 
of microns or more[46,133]. It is usually obtained by natural evapora-
tion in the air. This kind of membrane is simple to prepare and its per-
formance is easy to control, but due to the large thickness of the 
membrane, the permeation flux is small. It is usually used in the labo-
ratory to study the intrinsic transport characteristics of membrane ma-
terials [133]. The structure of asymmetric membrane is not uniform, but 
gradually becomes dense along the direction of membranes thickness. 
The loose part plays a supporting role, while the dense cortex plays a 
separating role. The thickness of dense layer is 0.1–1 μm. Asymmetric 
membranes are usually prepared by phase inversion[134]. This kind of 
membrane is relatively rare in the field of separation of organic solvent 
mixtures by pervaporation or vapor permeation, probably due to the 
relatively large pore structure of the selective layer. The composite 
membrane is coated with a dense separation layer on a porous substrate 
[25,48]. This kind of membrane is the most common for PV/VP sepa-
ration of organic solvent mixtures. Different materials can be used for 
the substrate layer and the separation layer. The substrate is generally 
asymmetric ultrafiltration membrane, such PVDF [48] and PAN [105]. 
There are many methods to prepare composite membranes, such as 
coating [48], surface polymerization, etc. 

Microporous membranes can be divided into free-standing mem-
brane and supported membrane. Free-standing membranes can be ob-
tained by hydrothermal synthesis and casting of molecular sieve 
nanoparticles etc. Due to the poor mechanical strength and other 
problems, such membranes are rarely reported in the field of separation 
of organic solvent mixtures by PV or VP. Supported microporous 
membrane is similar to polymeric membrane[73]. It is to combine the 
separation layer material on the surface of the substrate, which can be 
seen in Fig. 4e and 6c [73,79]. It can be obtained by hydrothermal and 
secondary growth methods[77,87] etc. 

The geometry of the PV/VP membrane, for separation of organic 
solvent mixtures can be divided into hollow fiber, tubular[25,77,98], 
flat sheet[105,123] membrane, etc. Different membrane configurations 
are applicable to different membrane modules. Plate and frame mem-
brane module is the most widely used in PV/VP process, in which the 
membrane configuration is flat sheet membrane. In addition, the flat 
sheet membrane is also suitable for roll membrane modules, and its 
filling area is higher than that of plate frame membrane modules. 
Therefore, the membrane and support layer need to be flexible, such as 
PDMS/PVDF [48], GO/PAN [123] membrane. Generally, tubular 
membranes are mostly found in inorganic membranes[77,79], because 
the substrate required for the preparation of inorganic membranes is 
tubular ceramic or metal materials. The filling area is often small. 
Compared with tubular membrane, hollow fiber membrane can obtain 
much higher filling area, but its mechanical strength is lower. 

3. Types of organic solvent mixtures 

3.1. Polar/non-polar compounds 

Polar/non-polar compounds mixtures usually refer to alcohol/ester 
or alcohol/ether mixtures, such as MeOH/DMC and MeOH/MTBE. DMC 
is a kind of chemical raw material with low toxicity, eco-friendly ad-
vantages and wide application. MTBE is often used as a gasoline addi-
tive. During the production, methanol will appear in the reactants and 
products, so it is very important to separate MeOH/DMC or MTBE. 
Membrane separation technology has made some progress in separating 
polar and nonpolar mixtures. As shown in Fig. 10. and Table S1, there 
are abundant membrane materials for separating polar/nonpolar mix-
tures. Hydrophilic materials such as CS usually preferentially penetrate 
the alcohol component. These membrane materials separate polar/ 
nonpolar mixtures through both affinity and size sieving effect. There-
fore, the separation efficiency is usually higher than that of ester- 
selective membrane materials that only rely on preferential affinity. 
Modification of hydrophilic polymer to increase its porosity or segment 
flexibility can effectively improve the separation performance [47,59]. 
For hydrophobic membrane materials, it is very important to further 
improve their affinity for non-polar components and limit swelling by 
filling active particles[106,112]. Compared with polymeric membranes, 
microporous membranes exhibited much higher separation perfor-
mance, although their large-scale fabrication is more difficult[79]. The 
MMMs break the restriction between preparation difficulty and sepa-
ration performance[105]. 

3.2. Aromatic/aliphatic hydrocarbon 

The separation of aromatic/aliphatic is of great significance in the 
field of petrochemical industry, which has attracted much attention in 
recent years. Aromatics and alkanes belong to non-polar or weak polar 
organic compounds. Taking benzene and cyclohexane as examples, in 
the petrochemical industry, the separation of benzene and cyclohexane 
is one of the most important and challenging processes. There is no 
difference in their polarity, but there are p-orbital electrons in the 
benzene ring of aromatics, which can be polarized under the induction 
of polar groups, while alkanes are hardly affected by this. Fig. 11 and 
Table S2 summarize the performance of membrane separation of aro-
matic/aliphatic in recent years. Polymeric membrane materials are 
difficult to obtain high flux and separation factor because of large mo-
lecular size and similar molecular structure of aromatic/aliphatic. PVA 
membranes show high separation factor[110,135], while PEBA mem-
brane show high flux[104]. Incorporating the polymeric membrane with 
porous materials to create more molecular transport channels, or with 
active particles to form a facilitating transport could effectively improve 
the membrane performance[98,136]. 

3.3. Isomers 

The separation of isomers mainly includes xylene isomers, butanol 
isomers and so on. Isomers usually have similar physical and chemical 
properties. In traditional industry, they are mainly separated and puri-
fied by adsorption and low-temperature crystallization, which is com-
plex and energy consuming. PX is an important organic chemical raw 
material, which is widely used in the production of terylene, polyester, 
coatings and pesticide. Researchers are actively developing new sepa-
ration technologies to increase PX productivity and reduce energy 
consumption of aromatics units. Membrane separation technology is 
considered to be one of the most promising technologies. In recent years, 
many promising membrane materials and membrane processes have 
been reported for the separation of xylene. As shown in Fig. 12, Tsapatsis 
et al. compared the state-of-the-art membranes for separation of xylene 
isomers[73]. MFI membrane will obtain ultra-high separation factor and 
good permeation flux for the separation of xylene through VP process 
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[29,90]. Recently, by improving the preparation method of MFI nano-
sheets, MFI nanosheets with no twins and more uniform thickness were 
obtained[73]. The resulting MFI membrane achieved ultra-high PX flux 
as well as good separation factor. However, when the feed side con-
centration increases, the membrane performance will be significantly 
reduced[137]. Pervaporation and reverse osmosis can provide high PX 
flux and moderate separation factor[74,125,138], which is more energy- 
saving than VP process. 

3.4. Gasoline desulfurization 

Sulfur impurities in gasoline will form sulfur dioxide after high- 
temperature combustion, resulting in pollution phenomena such as 
acid rain. The sulfur content of gasoline is limited to less than 10 μg/g in 
many countries[139,140]. Sulfur in gasoline can exist in different forms, 
such as sulfide, mercaptan, etc. In industry, catalytic hydro-
desulfurization (HDS) is usually used for gasoline desulfurization. This 
method is very effective for removing sulfide and disulfide, but has poor 
effect on thiophene and its derivatives, such as dibenzothiophene[42]. 
The solubility parameters of polymers such as PDMS, PEBA, PEG and PU 

Fig. 10. Pervaporation performances of polar/non-polar compounds. Separation of MeOH/DMC mixtures by (a) MeOH-selective membranes and (b) DMC-selective 
membranes; (c) Separation of MeOH/MTBE mixtures. 

Fig. 11. Pervaporation performances of aromatic/aliphatic compounds. (a) toluene/n-heptane mixtures, (b) benzene/cyclohexane mixtures.  
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are close to those of thiophene, so polymeric membranes are expected to 
be used for gasoline desulfurization[141]. 

As shown in Fig. 13[142], Zhan et al. summarized the PV perfor-
mance of gasoline desulfurization in recent years. PDMS is one of the 
deeply studied membrane materials for gasoline desulfurization. The 
performance of PDMS membranes can be improved by crosslinking or 
doping nanoparticles, but its sulfur enrichment factor is usually not 
desirable (4.1–7.6). In addition, the swelling resistance of PDMS mem-
brane needs to be largely improved. PEG is one of the membrane ma-
terials with high sulfur enrichment factor (3.5–12.6) at present, due to 
the regular arrangement of PEG molecular chains. However, the free 
volume of PEG membrane is small, resulting in the relatively low flux. 
The balance between flux and sulfur enrichment factor of PEBA mem-
brane can be achieved by controlling the proportion of hard segment 
and soft segment in PEBA. Additionally, introducing nanomaterials or 
metal cations into the polymer matrix to provide fast transport sites is an 
effective approach to enhance the desulfurization performance. 

3.5. Current status of commercial membranes 

Researchers have been interested in pervaporation separation of 
organic-organic mixtures since the first plant for the removal of meth-
anol from MTBE was reported by Air Products, in 1991. Although a 

variety of membrane materials have been developed for different sys-
tems, so far, only alcohol/ether separation and gasoline desulfurization 
units are in operation, and others are still in the stage of laboratory 
research[17]. 

The hybrid process of pervaporation and distillation is promising for 
the separation of organic solvent mixtures. For example, after MeOH/ 
MTBE is separated by cellulose acetate membrane, which overshoot the 
azeotropic point of C4, and MeOH, the residue enters the distillation 
tower and separates MTBE at the bottom[143]. In 1989, Air Products 
and Chemicals Inc. adopted this process, reducing equipment invest-
ment by about 5 %-20 % [17]. In 2001, Sulzer membrane Co., ltd. and 
Grace Davison Co., ltd. developed the S-Brane process, which used 
polyimide pervaporation membrane to desulfurize FCC gasoline, and 
confirmed the technical and economic feasibility of this process[144]. 
Using S-Brand process to treat 20,000 barrels of medium boiling point 
gasoline with 209 ppm sulfur per day can reduce the sulfur content on 
the rejection side to 64 ppm, and the average sulfur content on the 
permeation side is 662 ppm. About 4700 barrels of gasoline penetrate 
through the membrane, and the average permeation flux is 2.8 kg/ 
(m2⋅h), with an average sulfur enrichment factor of 3.2. With the 
continuous reduction of the concentration in the feed liquid side, the 
requirements for the sulfur enrichment factor of the membrane will be 
higher[145]. The one-time investment cost of S-Brane technology is 20 
%-25 % of that of other desulfurization technologies, and the annual 
operation cost can be saved by 20 % [141]. 

4. Molecular transport mechanism 

4.1. Material aspect 

The transport behavior of organic molecules in different types of 
membrane materials is different. As shown in Fig. 14a, it can be divided 
into dense membrane, porous membrane and mixed-matrix membrane. 
Taking polymeric membrane as an example, it is a typical dense mem-
brane, and the transport behavior of molecules in the membrane usually 
follows the solution-diffusion model. It means that the organic compo-
nents are preferentially adsorbed in the polymer and then diffused 
through the free volumes. Generally, affinity is the first criterion to 
screen polymers for pervaporation membrane. Size discrimination effect 
of the free volume cavities provides additional contribution to the se-
lective permeation of small-sized molecule over large-sized one[8]. For 
example, CS and PDMS membranes show opposite selective permeation 
behavior in the separation of MeOH/DMC mixture[48,59]. This is due to 
the higher affinity of CS membrane for MeOH and the faster diffusion 
rate of MeOH in CS membrane. While PDMS preferentially adsorbs DMC 
with larger molecular size, and the diffusion rate of MeOH molecules in 
large free volume of PDMS membranes is not dominant during the 
separation of MeOH/DMC. In addition, PDMS membrane with higher 
affinity for DMC is easier to be swelled, which further accelerates the 
permeation rate of smaller sized MeOH molecules. Therefore, the sep-
aration efficiency and stability of DMC-selective PDMS membrane 
preferentially penetrating are generally not as good as MeOH-selective 
CS membrane. 

Zeolite membrane is a typical representative of porous membrane. 
The transport of molecules in porous membranes follows the size-sieving 
mechanism. That is, molecules with a size smaller than the pore size of 
the membrane are allowed to pass through. The porous here refer not 
only to the internal pores of the crystal, but also to the defect porous 
between the grain boundaries. Therefore, for microporous membranes, 
crystals with pore sizes between the molecular sizes of the components 
to be separated should be selected. The second is to fabricate an inter-
grown and defect-free membrane, which is a great challenge for some 
zeolites. Finally, controlling the crystal orientation will highly improve 
the separation performance of the zeolite membrane. Inspired by the 
solution-diffusion model for polymeric membranes, functional groups 
can be grafted on the crystal to change the affinity of the membrane to 

Fig. 12. Performance comparison of the state-of-the-art membranes for sepa-
ration of xylene isomers[73]. 

Fig. 13. Comparison of pervaporation desulfurization performances reported 
in literatures[142]. 

S. Liu et al.                                                                                                                                                                                                                                       



Separation and Purification Technology 299 (2022) 121729

14

specific organics to improve the separation performance. 
For MMMs, the molecular transport mechanism is more complex 

because of the existence of matrix and filler. Molecules can pass through 
polymeric phase, filler phase and phase of polymer-filler interface. 
Therefore, the organic solvent separation performance of MMMs is 
usually determined by the synergistic effect of solution-diffusion and 
size-sieving. In addition, molecules tend to pass through the non- 
selective interfacial defects. Because the porous filler phase often has 
higher separation performance than polymeric matrix, it is meaningful 
to try to increase the loading of the filler. It is common to select fillers 
with good compatibility with polymeric matrix or to modify the surface 
of fillers. The matching of permeability and selectivity between matrix 
and filler also deserves attention[44]. In addition to providing selective 
channels for the MMMs, some non-porous fillers providing active sites 
can also enhance the affinity of the polymeric membrane to specific 
components or promote molecular transport, as well as improve the 
structural stability. The interaction between filler particles and polymer 
chains can restrict the motion of polymer chain segments and achieve 
enhanced size-sieving property and stability in the MMMs. 

The transport behavior of molecules in some emerging membrane 
materials is also very interesting. Taking GO membrane as an example. 
As shown in Fig. 7[123], GO nanosheets include oxidized and non- 
oxidized regions, and ordered interlayer channels with size selectivity 
can be formed by stacking GO nanosheets. The channels formed by the 
non-oxidized region can transport molecules almost frictionless. The 
oxidation zone on GO nanosheet has good affinity for specific compo-
nents and improves the dissolution selectivity of GO membrane. The 
interlayer channels of GO membrane can be easily regulated by cross- 
linking, grafting and other methods, so that GO membrane can be 
competent for a variety of systems to be separated. In addition, the 
confinement transport behavior of molecules in 2D sub-nano channels is 
also worth studying. 

4.2. Process aspect 

PV, VP and RO are common membrane processes for separation of 
organic solvent mixtures. The transport mechanism of the three pro-
cesses is worth discussing. As shown in Fig. 14b, VP process is similar to 
gas separation, the feed side is usually azeotropic vapor, and the 
permeate side is also gaseous. Compared with light gas, organic vapor 

usually has lower pressure and lower permeate component pressure, so 
the membrane flux in VP process is not considerable. However, the 
separation factor of VP process is often higher than that of PV and RO 
process, although it needs more energy. This is because the low con-
centration vapor feed has little damage to the membrane structure and 
low swelling degree of polymer membrane. The lower pressure differ-
ence makes the separation performance insensitive to membrane de-
fects. In addition, the effect of concentration polarization of liquid feed 
will be more significant. 

PV is a membrane process having phase change. Its feed side is liquid 
and its permeation side is gaseous. Because of the phase change of the 
feed liquid in the membrane, coupled with the solution-diffusion 
transport mechanism, the components penetrate the membrane at 
different rates. Although the raw materials need to be heated, the PV 
process often requires less heat than VP because it is a liquid feed. Liquid 
feed also brings considerable permeation flux, but the separation factor 
is often moderate due to the reasons discussed above. 

RO is a typical pressure driven membrane process. Both feed side and 
permeate side are liquid, which makes RO process high permeate flux. 
Although the feed side often needs to exert great pressure, its energy 
consumption is much less than that of VP and PV processes owing to the 
absence of phase change. The RO membrane used for organic solvent 
mixtures separation is still in the exploratory stage[125,129,146]. It is 
generally considered that its separation is based on solution-diffusion 
model, which needs to be further explored and verified in the future. 

Taking the separation of xylene as an example, as shown in Fig. 12, 
the membrane performance of VP, PV and RO is restricted by a typical 
trade-off between flux and separation factor. MFI membrane separates 
xylene isomers in VP process with separation factor as high as 10000, 
while that in PV process is only ~ 40. Although the separation efficiency 
of RO process is often lower than that of PV and VP, it shows the highest 
permeation flux greater than 10-3 mol/(m2⋅s). Therefore, the membrane 
process can often be selected according to the actual requirements, and 
the development of excellent membrane materials is the key task. 

5. Conclusions and perspectives 

This review critically comments the emerging membranes for sepa-
ration of organic solvent mixtures by pervaporation or vapor perme-
ation. The current achievements in terms of membrane materials, 

Fig. 14. (a) Schematic of different types of membranes and possible molecular transport routes. (b) Schematic of VP, PV and RO processes.  
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structure design, fabrication approach, separation performance and 
characteristics of different organic mixtures have been thoroughly dis-
cussed. The molecular transport mechanism is compared from the 
perspective of membrane material and process. Here are some insights 
into the PV/VP separation of organic solvent mixtures: 

From the perspective of membrane materials, although the applica-
tion of polymeric membrane is the mainstream at present, the applica-
tion in harsh environments such as organic solvents is still a challenge. 
PI and PDMS etc., which rely on affinity to separate organic solvent 
mixtures, are often prone to swelling, which reduces the performance of 
the membrane. The separation performance and stability of the mem-
brane need to be enhanced by chemical crosslinking or the introduction 
of rigid segments or particles into the polymer chain. CS membrane 
shows excellent performance in separating polar-nonpolar mixtures 
because of the synergy of affinity and size-sieving. The separation per-
formance of CS membrane will be improved by enhancing its amorphous 
region. It is important for PEBA membrane to design the proportion of 
soft section and rigid section to adapt to different separation environ-
ment. Additionally, ultra-thin skin composite membrane is an important 
future direction of polymeric membranes. Microporous membrane ma-
terials are famous for their high separation and high solvent resistance. 
A common challenge for microporous membranes is the scalable fabri-
cation of defect-free separation layer. Moreover, for zeolite membrane, 
on the one hand, it is necessary to develop new zeolite membrane ma-
terials to extent the application spectrum of organic solvent mixtures 
separation. On the other hand, it is the key to develop or improve the 
fabrication method and prepare highly oriented, ultra-thin and defect 
free zeolite membrane layers. The microporous organosilica membranes 
show extraordinary separation performance, where the design of silica 
membrane with size sieving pores is the key to its future development. 
Emerging membrane materials such as MOF, COF and GO have brought 
new possibilities for the separation of organic solvents. It is feasible to 
prepare two-dimensional nanosheets with uniform and lager size, and 
then assemble them into thin membrane with controllable interlayer 
channels. The preparation of 3D framework membranes is another 
promising direction. It is also a good choice to incorporate the polymeric 
matrix with high-performing fillers, such as MOF and COF. In addition to 
the fillers with size-sieving pores, active nanoparticles can also be 
introduced to enhance the affinity and stability of polymer membranes. 
Overall, there are still many space and challenges in developing 
emerging membrane materials for the separation of organic solvent 
mixtures. 

From the perspective of separation systems of organic solvent mix-
tures, there are many kinds of organic mixed systems with their own 
characteristics. Thus, membrane materials should be designed and 
prepared according to the separation target. For example, for the sepa-
ration of polar/nonpolar mixtures, both CS and PDMS are optional 
membrane materials, and their selection depends on the requirements of 
permeate components. Although the CS membrane with preferential 
permeation of MeOH shows better separation performance and stability 
than PDMS membrane, the preferential permeation of DMC is often 
more economical because the molecular content of DMC in the actual 
mixtures is much lower than that of MeOH. For xylenes isomers with 
similar physical properties, it is difficult to separate xylene only 
depending on the affinity of membrane materials. If controlling the 
membrane transport channel size exactly between the molecular sizes of 
xylene isomers, excellent separation performance will be obtained. This 
has been confirmed in MFI zeolite membrane, and should be further 
demonstrated to MOFs or GO membranes with tunable channel sizes. In 
addition to selecting membrane materials with solubility coefficient 
close to that of thiophene for gasoline desulfurization, introduction of 
metal ions into the polymer can interact with thiophene molecules, so as 
to promote the thiophene transport and improve the membrane sepa-
ration performance. This strategy is also applicable to the separation of 
aromatic hydrocarbons/aliphatic hydrocarbons. 

In spite of PV or VP separation of organic-organic mixtures have been 

studied for decades, much more investigations are waiting for the 
designing of membrane materials and exploration of molecular trans-
port mechanism. One is to comprehensively consider the two aspects of 
solution and diffusion for the development of new membrane materials. 
Another is to modify the existing membrane materials by grafting, 
blending and mixed-matrix approaches etc. Toward practical applica-
tion, the following aspects should be particularly considered. i) large- 
scale fabrication and long-term stability of the membrane; ii) process 
integrated technology should be developed, such as pervaporation- 
distillation coupling process; iii) rational use of low-grade heat source in 
the plant to drive the membrane process will promote energy saving in 
the separation process. 
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