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lenged in some cases. Comparedwith conventional separation technologies, pervaporation is quite promising i
terms of its economical, energy-saving, and eco-friendly advantages. However, this technique has not been use
in industry for separating aromatic/aliphatic mixtures yet. One of themain reasons is that the separation perfor
mance of existed pervaporation membranes is unsatisfactory. Membrane material is an important factor that a
fects the separation performance. This review provides an overview on the advances in studying membran
materials for the pervaporation separation of aromatic/aliphaticmixtures over the past decade. Explored pristin
polymers and their hybrid materials (as hybrid membranes) are summarized to highlight their nature an
separation performance. We anticipate that this review could provide some guidance in the development o
new materials for the aromatic/aliphatic pervaporation separation.
© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved
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The separation of aromatic/aliphatic hydrocarbon mixtures, whic
has been studied since the 1960s, is of great importance in the chemica
industry [1,2]. However, because of the very similar physical and chem
ical properties of them (see Table 1), the separation of aromatic an
aliphatic compounds is quite difficult in somecases. Traditionalmethod
for separating aromatic/aliphatic hydrocarbon mixtures include extrac
tive distillation, azeotropic distillation, and liquid–liquid extraction
Compared with these methods, pervaporation technique, as a new an
efficient method, has advantages in both economy and environmen
[2–5]. However, the development of pervaporation membranes use
for separating aromatic/aliphatic hydrocarbonmixtures is comparative
ly slow (Fig. 1). The main reason is that the separation performance o
the pervaporation membrane cannot satisfy industrial requirement
Therefore, the major task at present for the pervaporation separatio
of aromatic/aliphatic hydrocarbonmixtures is to improve the separatio
performance of the membrane.

At present, it is generally believed that the separation mechanism o
pervaporation is the solution-diffusion. Based on this separatio
e

e
f

s
n

oundation of China (21406006,
of Beijing Municipal Education
nd Development of High-Caliber
T&TCD20150309) and the China
M580954).

ring Society of China, and Chemical
mechanism, pervaporation process can be divided into three consecu
tive steps: (1) the components are absorbed and dissolved in the fee
side of the membrane; (2) the components diffuse through the mem
brane; and (3) the components are desorbed at the permeation side o
the membrane [6]. In thus, the separation performance of a membran
depends primarily on the different solution and diffusion ability of aro
matic and aliphatic compounds in membrane materials. In orde
to achieve a good separation performance, the membrane materia
are usually suggested to have a stronger affinity towards aromati
compounds, rather than aliphatic partners.

The extensively explored membrane materials for separatin
aromatic/aliphatic mixtures are organic polymers. They are preferre
due to the advantages of good membrane-forming property, abundan
species, low cost, and easy fabrication. However, the application o
polymers in pervaporation suffers fromobstacle in the trade-off betwee
permeability and selectivity [8–10]. Furthermore, the polymeri
membranes are usually excessively swollen during the pervaporatio
process, leading to poor stability in long-term running. In orde
to solve these problems, in recent years, facilitated transport filler
are incorporated into polymers to form mixed matrix membrane
(MMMs), in which the interaction between aromatic compound
and membrane materials can be enhanced, thereby improving th
separation performances of the resulting membranes. However, new
challenges arise in these hybrid membranes, such as how to improv
dispersion and compatibility, as well as to efficiently control loading o
the particles in polymer.

In this review article, we summarize the latest research advance
concerning the membrane materials used for the pervaporatio
Industry Press. All rights reserved.
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Table 1
The physical and chemical properties of some aromatic and aliphatic compounds

Compounds Molecular weight/g·mol−1 Relative density/g·ml−1 Collision diameter/nm M.p./°C B.p./°C Solubility parameter ((MP)1/2) Ref.

δD δP δH δ

Benzene 78.11 0.8737 0.526 5.533 80.1 18.4 0 2.0 18.6 [2]
Cyclohexane 84.16 0.7786 0.606 6.554 80.738 16.8 0 0.2 16.8 [2]
Toluene 92.14 0.866 0.59 −94.99 110.64 18.0 1.4 2.0 18.2 [7]
n-Heptane 100.20 0.68 0.43 −90.56 98.42 15.3 0 0 15.3 [7]

Note: δ, Hansen solubility parameter; δD, dispersive force contribution; δP, polar contribution; δH, hydrogen bonding contribution. δ2 = δD2 + δP2 + δH2 .

Fig. 1. Publications on the pervaporation separation of aromatic/aliphatic hydrocarbon
mixtures.
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separation of aromatic/aliphatic mixtures. The structural feature
and separation performances of explored membrane materials ar
highlighted and compared. In addition, we also prospect the challenge
and opportunities in this research topic.
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2. Polymeric Membranes

Polymeric membranes are widely applied in the pervaporation fo
the dehydration of organic solvents (alcohols, acids, ethers, an
ketones) [11], the removal of dilute organic compounds from wate
(volatile organic compounds, aroma, and biofuels from fermentatio
broth) [12], the separation of organic liquid mixtures [13], and the de
sulfurization of gasoline [14,15]. Among these processes, the separatio
of aromatic/aliphatic hydrocarbon mixtures is extremely difficult, be
cause of their close physical and chemical properties. The choice of
pervaporation membrane material is dependent on its molecular struc
ture and property. In view of the solution-diffusion mechanism, th
membrane materials should have stronger affinity towards aromati
compounds than aliphatic ones. Although both aromatic and aliphati
compounds have weak polarity, the aromatics which have delocalize
π electrons, can be polarized under the induction of polar groups
while aliphatic compounds are almost not affected. Therefore, themem
branematerials containing polar groups aremore conducive to the pref
erential permeation of aromatics. Meanwhile, according to the principl
of like dissolves like, aromatics preferentially permeate through th
membranes containing benzene rings on the main chain of polyme
and the diffusion of aliphatic compounds is obstructed. The explore
polymeric materials for separating aromatic/aliphatic hydrocarbo
mixtures include polyimides, poly(ether amide)s, polyurethanes
poly(methyl methacrylate)s, polyacrylates, polysiloxanes amides
cellulose alkyl esters, and poly(vinyl alcohol)s.
In this section, the pervaporation performances of polymeric mem
branes fabricated by using different materials are discussed, with relat
ed results being summarized in Table 2.

2.1. Polyimides

Polyimides (PIs) have been widely studied as excellent materials fo
separating aromatic/aliphatic mixtures. They have high chemical an
thermal resistance, good mechanical strength, and superior membrane
forming properties. As shown in Fig. 2, PIs usually contain a benzen
ring, which can interact with the aromatics by π-π stacking interaction
In addition, a strong affinity can be formedbetween the polar imide func
tional groups of PIs and π electrons of aromatic rings. Therefore, the aro
matics can permeate through the PI membrane while the aliphati
compounds are rejected [4,5,16,17]. In order to further improve the affin
ity of PI membranes to aromatics, the structure of molecular chain in PI
can be modified by grafted copolymerization. Ribeiro et al. [18] synthe
sized poly(siloxane-co-imide) and poly(ether-co-imide) as membran
materials to separate toluene/n-heptane and benzene/n-heptane mix
tures. The incorporation of siloxane in the copolymer greatly improve
the permeation flux of membranes, while the introduction of ether ha
no significant effect onpervaporation performance. Their research result
also indicated that the chemical structure of PIs could affect the diffusio
coefficients of aromatics and aliphatic compounds in the membrane
while the separation factor was a result of the differences in solubilit
[19].

The poor solubility of PIs in organic solvents is one of the prominen
problems, which can be improved by introduction of fluorine groups i
PIs. Meanwhile, the free volume of the PI membranes is also increase
[20]. Therefore, they are found to have potential applications in gas sep
aration [21–23] and pervaporation [24,25]. Ye et al. [7] used 2,2-bis(3,4
dicarboxyphenyl)hexafluoropropane dianhydride (6FDA), diamine
including 2,2-bis[4-(4-aminophenoxy)phenyl] hexafluoropropan
(BDAF) and 2,2-bis[4-(4-aminophenoxy)phenyl]propane (BAPP) t
prepare fluorine-containing PI membranes. The prepared 6FDA–BDA
and 6FDA–BAPP membranes were used for separating toluene/n
heptanemixture. The pervaporation performance of 6FDA–BDAFmem
branewas superior to that of 6FDA–BAPPmembrane, which was due t
the strong polarity surface of 6FDA–BDAF membrane and the simila
solubility parameters between toluene and 6FDA–BDAF.

Another approach to improve the separation performance o
membrane is changing the molecular structure in PIs. Crown ethe
can be used tomodify PIs because of its cavity structure. The permeatio
flux of PI membranes was thus improved. Yang et al. [26] fabricated
PI membrane (DSDA–DABC/DDBT) from 3,3′,4,4′-diphenylsulfon
tetracarboxylic dianhydride (DSDA), trans-4,4′-diaminodibenzo-18
crown-6 (DABC) and 2,8(6)-dimethyl-3,7-diaminobenzothiophene
5,5-dioxane (DDBT) using a three-step polymerization method, whic
was followed by further heat treatment for complete imidization. Th
membrane contains crown ether groups in the diamine moieties. Be
cause the crown ether group (DABC) plays a similar role to molecula
recognition for benzene, the DSDA–DABC/DDBT membrane achieve
better pervaporation performance than DSDA/DDBT membrane.

During the pervaporation process, the polymeric membrane mate
rials are prone to excessive swelling, because of the strong affinity wit
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Table 2
Pervaporation performances of a series of polymeric membrane materials

Membrane materials Feed solution Aromatic content/wt% Temperature/°C Permeation flux/g·m−2·h−1 Separation factor Ref.

6FDA–BDAF Toluene/n-heptane 20 80 33 6.49 [7]
6FDA–4MPD/DABA Trimethy benzene/n-hexadecane① 27.4 100 193.3 4.52 [17]
6FDA–4MPD/DABA Trimethy benzene/n-hexadecane① 27.4 150 413.3 2.07 [17]
DSDA–DABC/DDBT Benzene/cyclohexane 60 70 57 28.00 [26]
DSDA–DABC/DDBT Benzene/cyclohexane 60 50 29.2 30.00 [26]
PBI–Matrimid Toluene/iso-octane 50 – 1350 200.00 [28]
6FDA–4MPD/DABA Naphthalene/n-decane 5 120 67–1333 1.88–2.71 [29]
6FDA–4MPD/DABA 9:1 Benzothiophene/n-dodecane 0.25 80–140 – 1.60–3.02 [30]
BTAPPI–TIPA (PEA I) Benzene/cyclohexane 50 50 563 4.70 [34]
BTAPPHI–TIPA (PEA II) Benzene/cyclohexane 50 50 712 4.40 [34]
BTAPPF–TIPA (PEA III) Benzene/cyclohexane 50 50 748 3.90 [34]
BTAPPPI–TIPA (PEA IV) Benzene/cyclohexane 50 50 735 5.90 [34]
BTAPPI–TA (PEA I) Benzene/cyclohexane 50 50 320 6.90 [35]
BTAPPHI–TA (PEA II) Benzene/cyclohexane 50 50 518 6.50 [35]
BTAPPF–TA (PEA III) Benzene/cyclohexane 50 50 569 5.90 [35]
BTAPPPI–TA (PEA IV) Benzene/cyclohexane 50 50 548 7.60 [35]
BTAPPI–IA (PEA I) Benzene/cyclohexane 50 50 430 6.20 [36]
BTAPPHI–IA (PEA II) Benzene/cyclohexane 50 50 592 5.70 [36]
BTAPPF–IA (PEA III) Benzene/cyclohexane 50 50 650 5.00 [36]
BTAPPPI–IA (PEA IV) Benzene/cyclohexane 50 50 620 7.10 [36]
PEBA Toluene/n-heptane 50 40 65 4.30 [37]
PEBA Toluene/n-heptane 50 80 280 4.00 [37]
PEBA 2533 Benzene/cyclohexane 50 30 ~4200 ~1.85 [38]
PEBA 3533 Benzene/cyclohexane 50 30 ~2600 ~2.20 [38]
PEBA 4033 Benzene/cyclohexane 50 30 ~1800 ~2.50 [38]
PU(0)-1000 Benzene/cyclohexane 5 25 189 4.60 [39]
PUI Benzene/cyclohexane 50 40 128 8.25 [40]
PUU Benzene/cyclohexane 50 40 277 6.29 [40]
NBR/Hydrin/PMMA Benzene/cyclohexane 50 60 160 7.30 [42]
p-(MMA-co-MASPE) Toluene/n-heptane 20 80 1070 4.70 [43]
p-(MMA-co-MASPE) Benzene/cyclohexane 20 80 12300 1.90 [43]
p-(MMA-co-MASPE) Benzene/cyclohexane 20 50 3700 4.10 [43]
PDMS/PEI Benzene/cyclohexane – – 218 13.20 [45]
P(AN-b-MA) Benzene/cyclohexane 50 30 70 10.50 [47]
PEO526OHMA Toluene/n-heptane 20 80 1620 7.80 [48]
PolyAn MSE-modified Toluene/n-heptane 10 85 4610 4.985 [49]
PolyAn MSE-modified Toluene/n-heptane 20 85 5130 3.63 [49]
PolyAn MSE-modified Toluene/n-heptane 40 45 3400 3.26 [49]
PolyAn MSE-modified Toluene/n-heptane 40 65 4520 2.79 [49]
PolyAn MSE-modified Toluene/n-heptane 40 85 6580 2.46 [49]
Cellulose alkyl ester Benzene/cyclohexane 5 40 – – [51]
PTET-60/CA Benzene/cyclohexane 10 40 – – [52]
SA25CMC75 Benzene/cyclohexane 19.6 30 2233.67 57.90 [53]
SA25CMC75 Benzene/cyclohexane 13.3 30 1540 88.70 [53]
NBR/SBR/PVC Benzene/cyclohexane 50 60 10000 7.547 [54]
Boltorn W3000 Toluene/n-heptane 10 40 25 10.10 [55]
Boltorn W3000 Toluene/n-heptane 30 40 39 7.70 [55]
Boltorn W3000 Toluene/n-heptane 50 40 63 5.10 [55]
PBG Toluene/n-heptane 50 30 14 5.50 [56]
PAI-SO2 Toluene/n-heptane 50 40 17 7.30 [56]
PBG/PAI-SO2 Toluene/n-heptane 50 40 280 3.80 [56]
PBG Toluene/n-heptane 3 20 0.07 29.20 [57]
PBG/PAI-S Toluene/n-heptane 3 20 0.9 88.00 [57]
6FDA–4,4′-SDA/6FDA–DABA Toluene/n-decane 80 90 63.3 11.80 [58]
6FDA–4,4′-SDA/6FDA–DABA Toluene/n-decane 80 110 233.3 9.30 [58]
PVC Benzene/cyclohexane 50 30 ~21 ~28.50 [59]
PVC/PSVP14 Benzene/cyclohexane 50 30 ~100 ~19.50 [59]

① The feed solution consists of 5 components, which are 18.4 wt% trimethy benzene, 5.6 wt% naphthalene, 3.4 wt% phenanthrene, 40.1 wt% n-hexadecane and 32.5 wt% decalin.
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Fig. 2. The chemical structure of polyimide (PI).
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organic solvent. It will lead to a decline of the separation performance. I
order to improve the stability of the pervaporation membrane, cross
linking is usually used during the membrane preparation proces
Intra- or inter-molecular bonds are formed to constrict polymer chai
mobility and redistribute the number and size of free volume. Bell et a
[27] found that the rubber materials had a lower separation factor i
the separation of aromatic/aliphatic hydrocarbon mixtures. Howeve
the cross-linked PIs and perfluoropolymer membranes had highe
selectivity and stability. PIs and perfluoropolymers had high cohesio
energy, which could reduce the swelling of membranes. Meanwhile
blending different PIs and/or copolymerizing different monomer
could obtain large free volume to improve the pervaporation perfor
mance of membranes.
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Fig. 3. Chemical structures of PBI and Matrimid. The dotted line between the polymers represents hydrogen bonding interaction [28].
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From the application point of view, some researchers attempt to em
ploy commercialized materials (Matrimid and polybenzimidazol
(PBI)) to prepare membranes for separating aromatic/aliphatic hydro
carbon mixtures. Kung et al. [28] reported commercialized PBI and P
Matrimid blendingmembranes to separate toluene/iso-octane mixture
The formation of hydrogen bonding (see Fig. 3) between PBI an
Matrimid could improve the compatibility between them. Increasin
the content of PBI greatly improved the separation factor for the selec
tive transport of toluene, while a corresponding decline in the perme
ation flux was found. This is mainly due to the strong polarity, tigh
and rigid structure as well as enhanced anti-swelling property of PB
For the separation of a 50 wt% toluene/iso-octane mixture, the best per
formance achieved was a separation factor of about 200, and a perme
ation flux of about 1350 g·m−2·h−1.

In the real industry, aromatic/aliphatic hydrocarbonmixtures usuall
contain multi-components. Staudt et al. [17,29–31] used PI copolyme
membrane (6FDA–4MPD/DABA) (Fig. 4) to separate aromatics from
the multi-component mixtures. Three kinds of multi-componen
mixtures with 5 to 9 components were used as feeds. The separatio
performances of the non-cross-linked and cross-linked 6FDA-base
copolyimide membranes were compared. The results showed that th
separation factor of the membrane increased and permeation flux de
creased after cross-linking, which was due to the more tightened net
work of cross-linked membranes. Moreover, the feed temperature ha
a significant effect on the separation performance of the membrane
The permeation flux of PI membrane increased with the increase o
feed temperature [29]. Meanwhile, the chemical stability, structura
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integrity, and anti-swelling property of the cross-linked membrane
were better than those of the non-cross-linkedmembranes [32]. In addi
tion, Roychowdhury and Mitra [33] chose a mixture of n-tetradecan
and phenanthrene (a PAH present in diesel) as the model diesel compo
sition to study their pervaporation separation performance. Th
prepared aromatic PI membrane displayed preferential permeation o
phenanthrene.Moreover, the high thermal stability, chemical resistance
and good mechanical properties of aromatic PI materials and the simpl
and low-cost preparation procedure make the membranes have poten
tial possibility of industrial applications.

2.2. Poly(ether amide)s

Poly(ether amide) (PEA) is another membrane material used fo
separating aromatic/aliphatic mixtures. However, PEA lacks the π elec
tron acceptor, which is usually modified by introducing functiona
groups to change the sorption and diffusion properties of membrane
Maji et al. [34–36] prepared four different semifluorinated aromati
PEA copolymeric membranes (PEA I, PEA II, PEA III and PEA IV) throug
the polymerization reaction of 5-tert-butyl-isophthalic acid (TIPA
and four different semifluorinated aromatic bis(ether amine)
(Fig. 5). These membranes were used to separate benzene/cyclohexan
mixture. The effect of copolymer structures on the selective priority o
benzene was investigated at different feed temperatures. The PEA I
membrane, which contained cardo phenolphthalein anilide unit in th
main chain, exhibited the highest separation factor of 5.9. The PEA I
membrane had the highest permeation flux of 748 g·m−2·h−1. Th
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Fig. 5. The chemical structures of PEAs [34].
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reason is that the cardo fluorene moiety in PEA III can enhance π–
interaction between PEA III and benzene molecules.

The permeation flux of PEAmembranes is relatively high because o
their affinity with aromatics. However, the excessive swelling leads to
poor stability of the membranes during the pervaporation process. I
order to improve the stability of PEA membranes, block copolymer
were used to adjust the property of them. Our group used commercia
poly(ether-block-amide) (PEBA) containing rigid polyamide (PA) seg
ment and flexible polyether (PE) segment as a membrane-formingma
terial to prepare composite membrane [37]. The PEBA separation laye
was formed on the tubular ceramic substrate by a thermal cross
linking reaction. The sorption and diffusion behaviors of toluene an
n-heptane in PEBA were investigated by the inverse gas chromatogra
phy (IGC) technique, which was used to determine the infinite dilut
activity coefficient and the infinite dilute diffusion coefficient of toluen
and n-heptane in PEBA. The results showed that toluene had a highe
solubility and diffusivity in PEBA than n-heptane. The prepared compos
ite membrane had a separation factor of 4.0 and a permeation flux o
280 g·m−2·h−1 at 80 °C when separating 50 wt% toluene/n-heptan
mixture.More importantly, the PEBA/ceramic compositemembrane ex
hibited a stable pervaporation performance in a relatively wide fee
temperature (40 °C–80 °C) and long-time running of 30 h. For the pur
pose of investigating the effect of polymer hardness on pervaporatio
performance of PEBA membranes, Yildirim et al. [38] used differen
grades of commercial PEBA (PEBA 2533, 3533, 4033) asmembrane ma
terials to separate benzene/cyclohexane mixture. The sorption result
showed that all of the PEBA had a higher affinity to benzene than to cy
clohexane. The pervaporation results indicated that with the increase o
PEBA hardness (hardness: PEBA 4033 N 3533 N 2533), the permeatio
flux decreased and separation factor increased. The degree of swellin
(DS) of PEBA membrane was also decreased. The reason was becaus
PE soft segment has a higher affinity towards benzene than PA hard seg
ment. Therefore, the pervaporation performance of PEBA-based mem
branes can be optimized via regulating the ratio of rigid segment an
flexible segment in the PEBA chains.

2.3. Polyurethanes

The segmented polyurethanes (PUs) asmultiblock copolymerswhic
contain two segments are widely used in pervaporation. Wolińska
Grabczyk [39] used the soft–hard segment block co-polymer PUs t
synthesize pervaporation membranes for the separation of benzene
cyclohexanemixture. The soft segment of PU is poly(oxytetramethylene
(PTMO) and the hard segment is 2,4-tolylene diisocyanate (TDI) (Fig. 6
Two low molecular diols, 4,4′-bis(2-hydroxyethoxy)biphenyl (BHBP
and hydroquinone bis(2-hydroxyethyl)ether (HQE) are used to exten
the molecular chain of TDI. The pervaporation results showed that th
chain extended PUmembranes had better permselectivity towards ben
zene, whichmainly resulted from the microphase-separated structure o
the segmented PUs. The hard segments in PU membranes suppress th
excessive swelling, and the soft segments increase the permeability o
the membranes. Ye et al. [40] prepared polyurethaneurea (PUU) an
polyurethaneimide (PUI) membranes, which contained the same so
segment of poly(ethylene adipate)diol and different hard segment
(TDI–MDA hard block in PUU and MDI–PMDA in PUI). The result
showed that for a 50wt% benzene/cyclohexane feed solution, PUUmem
brane gave a separation factor of 6.29 and a permeation flux o
264 g·m−2·h−1, while the separation factor and permeation flux o
PUI membrane were 8.25 and 121 g·m−2·h−1, respectively. Compare
with the PUI membrane, PUU membrane easily swelled and had highe
permeation flux with a lower separation factor. It was because that th
hydrogen density between soft and hard segments could be weakene
during the pervaporation process, which further led to the poly(ethylen
adipate)diol segment in PUU obtained good mobility.
2.4. Poly(methyl methacrylate)s

Poly(methyl methacrylate) (PMMA) has recently attracted consid
erable attention as an organicmatrix inmembrane preparation becaus
of its exceptional thermal and mechanical stability, good chemica
resistance and its compatibility with other membrane materials. Mem
branes prepared by PMMAmixedwith other organic or inorganicmate
rials are widely used in polymer electrolyte fuel cells (PEFCs) [41] an
pervaporation. Okeowo et al. [42] reported a series of nonequilibrium
nanoblend NBR/Hydrin/PMMA membranes to separate benzene
cyclohexane mixture. The membranes were prepared via the therma
cross-linking method. The used membrane materials were PMMA
acrylonitrile butadiene rubber (NBR), and a tercopolymer of ethylen
oxide/epichlorohydrin/allyl glycidyl ether (Hydrin). The chemica
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structures of NBR, Hydrin and PMMA are shown in Fig. 7. NBR an
Hydrin have good heat resistance. They are usually used to control th
permeant solubility. As a result, they can prevent the excessive swellin
of membranes to preserve selectivity. The rigidity and hardness o
PMMA improve the mechanical strength of the membranes. Moreove
the solubility parameter of PMMA is more similar to benzene, resultin
in increasing the selectivity of the membranes. It was found that th
membrane containing 80 wt% NBR, 10 wt% Hydrin, and 10 wt% PMM
had a permeation flux of 160 g·m−2·h−1 and a separation factor o
7.3 when separating 50 wt% benzene/cyclohexane mixture. With th
decrease of NBR content, the permeation flux of the membran
increased, while the separation factor had no significant change. Th
blend membrane could be operated stably in 48 h.
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Fig. 7. The chemical structures of NBR, Hydrin, and PMMA [42].
Methyl methacrylate (MMA) can also be used to prepar
pervaporation membranes for separating aromatic/aliphatic mixture
[43]. The composite membranes were prepared by an interfacial reac
tionwith different polyelectrolytes. An oppositely charged ionic reagen
served as the ionic surfactant. The pervaporation results showed tha
benzene had better permeability in the separation of multi
components aromatic/aliphatic hydrocarbon mixtures. Meanwhile, th
active groups such as sulfoethyl groups in themembrane had a stronge
coordination with the π orbitals of benzene than toluene. Therefore, th
cross-linked p-(MMA-co-MASPE) (Fig. 8)membranes had a higher per
meation flux in the separation of benzene/cyclohexane mixture tha
that of toluene/n-heptane mixture.
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Fig. 8. The chemical structure of poly-(methylmethacrylate-co-methacrylic acid-[3-sulfo-
propyl ester] potassium salt) [p-(MMA-co-MASPE)] [43].
2.5. Polydimethylsiloxanes

Polydimethylsiloxane (PDMS) membranes are widely used in th
field of alcohol permselective pervaporation [3,44], but they have no
been extensively investigated for the separation of aromatic/aliphati
hydrocarbon mixtures. Chen et al. [45] synthesized cross-linked polydi
methylsiloxane/polyetherimide (PDMS/PEI) flat-sheet compositemem
branes to separate benzene/cyclohexane mixture. PEI was prepared a
the asymmetric microporous supporting layer by a phase inversio
method. PDMS was cross-linked as the separation layer on PE
membrane. PDMS and PEI both have\\O\\bond, so their interface ca
cement closely. They found that cross-linking was important for th
anti-swelling property ofmembranes. Both the separation factor and sta
bility performance of the membrane were improved after cross-linking
The average separation factor of PDMS/PEI membranes was 13.2, an
the permeation fluxwas 218 g·m−2·h−1 for benzene/cyclohexanemix
ture. Moreover, the pervaporation performance of the membran
remained stable in 180 h. In order to improve the interfacial stability be
tween PDMS separation layer and substrate, Zhou et al. [46]modified th
polyacrylonitrile (PAN) substrates with poly(methylhydrosiloxane
(PMHS) by plasma treatment. The results showed that the correspond
ing PDMS separation layer displayed quite low DS in toluene an
n-heptane, due to the enhanced interfacial interaction.

2.6. Polyacrylates

Due to the swelling effect of the aromatic/aliphatic mixtures, th
stability of the pervaporation membrane is required to be improved
Block copolymers are usually used to enhance the anti-swellin
property of the membrane. An et al. [47] prepared polyacrylonitrile
block-poly(methyl acrylate) (P(AN-b-MA)) membranes to separat
benzene/cyclohexane mixture. The effect of MA content in P(AN
b-MA) membranes on separation performance was discussed. Whe
the MA content in the membrane increased, the permeation flux o
benzene increased with the separation factor decreased. However, th
relationship between the swelling behavior and the MA content i
the membranes revealed a discontinuity phenomenon. The DS and th
benzene flux increased dramatically when the MA content in th
membrane exceeded 40mol%. All thesemight be explained by the tran
sition of MA segment from a dispersion phase to a continuous phas
with increasing MA content in the P(AN-b-MA) block copolyme
membranes.

In addition to the membrane material, the structure of the composit
membrane also has a significant influence on the swelling resistance. L
et al. [48] developed a novel atmospheric dielectric barrier discharg
(DBD) plasma graft-filling technique to prepare “pore-filling” composit
membranes. The PEO526OHMA/PAN membrane was prepared b
grafting poly(ethylene glycol) methacrylate (PEO526OHMA) in th
sublayer pores and onto the surface of the asymmetric PANultrafiltratio
membrane. By the double-plasma grafting strategy combining the syn
irradiation grafting with the post-irradiation grafting, the “pore-filling
compositemembrane exhibited excellent performance for pervaporatio
of aromatic/aliphatic hydrocarbonmixtures.When the feed solutionwa
20 wt% toluene/n-heptane mixture, the separation factor of the mem
brane was 7.8, while the permeation flux was 1620 g·m−2·h−1. Mean
while, the “pore-filling” structure effectively suppressed excessiv
swelling of themembrane during the pervaporation process, thereby im
proving the stability of themembrane. Iravaninia et al. [49] usedmolecu
lar surface engineering (MSE) technique to modify the surface o
asymmetric PAN membrane with polyoxyethylene methacrylates an
monomethyl polyoxyethylene methacrylate as pore-filling agents. Th
MSE-modified membrane exhibited a high flux of 4610 g·m−2·h−

with a separation factor of 4.985, when separating 10 wt% toluene
n-heptane mixture. Meanwhile, they predicted the unsteady stat
transport of toluene and n-heptane through the membranes in
pervaporation process via a 2Dmathematical model [50]. The simulatio
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resultswere in good agreementwith the experimental data, and reveale
that the developed model could provide a general simulation of mas
transport in the pervaporation process.
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2.7. Celluloses

Cellulose (Fig. 9) has a good durability to organic solvents, so it ca
be used to control the excessive swelling of membranes during th
pervaporation process. However, the permeability of cellulose mem
branes is low due to their weak affinity with aromatic and aliphati
compounds. Therefore, cellulose should be modified with functiona
groups to improve the affinity with aromatics before used to prepar
membranes. Uragami et al. [51] prepared a series of cellulose alky
ester membranes containing ethyl, butyryl, pentyl, and heptyl group
These membranes were used to separate benzene/cyclohexan
mixture. The permeation flux of cellulose alkyl ester membranes wit
different substitution groupswas improved compared to that of pristin
cellulose membranes. This could be due to the increased DS of mem
branes after incorporation of alkyl ester. In addition, they found tha
the carbon number in the ester groups had an important effect on th
permeation flux and separation factor. When the carbon number i
the ester groups increased, the swelling of membrane obviously in
creased, resulting in an increase of the permeation flux. Meanwhil
for all cellulose alkyl ester membranes with different number of carbo
in the alkyl ester groups, the diffusion selectivity was greater than th
sorption selectivity, which indicated that the separation of benzene
cyclohexane mixture through the cellulose alkyl ester membranes wa
mostly governed by the diffusion process.
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Fig. 9. The chemical structure of cellulose.
The separation performance of the cellulose membrane can also b
controlled by blending other substances. Bai et al. [52] prepare
poly(trimethyleneco-ethylene terephthalate)/cellulose acetate (PTET
60/CA) blend membranes to separate benzene/cyclohexane mixture
When the mass fraction of PTET-60 in PTET-60/CA blends (WPTET-60

was lower than 0.35 or more than 0.5, PTET-60 had good compatibilit
with CA. When the weight fraction of PTET-60 increased from 0 to 0.35
the DS and permeation flux of the blendmembranes increased. A serie
of blend membranes with different compositions were synthesize
via solution blending of sodium alginate (SA) (Fig. 10) and sodium
carboxymethyl cellulose (CMC) [53]. The pervaporation result
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Fig. 10. The chemical struct
demonstrated that the permeation flux increased with the increase o
CMC concentration. However, when the concentration of CMC in
creased to 75wt%, extensive swellingwas found and the separation per
formance declined. For a 19.6 wt% benzene/cyclohexane mixture, th
blend membrane containing 25% SA and 75% CMC showed optimum
flux and separation factor. The separation factor and permeation flu
could achieve 57.90 and 2233.67 g·m−2·h−1, respectively.

3. Hybrid Membranes

Although pure polymers can be used to prepare membranes for th
separation of aromatic/aliphatic hydrocarbonmixtures, it is difficult to s
multaneously obtain high membrane flux and separation factor. In add
tion, the excessive swelling of the polymeric membranes in organ
solvent will lead to the degradation of separation performance durin
the long-term running. In recent years, hybridmembranes have attracte
a great deal of attention because of their prefect adsorption/separatio
properties and comprehensive potential applications. Organic/inorgan
hybrids are the most common materials, which have been studied b
many researchers. Organic polymer materials have good flexibility an
toughness, while inorganicmaterials can improve the anti-swelling prop
erty,mechanical strength, chemical resistance and thermal stability of th
membrane. In addition, the incorporated particles have a strong interac
tion with the aromatic hydrocarbons, which can enhance the interactio
between the membrane materials and aromatic hydrocarbons, thus t
improve the solubility selectivity of the membrane. The incorporation o
particles in polymer could also increase the free volume of themembran
andmass transfer channel, so that the permeability of themembrane ca
be improved. At present, facilitated transport fillers that have been use
include organic macromolecules (cyclodextrin, chitosan and calixarene
inorganic particles (transition metal ions, molecular sieves, carbon nano
tubes, graphite, graphene oxide and silicon dioxide), and metal–organ
materials (MOFs and MOPs).

In this section, the effect of different facilitated transport fillers o
pervaporation performances of hybridmembranes is discussed,with re
lated results being summarized in Table 3.

3.1. Organic macromolecules as the dispersion phase

Organic macromolecules as the dispersion phase for preparing hy
brid membranes have the advantage of good membrane-forming prop
erties and compatibility with polymer matrix. They are doped int
polymer membranes to improve the affinity of membranes with aro
matics. The mass transfer of aromatics is promoted to improve the sep
aration performance of membranes.

3.1.1. Cyclodextrin
Cyclodextrins are a series of cyclic oligosaccharides which can b

produced by the hydrolysis of amylose. The α-cyclodextrin (α-CD) o
β-cyclodextrin (β-CD) containing hydrophobic cavities are generall
composed of six or seven glucose units by an α-1,4-glycosidi
linkage (Fig. 11). Peng et al. [60] doped commercial poly(vinyl alcoho
(PVA) with β-CD to prepare β-CD/PVA hybrid membranes for th
pervaporation separation of benzene/cyclohexane mixture. Glutaralde
hyde (GA) was used as the cross-linker to immobilize cyclodextrins i
the polymer matrix. Compared to pure PVA membranes, the β-CD
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ure of sodium alginate (SA).
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Table 3
Pervaporation performances of different hybrid membranes

Dispersion phase Continuous phase Feed solution Aromatic
content/wt%

Temperature/°C Permeation
flux/g·m−2·h−1

Separation
factor

Ref.

10 wt% graphite PEBA Toluene/n-heptane 50 40 29 10.40 [37]
8 wt% organophilic bentonite SA25/CMC75 Benzene/cyclohexane 13.3 30 713 212 [53]
8.0 wt% β-CD PVA Benzene/cyclohexane 50 50 30.9 (benzene) 27.00 [60]
60 mol% β-CD PEG-DMA10,000/PEG-DMA4000 Toluene/cyclohexane 10 60 5.45 14.00 [61]
20 wt% calix PVAc Benzene/cyclohexane 50 37 ~50 ~1.50 [62]
20 wt% α-CD PVAc Benzene/cyclohexane 50 37 ~26.32 ~0.65 [62]
20 wt% β-CD PVAc Benzene/cyclohexane 50 37 ~242.86 ~0.65 [62]
50 wt% CS PVA Benzene/cyclohexane 50 50 51.41 49.90 [64]
7 wt% H-β-zeolite PVC Benzene/cyclohexane 50 50 106.9 8.13 [71]
7 wt% Rh/H-β-zeolite PVC Benzene/cyclohexane 50 50 106.1 13.46 [71]
7 wt% H-β-zeolite PVC Benzene/cyclohexane 50 30 23.2 12.06 [71]
7 wt% Rh/H-β-zeolite PVC Benzene/cyclohexane 50 30 38.8 26.44 [71]
1.5 wt% MWCNTs CS Benzene/cyclohexane 50 20 140.35 3.43 [72]
1.5 wt% MWCNTs-Ag+ CS Benzene/cyclohexane 50 20 357.96 7.89 [72]
1.5 wt% MWCNTs CS Benzene/cyclohexane 50 40 182.64 3.42 [72]
1.5 wt% MWCNTs-Ag+ CS Benzene/cyclohexane 50 40 432.64 6.75 [72]
1.5 wt% MWCNTs CS Benzene/cyclohexane 50 60 237.01 2.63 [72]
1.5 wt% MWCNTs-Ag+ CS Benzene/cyclohexane 50 60 441.48 6.01 [72]
AgCl (AOT) PMMA Benzene/cyclohexane 50 30 5000 1.10 [73]
AgCl (F127) PMMA Benzene/cyclohexane 50 30 ~1400 ~3.00 [73]
AgCl (C12mimCl) P(MMA-co-AM) Benzene/cyclohexane 50 30 ~740 ~9.40 [75]
AgCl (C12mimCl) P(MMA-co-ST) Benzene/cyclohexane 50 30 ~2000 27 [76]
1 wt% Ag–GO (15 wt% Ag) PI Benzene/cyclohexane 50 30 ~1600 ~35 [78]
6 wt% carbon graphite PVA60/CS40 Benzene/cyclohexane 50 50 124.2 59.80 [79]
6 wt% graphite PVA Benzene/cyclohexane 50 50 91.3 91.60 [80]
6 wt% crystalline flake graphite PVA Benzene/cyclohexane 50 50 90.7 100.1 [81]
6 wt% crystalline flake graphite PVA Benzene/cyclohexane 10 50 40.2 344.5 [81]
0.1 g·L−1 GO PVA Toluene/n-heptane 50 40 27.0 12.90 [82]
6 wt% CMS PVA Benzene/cyclohexane 50 50 59.25 (benzene) 23.21 [88]
6 wt% β-CD-CNT PVA Benzene/cyclohexane 50 60 61 (benzene) 41.20 [92]
CNT(CS) (0.5 wt%) PVA Benzene/cyclohexane 50 50 53.0 23.10 [93]
CNT(CS) (1.0 wt%) PVA Benzene/cyclohexane 50 50 60.8 30.40 [93]
CNT(CS) (1.5 wt%) PVA Benzene/cyclohexane 50 50 67.3 37.60 [93]
CNT(CS) (2.0 wt%) PVA Benzene/cyclohexane 50 50 65.9 53.40 [93]
CNT(CS) (2.5 wt%) PVA Benzene/cyclohexane 50 50 58.9 46.40 [93]
0.2 wt% pristine MWCNT PMMA Benzene/cyclohexane 50 30 ~1100 ~3.65 [94]
1.0 wt% MWCNT-NH2 PMMA Benzene/cyclohexane 50 30 ~2400 ~21.00 [94]
0.5 wt% MWCNT-COOH PMMA Benzene/cyclohexane 50 30 ~1700 ~6.10 [94]
40 wt% Maxsorb SPD30 PVC Toluene/n-heptane 50 54 20 9.10 [99]
40 wt% Maxsorb SPD30 PVC Toluene/n-heptane 50 74 80 6.30 [99]
28 wt% GPTMS PVA Benzene/cyclohexane 50 50 137.1 46.90 [102]
M10% Nanocor clay PVC Toluene/n-heptane 50 74 ~60 ~4.00 [104]
M10% Nanocor clay PVC Toluene/n-heptane 70 74 ~240 ~3.86 [104]
0.75 wt% Cu3(BTC)2 PVA Toluene/n-heptane 50 40 133.3 17.90 [111]
4 wt% Co(HCOO)2 PEBA Toluene/iso-octane 10 40 826 7.20 [112]
4 wt% Co(HCOO)2 PEBA Benzene/cyclohexane 10 40 760 4.60 [112]
4 wt% Co(HCOO)2 PEBA Toluene/cyclohexane 10 40 685 4.00 [112]
4 wt% Co(HCOO)2 PEBA Toluene/n-heptane 10 40 771 5.10 [112]
4.8 wt% MOP-tBu W3000 Toluene/n-heptane 50 40 220 19.00 [114]
4.8 wt% MOP-tBu W3000 Toluene/n-heptane 50 30 66.7 54.60 [114]
4.8 wt% MOP-tBu W3000 Benzene/cyclohexane 50 30 392.3 15.40 [114]
5.0 wt% MOP-OH W3000 Toluene/n-heptane 50 40 393 7.14 [115]
6.0 wt% MOP-SO3NanHm W3000 Toluene/n-heptane 50 40 528 8.03 [115]
6.0 wt% MOP-SO3NanHm W3000 Toluene/n-heptane 10 40 400 17 [115]
6.0 wt% MOP-SO3NanHm W3000 Benzene/cyclohexane 50 40 540 8.4 [115]
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PVA hybrid membranes had an increased benzene permeation flux o
30.9 g·m−2·h−1 and a separation factor of 27 for a 50 wt% benzene
cyclohexane mixture. This is due to the fact that the doping of β-CD
could increase the solubility selectivity and diffusion selectivity ofmem
branes. They also presented a possible separation mechanism of ben
zene and cyclohexane molecules: firstly, benzene molecules ar
absorbed onto the β-CD/PVA hybrid membranes; then benzene mole
cules are transported through the membranes by jumping from on
β-CD to another. However, cyclohexane molecules are strongl
adsorbed onβ-CD. Hence, benzenemoleculeswill preferentially perme
ate through the β-CD/PVA hybrid membranes while cyclohexanemole
cules are rejected.

Rölling et al. [61] used polyethylene glycol dimethacrylate (PEG
DMA) and acrylated cyclodextrin to prepare cross-linked copolyme
for separating toluene/cyclohexane mixture. The copolymer wa
cross-linked by ultraviolet (UV). They found that compared with pur
PEG-DMA membranes, the membranes incorporated with α-CD an
β-CD showed a higher selectivity to aromatics. However, the selectivit
of the membranes based on α-CD and β-CD had no obvious difference
but the permeation flux of themembranes containingα-CDwas highe
at low aromatic feed concentrations. Thismight be explained by the fac
that the size of aromaticmolecule is larger than the cavity ofα-CDand i
difficult to be trapped. The complex formation constant is lower tha
that of the β-CD and toluene.

Dubey et al. [62] compared the separation performances of th
poly(vinyl acetal) (PVAc) membranes incorporated with different mac
romolecules, such asα-CD, β-CD and butyl calixarene (calix). The diam
eter of the cavity varies in the order:β-CD (0.78 nm) Nα-CD (0.57 nm)
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Fig. 11. The chemical structures of α-cyclodextrin and β-cyclodextrin.
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calix (0.20 nm). The results indicated that the membranes containin
α-CD or calix showed slight decrease on permeation flux due to th
small cavity.While themembrane containing β-CDwith the large cavit
had a high permeation flux. However, therewas no significant differenc
on the separation factor of these modified membranes. It demonstrate
that the cavity of the cyclodextrin had a significant influence on the per
meation flux of the membrane.

3.1.2. Chitosan
Chitosan (CS) (Fig. 12) is a cationic polysaccharide, which has som

desirable properties such as high hydrophilicity, good chemical resis
tance, biodegradability, and good membrane-forming propert
[63]. Meanwhile, as a rigid polymer, CS has a large free volume an
allows easy segmental mobility in glassy state, which results in hig
permeability. More importantly, CS is a natural polymer which can b
easily obtained by alkaline deacetylation of chitin. Because of thes
advantages, CS becomes one of themost commonmembranematerial
Lu et al. [64] reported PVA/CS blend membranes which were prepare
by incorporation of PVA andCS in varyingproportions for the separatio
of benzene/cyclohexane mixture. Compared with pure PVA and C
membranes, the PVA/CS blend membranes had a better pervaporatio
performance. For a 50 wt% benzene/cyclohexane mixture, the PVA/C
blend membrane with 50 wt% CS showed a total permeation flux o
51.41 g·m−2·h−1 and a separation factor of 49.9. The intermolecula
hydrogen bonding between PVA molecules and CS molecules resulte
in looser arrangement of the two polymer chains in PVA/CS blendmem
branes. Consequently, the diffusivity of components was enhance
in PVA/CS blend membranes. Meanwhile, the separation factor wa
greatly improved with the existence of sufficient amount of hydrophil
groups in blend membranes.

3.2. Inorganic particles as the dispersion phase

Organic–inorganic hybrid membranes possess both advantages o
polymeric materials and inorganic particles, which have attracte
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Fig. 12. The chemical
much attention in recent years [65–69]. Inorganic particles can improv
the anti-swelling,mechanical strength, chemical resistance and therma
stability of membranes. Nowadays, inorganic particles used as fillers fo
separating aromatic/aliphatic hydrocarbonmixtures includemetal ion
carbon materials, zeolite molecular sieves and silicon dioxide. Althoug
the incorporation of inorganicfillers in polymers could improve the sep
aration performance of membranes, there are still some problem
which need further research, such as the controlling of particle siz
and dispersion, reducing particle agglomeration, improving the com
patibility between polymers and inorganic particles, losing of particle
during the pervaporation process, and increasing the loading of inor
ganic particles in polymers. All of these conditions may have a signifi
cant influence on the separation ability of membranes.

3.2.1. Metal ions
Transition metal ions can form δ bond with carbon atoms, and the

orbitals in these transitionmetal ions enable them to form d–π conjuga
tion interaction with unsaturated hydrocarbons. Because of these prop
erties, transition metal ions can be used as fillers to prepare hybri
membranes for separating aromatic/aliphatic hydrocarbon mixture
[70–72]. Wu et al. [73–76] prepared AgCl/PMMA hybrid membrane
by in situ polymerization. The effect of surfactants on the size an
morphology of AgCl nanoparticles, the structure and pervaporatio
performance of the hybrid membranes were investigated. They pre
pared some hybrid membranes containing small molecule surfactant
such as dioctyl sodium succinate (AOT) and a triblock copolyme
polyoxyethylene–polyoxypropylene–polyoxyethylene (F127). AOT sur
factant has poor compatibility with the polymers, which results in th
formation of two phases between AOT and the polymers. Thus, larg
particles reached severalmicrometers in size and appeared in themem
brane after polymerization because of the aggregation of the particle
[70]. When the surfactant was replaced by F127, small AgCl nanopart
cles were formed in themicroemulsion andwere distributed uniforml
in the hybrid membrane after polymerization. It was because of the fa
vorable affinity between the surfactant and PMMA. However, becaus
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structure of chitosan.
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the solubility of F127 in the MMA solution was weak, the amount o
AgCl nanoparticles in the microemulsion was limited, which furthe
decreased the separation performance of the hybrid membranes. I
order to solve this problem, polymerizable 2-acrylamido-2-methy
propane sulfonic acid (AMPS) as another surfactant was added i
microemulsion to prepare AgCl/poly(GMA-co-MMA-co-AMPS) copoly
mer hybrid membranes.

In order to control the size and loading of AgCl nanoparticles,Wu et a
proposed a method namely ionic liquid microemulsion to prepare AgC
poly(MMA-co-AM) and AgCl/poly(MMA-co-ST) hybrid membranes
During the preparation process, they used the ionic liquid 1-dodecyl-3
methyl imidazoium chloride (C12mimCl) as the surfactant, methy
methacrylate-acrylamide (MMA-co-AM) and methyl methacrylate
styrene (MMA-co-ST) as the oil phase, respectively. With the concentra
tion of C12mimCl increasing, the permeation flux and separatio
factor increased. When the concentration of C12mimCl was more tha
5mol·L−1, the separation factor slightly decreased because of the forma
tion of cavities in the hybridmembranes after removing C12mimCl. The
bonding between ST and benzene molecules could improve the DS o
AgCl/poly(MMA-co-ST) hybrid membranes, which promoted the diffu
sion of benzene molecules in the polymer matrix, thus enhancing th
separation performance.

Ag nanoparticles can also be doped into polymeric materials to pre
pare hybrid membranes. The aggregation of Ag in themembranes has
significant influence on the separation performance. Mahmoudi et a
reported that combining Ag nanoparticles with graphene oxide (GO
nanosheetsmay result in the uniform distribution of themetal particle
in the membrane [77]. Meanwhile, adding metals or metal oxide nano
particles onto the GO surface or into the lamellar structure of GO can ef
fectively prevent the aggregation of GO. Dai et al. [78] prepared GO–A
nanoparticle composites through impregnation reduction using differ
ent reactants. Then, a series of GO–Ag/PI hybrid membranes were pre
pared by in situ polymerization to separate benzene/cyclohexan
mixture. Experiment results showed that PI hybrid membranes con
taining Ag–GO–C exhibited the best separation performance among hy
brid membranes. This was due to that in the Ag–GO–C nanoparticl
composites, the distribution of small Ag nanoparticles on the GO surfac
and in the hybrid membranes was more homogeneously compare
with the membranes prepared using other reactants. Moreover, th
pervaporation performance of the hybridmembranes initially increase
but eventually decreased with Ag content increasing in Ag–GO nano
particle composites. At high Ag content in Ag–GOnanoparticle compos
ites, the great aggregation of Ag nanoparticles in hybrid membrane
would hinder the diffusion of benzenemolecules in the polymermatrix
The best performance of GO–Ag–C/PI hybrid membranes was obtaine
at 15 wt% Ag content in Ag–GO nanoparticle composites. The perme
ation flux and separation factor were ~1600 g·m−2·h−1 and ~35
respectively, when the feed was 50 wt% benzene/cyclohexane mixture

3.2.2. Carbon-based materials
Graphite consists of the repetitions of hexagonal carbon ring, whic

is similar to the structure of benzenemolecule. The σ and π bond inter
action between graphite and benzene molecules can improve th
pervaporation performance of membranes for separating aromatic
aliphatic hydrocarbonmixtures. Lu et al. [79] filled PVA and CS blendin
membranes with carbon graphite (CG) to prepare CG–PVA/CS hybri
membranes. The free volume of CG–PVA/CS hybrid membranes signifi
cantly increasedwith the incorporation of CG. The DS of CG–PVA/CS hy
brid membranes in benzene/cyclohexane mixture increased with th
increase of CG content due to the loosening of polymer chain arrange
ment and the decrease of crystallization degree. The results indicate
that the separation factor wasmainly dominated by solubility selectivi
ty rather than diffusivity selectivity. Moreover, both the loading of CG
and the mass ratio of PVA to CS in hybrid membranes would affect th
separation factor and permeation flux of the CG–PVA/CS hybrid mem
branes. They also studied the influence of crystalline flake graphite o
the separation of benzene/cyclohexane mixture [80,81]. Compare
with pure PVA membranes which had a separation factor of 16.9 an
a permeation flux of 23.1 g·m−2·h−1, PVA–graphite hybrid mem
branes showed an increasing separation factor with 6-fold (91.6) an
an increasing permeation flux with 4-fold (91.3 g·m−2·h−1) for
50 wt% benzene/cyclohexane mixture. This may be due to the fact tha
graphite has much higher flexibility, and the defect-free voids at th
PVA–graphite interface are formed, which loosens the chain packin
of PVA and increases the free volume of membrane [80].

Recently, graphene oxide (GO) as an atomic layer thick nanoshee
containing oxygen-rich functional groups, offers a potential for makin
nanocomposite materials with high chemical stability, excellent anti
fouling and strong hydrophilicity properties. Our group [82] prepare
a poly(vinyl alcohol)–graphene oxide (PVA–GO) nanohybrid laye
onto an asymmetric PAN ultrafiltration membrane to form a “pore
filling” membrane by a dynamic pressure-driven assembly method
The size of GO sheet was reduced tomatch the aperture of the substrat
by ultrasonic dispersion. Therefore, the GO sheet could penetrate int
the pores of the substrate to form a “pore-filling” structure. The dopin
of GO nanosheet into PVA molecules increased the π electron accepto
thereby improving the separation performance of hybrid membranes
Meanwhile, the “pore-filling” structure of the PVA–GO hybrid mem
brane helped to suppress excessive swelling of the membrane, and it
stability was effectively improved. The pervaporation experiment
showed that the separation performance of hybrid membrane had n
significant change even after immersion of the membrane in th
50 wt% toluene/n-heptane mixture for 480 h.

Apart from graphite and its derivatives, carbon molecular siev
(CMS) as an outstanding candidate is also doped into polymeric mate
rials to prepare hybrid membranes. CMS has appropriate pore size, nar
row pore size distribution, and interconnected pore. At the same time
CMS possesses high adsorption selectivity towards organic compound
which promotes its wide application in adsorption and separation pro
cesses. It is important that CMS is not affected by swelling and can oper
ate at high temperatures and under harsh solvent environments
Therefore, CMS-based membranes have great applications in the fiel
of gas separation [83,84], removal of dilute organic compounds from
water [85], dehydration of organic solvents [86,87], separation of organ
ic liquid mixtures [88] and separation of biofuel [89]. Sun et al. [88] pre
pared PVA–CMS hybrid membranes to separate benzene/cyclohexan
mixture. The hydrogen bond interaction among PVA polymer chain
was decreased by the filling of CMS to make the chains more flexible
The crystallinity of PVAmembranewas thus decreased and the free vol
ume in the membrane was increased. PVA–CMS hybrid membran
could effectively reduce mass transfer resistance and improve the per
meation of benzene molecules. However, when the filling of CMS wa
excessive, the hybrid membranes inhibited the permeation of benzen
molecules because excessive CMS took up the free volume and adjoin
ing CMS particles blocked the pores on the CMS.

Carbon nanotube (CNT) is another important member in the famil
of carbon materials. It has many superior properties such as high flexi
bility, low mass density, high-specific surface area, and the effectiv
π–π stacking interaction with aromatic compounds [90,91]. Therefore
CNT can be a candidate to separate aromatic/aliphatic hydrocarbo
mixtures. Peng et al. [92] prepared PVA/CNT hybrid membranes to sep
arate benzene/cyclohexane mixture. The CNT was dispersed by β-CD
Compared with pure PVA membranes and β-CD/PVA membranes, th
Young's modulus and thermal stability of β-CD-CNT/PVA hybrid mem
branes were significantly improved. The results showed that π–π stack
ing interaction existed between CNT and benzene molecules, whic
enhanced the adsorption and diffusion of benzene molecules in th
membranes. In addition, CS is another choice to disperse CNT due t
the emulsifying capacity of CS and the unique solubility behavior o
CS. Compared with β-CD-CNT, the dispersion and solubility behavio
of CNT in membrane can be remarkably improved through substantia
wrapping of CS. Thus, Peng et al. [93] prepared hybrid membrane
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using PVA and CNT wrapped with CS to separate benzene/cyclohexan
mixture. The free volume of PVA–CNT nanohybrid membranes was in
vestigated by molecular dynamics (MD) simulation. The pervaporatio
performance of PVA–CNT(CS) (CNT content: 2.0 wt%) nanohybri
membrane is much better than that of β-CD-CNT/PVA hybri
membrane. It may be attributed to the suitable pore size of PVA
CNT(CS) (0.269 nm) which is between the size of benzene molecul
(0.263 nm) and cyclohexane molecule (0.303 nm).

In recent years, multiwalled carbon nanotube (MWCNT) is also use
to prepare hybrid membranes for the separation of benzene/cyclohex
ane mixture. Wang et al. [94] used two chemical methods to modif
MWCNT surface in order to change the surface polarity of the MWCN
and improve its distribution in PMMA. MWCNT-PMMA hybrid mem
branes containing aminated MWCNTs (MWCNT-NH2) and carboxyli
MWCNTs (MWCNT-COOH) were prepared. MWCNT-NH2 exhibite
high surface polarity, which therefore contributed to the distributio
of MWCNT-NH2 in PMMA. The highest separation factor for the hybri
membranes containing 1.0 wt% MWCNT-NH2 was about 21, whic
was about seven times that ofmembranes containingpristineMWCNT
It is maybe due to the strong complexation between benzenemolecule
and MWCNT-NH2. MWCNTs can also be modified by metal ions such a
Ag+. Shen et al. [72] doped functionalizedMWCNTswhichwere grafte
with Ag+ on the pyridine ring by a complexation reaction into a C
membrane to prepare MWCNTs-Ag+/CS hybrid membranes for sepa
rating benzene/cyclohexane mixture. The pervaporation performanc
of MWCNTs-Ag+/CS hybrid membranes was higher than that o
MWCNTs/CS hybrid membranes and pristine CS membranes.

Active carbon is widely reported in the field of adsorption o
separation of organic compounds [95], desulfurization of fuel [96] an
adsorption or separation of gas [97,98] because of its high adsorption se
lectivity, the molecular sieving properties and capacity towards mos
hydrophobic organic compounds. Aouinti et al. [99] doped super act
vated carbon (Maxsorb SPD30) into PVC to prepare hybrid membrane
for the separation of toluene/n-heptane mixture. The hybrid mem
branes had high affinity with toluene molecules. With the increase o
Maxsorb SPD30 content, the permeation flux of hybrid membranes in
creased rapidly, while the Young's modulus decreased slightly. Whe
the loading of Maxsorb SPD30 was up to 40 wt%, the best separatio
performance was obtained.

3.2.3. Zeolite molecular sieves
With a series of advantages such as high mechanical strength, goo

thermal and chemical stability, zeolite molecular sieve has bee
used as a kind of fillers to prepare hybrid membranes [100,101
Zhang et al. [71] used Rh-loaded H-β-zeolite (Rh/H-β-zeolite) as an in
organic particle doped into PVC to prepare hybrid membranes for th
pervaporation separation of benzene/cyclohexane mixture. Th
pervaporation performance of Rh/H-β-zeolite hybrid membranes wa
much better than that of pure PVC membranes, which was due to th
strong interaction between benzene molecules and Rh/H-β-zeolite. A
the loading of Rh/H-β-zeolite increased, the separation factor of hybri
H
2

C

H

C

O

CHCH2OCH2CH2CHHOH2C

a

Fig. 13. The chemical stru
membranes increased firstly and then decreased. The membrane con
taining 7 wt% of Rh/H-β-zeolite had the highest separation factor o
26.44 for a 50 wt% benzene/cyclohexane mixture. When the feed con
centration of benzene increased, the permeation flux increased whil
the separation factor decreased due to plasticization or swelling o
membranes.

3.2.4. Silicon-based materials
Peng et al. [102] used PVA and γ-glycidoxypropyltrimethoxysilan

(GPTMS) to prepare organic–inorganic hybrid membranes by an in sit
sol–gel approach for the separation of benzene/cyclohexane mixtur
Fig. 13 shows the structure of PVA–GPTMS. Compared with pure PV
membranes, PVA–GPTMS hybridmembranes had higher thermal stabi
ity and pervaporation performance. When the content of GPTMS wa
28 wt%, for a 50 wt% benzene/cyclohexane mixture, PVA–GPTMS hybri
membrane had a permeation flux of 137.1 g·m−2·h−1 and a separatio
factor of 46.9. In addition, they also investigated the relationship be
tween apparent fractional free volume and permeation flux of themem
branes [103]. The results showed that PVA–GPTMS hybrid membrane
possessed small free volume cavities with an average radius of abou
0.26–0.30 nm allowing only benzene molecule diffusion, and large fre
volume cavities with an average radius ranging between 0.39 an
0.42 nm, which allowed both benzene and cyclohexane molecule diffu
sion. Thus, the pervaporation performance of PVA–GPTMS hybridmem
branes increased dramatically with the incorporation of GPTMS.

In addition, clay which is mainly composed of silicate can be used a
another silicon-based material to prepare hybrid membranes. Aouin
et al. [104] used Maghnite H, Maghnite H+, Wyoming, Kaolin an
Nanocor clay particles as fillers to prepare hybrid PVC membranes fo
separating toluene/n-heptane mixture. The addition of Wyoming an
Kaolin to PVC led to a decrease of permeation flux due to the barrie
effect of Wyoming and Kaolin particles. However, the permeatio
flux increased 200% and 700% for Maghnite and Nanocor clay particle
as fillers. It was because the size of Nanocor clay particle
nanoscale, and it has a good affinity with toluene molecules. Moreove
organophilic bentonite as another silicon-based filler can also be dope
into polymeric materials to prepare hybrid membranes. Kuila and Ra
[53] blended organophilic bentonite with 25% SA and 75% CMC mixtur
to prepare a series of blend membranes. In comparison to pure SA/CM
membranes, the separation factor of the blend membranes filled wit
organophilic bentonite filler was greatly improved to 212, while th
permeation flux showed a decrease from 1540 to 713 g·m−2·h−1.

3.3. Metal–organic frameworks (MOFs) as the dispersion phase

Metal–organic frameworks (MOFs), as new and effective material
have attracted more attentions in the field of membrane materia
[105]. MOF-based hybrid membranes are widely applied in gas separa
tion [106,107], nanofiltration [108,109], reverse osmosis [110] an
pervaporation [111,112]. MOFs can also be used as fillers in the separa
tion of aromatic/aliphatic hydrocarbon mixtures, because the
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unsaturated metal ions can form d–π conjugation interaction with aro
matic molecules. Meanwhile, organic linkers can also interact with aro
matic molecules by π–π conjugation. As a result, the incorporation o
MOFs into polymeric membranes is in favor of enhancing the affinit
of hybridmembranes to aromaticmolecules through these interaction
thereby improving the separation factor and permeation flux of mem
branes. Our group [111] doped Cu3(BTC)2 as a kind of facilitated trans
port fillers into PVA to prepare Cu3(BTC)2/PVA hybrid membranes fo
the pervaporation separation of toluene/n-heptanemixture. The crysta
structure of Cu3(BTC)2 was shown in Fig. 14(a). When the Cu3(BTC)
loading was 0.75 wt%, for a 50 wt% toluene/n-heptane mixture, th
hybrid membranes had a separation factor of 17.9 and a permeatio
flux of 133.3 g·m−2·h−1, which were much higher than the pure PV
membranes with a separation factor of 8.9 and a permeation flux o
14 g·m−2·h−1. This is due to the d–π conjugation interaction betwee
the unsaturatedmetal ions of Cu3(BTC)2 and aromatic molecules, or th
π–π interaction between the benzene ring structure of ligands and aro
matic molecules. In addition, the pore structure of Cu3(BTC)2 provide
more mass transfer channels which could obviously improve the per
meation flux of Cu3(BTC)2/PVA hybrid membranes. Simultaneously
Co(HCOO)2 was incorporated into PEBA to prepare hybrid membrane
for separating toluene/n-heptane mixture [112]. Fig. 14(b) shows th
crystal structure of Co(HCOO)2.When the particle size of Co(HCOO)2 in
creased from 300 to 1000 nm, the permeation flux of the Co(HCOO)2
PEBA hybrid membranes increased while the separation factor de
creased due to the weaker compatibility between large particles an
PEBA matrix. The highest separation factor of 5.1 and the permeatio
flux of 771 g·m−2·h−1 were obtained for 10 wt% toluene/n-heptan
mixture when the Co(HCOO)2 loading was 4 wt%.

3.4. Metal–organic polyhedras (MOPs) as the dispersion phase

Although the compatibility of MOF and polymer is improved, th
dispersion of MOFs in polymer still needs to be further improved be
cause of the agglomeration of the MOF particles. It can be solve
through addingmetal–organic polyhedras (MOPs) as fillers. MOPmole
cules can dissolve in specific solvent and thus form a monodisperse so
lution. In addition, W3000 is an amphiphilic dendritic polymer grafte
with long unsaturated fatty acid chains and polyethylene glycol chain
A high affinity is found between the aromatic compounds and pola
groups and unsaturated bonds in W3000 [113]. Based on the advan
tages of both, our group synthesized porous nanocage MOP-tB
[Cu24(5-tBu-1,3-BDC)24(S)24] as fillers to prepare MOP-tBu/W3000 hy
brid membranes for separating aromatic/aliphatic hydrocarbon mix
tures [114]. For a 50 wt% toluene/n-heptane mixture, the separatio
factor and permeation flux of the hybrid membranes were 19.0 an
229.6 g·m−2·h−1, respectively, which were higher than those of th
pure W3000 membrane. In order to investigate the separation mecha
nism of the MOP hybrid membranes and the effect of polarity o
Fig. 14. The crystal structures of
functional group, three MOPs with same structure but different func
tional groups [Fig. 15(a)] were prepared [115]. They were doped int
polymer to prepare hybrid membranes. As shown in Fig. 15(b) an
(c), the surface of MOPs/Boltorn W3000 hybrid membrane was ver
smooth which implied the good dispersion of MOP molecules in th
polymer. The homodisperse of MOPs in polymer ensures the sufficien
loading of nanoparticles and decreases the interface defect betwee
polymer and MOPs, contributing to enhance separation performanc
of hybrid membranes. The experiment and simulation results indicate
that the MOP hybrid membranes with sulfonate group had the bes
comprehensive pervaporation performance due to its better affinity to
wards the toluene molecules. It provided the evidence that the effect o
polarity of functional group on the MOP fillers had a significant effec
on the separation performance of membranes. The order of th
separation performance of these hybrid membranes was MOP
SO3NanHm/W3000 N MOP-OH/W3000 N MOP-tBu/W3000, whic
corresponded to the polarity of functional groups in these MOPs.

4. Conclusions

This article summarizes the recent development of pervaporatio
membranes for separating aromatic/aliphatic hydrocarbon mixture
from the perspective of membrane material. The characteristic
and separation performances of the membrane materials have bee
reviewed and compared. It can be found from this article that the devel
opment of pervaporation technique for separating aromatic/aliphati
mixtures is still slow. The separation performance of themembrane ex
hibited serious trade-off phenomenon. It should be further improved t
satisfy the practical requirement in industry. More efforts are needed i
the future research from the following aspects:

(1) Promising membrane materials should be designed with hig
aromatic permselective property. According to the solution
diffusion mechanism of pervaporation, the adsorption selectivit
has a very significant influence on the separation performance o
membrane. At present, polymer is still the main material for th
separation of aromatic/aliphatic mixtures. More types of facilitat
ed transfer particles canbe synthesized and incorporated into th
polymer to improve the separation performance of the mem
brane, such asMOFs,MOPs, COFs, and their hybrids. These porou
cage materials may improve the selectivity and permeability o
membrane.

(2) Effective preparation method should be developed to simplif
fabrication procedure and regulate microstructure of membrane
From the perspective of application, the preparation proces
of the membrane should be green, economical and facile s
as to obtain a better reproducibility and low cost. Furthermore
the microstructure of membrane can be controlled by th
preparation method. During the aromatic/aliphatic separatio
(a) Cu3(BTC)2 and (b) Co(HCOO)2.
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Fig. 15. (a) The crystal structures of MOPs with different functional groups; SEM images of (b) the surface of ceramic substrate (30 K), (c) the surface of MOPs/BoltornW3000 composite
membrane (30 K) [115].
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process, the membranes are prone to excessive swelling
leading to a decrease in stability. The excessive swellin
can be suppressed through regulating the microstructure o
membrane.

(3) Moremodeling and simulation studies need to be done to explai
the transport mechanism of the membrane as well as the
application. The separation performance of the new materials t
aromatic/aliphaticmixtures can be simulated to screen themem
branematerial in a large range. It could be helpful for us to obtai
an effectivemembranematerial. Moreover, the separationmech
anism of the membrane for aromatic/aliphatic mixtures shoul
be further clarified so as to guide thedesign andpreparation of e
ficient membrane materials.

Nomenclature
AM acrylamide
AMPS 2-acrylamido-2-methyl propane sulfonic acid
AOT dioctyl sodium succinate
BAPP 2,2-bis[4-(4-aminophenoxy)phenyl]propane
BDAF 2,2-bis[4-(4-aminophenoxy)phenyl] hexafluoropropane
BDDDMAC benzyldodecyldimethylammonium chloride
BHBP 4,4′-bis(2-hydroxyethoxy)biphenyl
B.p. boiling point
BTAPPF bis-2,2′-[4-{2′-trifluoromethyl 4′-(4″-aminophenyl)phenoxy

phenyl] fluorenylidene
BTAPPHI bis-2,2′-[4-{2′-trifluoromethyl 4′-(4″-aminophenyl)phenoxy

phenyl] hexafluoro isopropylidene
BTAPPI bis-2,2′-[4-{2′-trifluoromethyl 4′-(4″-aminophenyl)phenoxy

phenyl] isopropylidene
BTAPPPI 3,3-bis-[4-{2′-trifluoromethyl 4′-(4″-aminophenyl)phenoxy

phenyl]-2-phenyl-2,3-dihydro-isoindole-1-one
BTC benzene-1,3,5-tricarboxylate
CA cellulose acetate
C12mimCl 1-dodecyl-3-methyl imidazoium chloride
CG carbon graphite
CMC sodium carboxymethyl cellulose
CMS carbon molecular sieve
CNT carbon nanotube
COFs covalent organic frameworks
CS chitosan
calix butyl calixarene
DABA 3,5-diamino-benzoic acid
DABC trans-4,4′-diaminodibenzo-18-crown-6
DBD dielectric barrier discharge
DDBT 2,8(6)-dimethyl-3,7-diaminobenzothiophene-5,5-dioxane
DS degree of swelling
DSDA 3,3′,4,4′-diphenylsulfone tetracarboxylic dianhydride
F127 polyoxyethylene–polyoxypropylene–polyoxyethylene
GA glutaraldehyde
GMA glycidyl methacrylate
GO graphene oxide
GPTMS γ-glycidoxypropyltrimethoxysilane
HBP hyperbranched polymer
HQE hydroquinone bis(2-hydroxyethyl)ether
Hydrin a tercopolymer of ethylene oxide/epichlorohydrin/ally

glycidyl ether
IA isophthalic acid
IGC inverse gas chromatography
MA methyl acrylate
MASPE methacrylic acid [3-sulfo-propyl ester] potassium salt
Maxsorb SPD30 super activated carbon
MD molecular dynamics
MDA 4,4′-diaminodiphenyl methane
MDI 4,4′-methylene-bis(phenylisocyanate)
MMA methyl methacrylate
MOFs metal–organic frameworks
MOPs metal–organic polyhedras
MOP-OH Cu24(5-OH-1,3-BDC)24(S)24
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MOP-SO3NanHm Cu24(5-SO3NanHm-1,3-BDC)24(S)24
MOP-tBu Cu24(5-tBu-1,3-BDC)24(S)24
M.p. melting point
MSE molecular surface engineering
MWCNT multiwalled carbon nanotube
MWCNT-COOH carboxylic multiwalled carbon nanotube
MWCNT-NH2 aminated multiwalled carbon nanotube
NBR acrylonitrile butadiene rubber
PA polyamide
PAH polyaromatic hydrocarbons
PAI-SO2 poly(amide-imide)
PALS positron annihilation lifetime spectroscopy
PAN polyacrylonitrile
PBG poly(γ-benzyl-L-glutamate)
PBI polybenzimidazole
PMDA pyromellitic dianhydride
PDMS polydimethylsiloxane
PE polyether
PEA poly(ether amide)
PEBA poly(ether-block-amide)
PEFCs polymer electrolyte fuel cells
PEG-DMA polyethylene glycol dimethacrylate
PEI polyetherimide
PEO526OHMA poly(ethylene glycol) methacrylate
PIs polyimides
PMHS poly(methylhydrosiloxane)
PMMA poly(methyl methacrylate)
PTET-60 poly(trimethyleneco-ethylene terephthalate)
PTMO poly(oxytetramethylene)
PU polyurethane
PUI polyurethaneimide
PUU polyurethaneurea
PVA poly(vinyl alcohol)
PVAc poly(vinyl acetal)
PVC poly(vinyl chloride)
SA sodium alginate
SBR styrene butadiene rubber
ST styrene
TA terephthalic acid
TDI 2,4-tolylene diisocyanate
TIPA 5-tert-butyl-isophthalic acid
UV ultraviolet
α-CD α-cyclodextrin
β-CD β-cyclodextrin
δ Hansen solubility parameter
δD dispersive force contribution
δH hydrogen bonding contribution
δP polar contribution
2D 2 dimensional
4,4′-SDA 4,4′-diaminodiphenylsulfide
4MPD 2,3,5,6-tetramethyl-1,4-phenylene diamine
6FDA 4,4′-hexafluoroisopropylidene diphthalic anhydride
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