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Abstract: The energy crisis in the world is increasing rapidly owing to the shortage of fossil fuel
reserves. Climate change and an increase in global warming necessitates a change in focus from
petroleum-based fuels to renewable fuels such as biofuels. The remodeling of existing separation
processes using various nanomaterials is of a growing interest to industrial separation methods.
Recently, the design of membrane technologies has been the most focused research area concerning
fermentation broth to enhance performance efficiency, while recovering those byproducts to be
used as value added fuels. Specifically, the use of novel nano material membranes, which brings
about a selective permeation of the byproducts, such as organic solvent, from the fermentation
broth, positively affects the fermentation kinetics by eliminating the issue of product inhibition.
In this review, which and how membrane-based technologies using novel materials can improve
the separation performance of organic solvents is considered. In particular, technical approaches
suggested in previous studies are discussed with the goal of emphasizing benefits and problems faced
in order to direct research towards an optimized membrane separation performance for renewable
fuel production on a commercial scale.

Keywords: biofuel; separation processes; membrane technologies; organic solvent separation;
nanomaterials

1. Introduction

The environmental concerns over the restricted supply of crude oil and the excessive
surge in oil prices in recent years have rekindled an interest in the invention of technologies
that promote the use of renewable resources to produce energy. Recently, among many
alternative sources of energy, biofuel is a promising renewable resource for strengthening
energy sustainability and security and reducing the emission of greenhouse gases. Fer-
mentation is a potential alternative for production of chemicals and fuels from renewable
resource. However, fermentative products are usually present at low concentrations and
conventional separation methods are highly energy intensive and produces a lot of side
reactions. Moreover, microorganisms are generally deactivated by the presence of organic
solvents, resulting in decreased fermentation productivity [1]. Therefore, the development
of economical processes for product recovery from fermentation broth is necessary to meet
the energy demands worldwide, without relying on fossil fuel reserves, thus reducing
global warming. A major challenge behind the production and application of biofuel is the
availability of effective separation and technologies, which account for at least 40–80% of
the entire process cost [1].

To prevent solvent inhibition, many technologies, such as adsorption, perstraction,
gas stripping, and liquid–liquid extraction, have been developed as a continuous mode
in combination with fermentation systems [2]. Each of these technologies have their
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own drawbacks, such as unwanted removal of nutrients in adsorption, addition of toxic
solvents into fermentation broth by perstraction and extraction, and decreased ethanol
removal rate by gas stripping. Membrane-mediated separation technology started gaining
significant popularity in the latter half of 1960s [3]. On contrary to the conventional
methods, such as energy intensive distillation and evaporation, membrane separation
has several advantages, such as less energy consumption, high separation factors, and
small carbon footprint [4,5]. Table 1 lists the advantages and disadvantages of various
solvent recovery processes. Membranes have mostly been used in gas separation and water
purification [6–11]. However, up until now, using conventional membranes to separate
various organic solvents from fermentation broth remains a challenge, mainly due to the
chemical instability of conventional polymeric membranes in organic solvents as well as
the high solubility of these organic solvents in water [12,13]. Yet, due to the high demand of
increasingly growing petrochemical, pharmaceutical, and catalyst industries the separation
of organic solvents is remarkably becoming more crucial [14,15], as well as the need to shift
the focus from fossil fuel reserves to renewable fuels [16]. Hence, there is an immediate
need for the development of novel membranes to compensate for this technological gap
and to improve the membrane capacity for organic solvent separation. This review article
focusses on various nanomaterial-based membranes for solvent separation for renewable
energy production.

Table 1. Comparison of various solvent recovery processes.

Technology Advantages Disadvantages References

Adsorption

• Cheaper
• Low to no energy required
• High efficiency
• High selectivity

• High retention time
• Chemical addition required for

regeneration
• Desorption of organic compound

previously adsorbed on the sorbent is
cumbersome

• Additionally, bacteria can adhere to the
adsorbent and decrease the adsorption
efficiency, especially if the adsorbent
is recycled

[17,18]

Gas Stripping

• The gas-stripping process has a number of
benefits over other removal methods,
including simplicity, cheap operating costs,
and the absence of fouling or clogging
brought on by the presence of biomass.

• Additionally, CO2 and H2 gases created
during the fermentation process can be
utilized for solvent recovery using
gas stripping.

• Because only volatile products are removed
from the fermentation broth, the chemical
intermediates are mostly transformed into
valuable compounds while remaining in
the fermentation broth.

• In a bioreactor, small bubbles created
during gas stripping produce an
excessive amount of foam. An antifoam
agent must be added as a result of this
procedure, and this chemical may be
hazardous to microorganisms. This
thus has the effect of lowering
fermentation productivity overall.

[19–21]



Membranes 2023, 13, 108 3 of 32

Table 1. Cont.

Technology Advantages Disadvantages References

Liquid-Liquid
Extraction

• Simple to Use
• Wide range of solvents to choose from

• Tediousness
• Need to use large volumes of solvents

of high purity, which can increase
environmental pollution

• Often small enrichment factor of
the analyte

• Low selectivity Formation of emulsions
that are difficult to break

• Problems with handling samples of
large volume

[22]

Pertraction

• The pertraction method’s main benefit is
the elimination of the need for extractant
dispersion in the solvent phase. It is
feasible to link certain membrane features
with extractant capability via
membrane pertraction.

• Pertraction has various drawbacks,
including less stable hollow fiber
modules when in contact with solvent
and poorer mass transfer coefficients
compared to liquid-liquid extraction.
Due to the relatively high viscosity of
extractants, membrane solvent
extraction issues on an industrial scale
may arise. Due to these issues, the
solvent phase experienced pressure
losses and mass transfer restrictions.

[23,24]

Distillation

• High alcohol recovery–With 99+% of the
alcohol ending up in the alcohol product
stream, distillation results in a low alcohol
content in the treated bottoms stream.

• High concentration factor–utilizes many
advantageous vapor-liquid equilibrium
(VLE) phases that occur at low alcohol
concentrations.

• At modest feed concentrations, adequate
energy efficiencies

• Scales up well

• Azeotropes–cannot satisfy the
requirements for product dryness
without adding additional separation
processes, such as molecular sieve
adsorption, or changing the
process parameters.

• At low alcohol feed concentrations,
energy requirements are
noticeably higher.

• Operates at temperatures that are
higher than standard fermentor optimal
temperatures, often at temperatures
that are fatal to microorganisms and
that result in the inactivation of proteins
and enzymes (unless under vacuum).

[2,25,26]

Membrane
Separation

• High efficiency
• Large number of separation needs can

be met
• High selectivity

• High energy required
• Fouling
• Scale up complexity

[27–30]

2. Membrane Materials for Organic Solvent Recovery

To obtain enhanced performance in terms of flux and selectivity, most solvent-selective
membranes are polydimethylsiloxane (PDMS), poly[1-(trimethylsilyl)-1-propyne] (PTMSP),
and polyvinylidene PVDF [31–33]. Mixed matrix membranes (MMMs) have emerged as
suitable candidates for applications in membrane-mediated separations, such as carbon
capture [34], desalination [35], and pervaporation [36]. Typically, MMMs consist of two
phases: a dispersed phase and a continuous polymeric phase [36,37]. The combination of
two phases give rise to superior qualities and functionalities in developing a membrane.
The dispersed phase plays a role in molecule-selective property, while the continuous
polymeric phase demonstrates enhanced processability for an active layer that is thin and
defect-free. The addition of inorganic fillers can also help in enhancing the properties of
permeation by modifying the chain packing and increasing the free volume that exists in
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the polymer matrix [38,39]. For obtaining a high selectivity, the pores act as molecular
sieves for desirable separation. Thus, the performance of MMMs in terms of separation
overcomes the trade-off that exists in polymer membranes in terms of permeability and
selectivity.

Although a lot of membrane materials have been examined for the purpose of re-
covering organic solvents from diluted fermentation broths, the materials with excellent
solvent-permselective qualities are few and their separation performances fail to meet
the demands of commercialization at this stage. Figure 1 represents the publication trend
of articles that fabricated membranes for organic solvent separation. In this review, the
separation performances of the solvent-permselective membranes using novel nanomateri-
als are summarized. An overview on the analytical aspect of these solvent-permselective
nanomembranes, including their challenges and opportunities, is also presented.
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Figure 1. Publication trend of articles on fabricated membranes for organic solvent separation.

2.1. Graphene Oxide Quantum Dots

GOQD is a promising class of nanomaterials that is increasingly gaining importance
in the field of biomedical applications [40,41], sensors [42], and electronics [43] owing to
its superior biocompatibility and excellent optical properties. GOQDs consists of layers
of graphene sheets whose lateral size is less than 100 nm and have the same sp2 carbon
structure and hydrophilic functional groups as graphene oxide (GO) but is much smaller
than GO. This provides a shorter pathway for molecules to permeate. Quantum dots
have been used for different separation processes, such as nanofiltration [44] and forward
osmosis [45]. Owing to its hydrophilic character, GOQDs within the polymer matrix are
expected to adsorb water molecules and enhance the alcohol/water mixture separation.

Wang et al. [46] developed a novel membrane for ethanol dehydration by combining
GOQDs with sodium alginate (SA). GOQDs that had an average lateral dimension of
around 3.9 nm enabled shorter and simpler transport pathways for water molecules as
opposed to microsized GO sheets. A 60% enhancement in ethanol dehydration flux with
a separation factor of 1152 ± 48 was observed for the GOQDs (cumulative permeate
flux: 2432 ± 58 g m−2 h−1) as compared to that of pristine alginate membrane and it
is attributed to the high hydrophilicity and nano size of the GOQDs. A recent article
incorporated graphene oxide quantum dots (GOQD) in a polyvinyl alcohol (PVA) matrix
for investigating the dehydration performance of alcohol/water mixtures [47]. When
300 ppm of GOQD (PVAx_GOQD300) was incorporated on the membrane, the highest
separation factor (476.4 ± 8.25) and PSI value (2.20 × 105 g m−2 h−1) were observed. A
lesser separation performance was observed for linear alcohol for the PVAx-GOQD300 as
compared with the sterically hindered alcohol as seen in Figure 2.
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Figure 2. Dehydration performance of pervaporation membranes in the separation of 70/30 wt%
i-PrOH/water mixture at 25 ◦C: (a) Water concentration and cumulative flux in permeate and
(b) pervaporation separation index (PSI) and separation factor.

In another study [48], Graphene quantum dots (GQDs) were employed to cover
the structural defects on the graphitic sections of reduced graphene oxide(rGO). After
successfully covering the structural defects, a dense composite membrane that was built
from the nanocomposite filler (rGO + GQD) incorporated into an alginate solution efficiently
separated alcohol/water and exhibited a good separation performance of alcohols that have
a lower molecular weight. Figure 3 shows the blockage of alcohol molecules and successful
permeation of water molecules after sealing and curing the structural defects on rGO with
GQDs. The best pervaporation performance in the separation of methanol/water mixture
with a permeate flux of 2323 g m−2 h−1 and water concentration in permeate of 92.7% at
70 ◦C was observed for alginate that was combined with 3 wt% of rGO + GQD(Alg_rGO +
GQD), as shown in Figure 4.
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A study led by Wu et al. [49] prepared ultra-thin PA layer by the direct interfacial poly-
merization (IP) on a ceramic substrate that was macroporous in nature. The ample hydroxyl,
carboxyl, and amino groups present in aqueous phase additives provided attachment spots
for ethylenediamine (EDA) to develop an improved membrane structure. The TFN PV
membrane exhibited a very high separation performance for the dehydration of ethanol.
Amino-modified carbon quantum dots provided more rapid penetration channels for water.
The large pore size (~300 nm) of macroporous ceramic substrate posed a challenge to direct
IP. The aqueous phase tended to easily penetrate the pores, which led to an incomplete
formation of PA layer as shown in Figure 5. There should be an even distribution of the
aqueous liquid layer on the surface to make it defect free. However, it was observed that
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only at a relatively high concentration of PVA was a defect-free layer formed which affected
the permeate flux. A network structure with lesser PVA concentrations was formed by
N-CDs to lower the diffusion rate of EDA in order to build a very thin PA layer as shown
in Figure 5.
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In another article, the dehydration of 90/10 wt% butanol/water mixtures was carried
out using a nanocomposite TFN membrane composed of tannic acid (TA), acyl chloride
monomers (TPC or TMC), and nitrogen-doped graphene quantum dots (NGQD) [50]. The
role of the NGQD was to block the permeation of larger alcohol molecules and increase
the membrane affinity to water molecules. The alcohol dehydration capability of TFN
membrane was also experimented with using other alcohols, such as butanol isomers, and
it was discovered that the permeation rate was faster for those alcohols that have a more
linear and less sterically hindered structure, as shown in Figure 6.
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2.2. Zeolitic Imidazolate Frameworks (ZIFs)

Zeolitic imidazolate frameworks (ZIFs) are a relatively new class of metal organic
frameworks composed of metal ions and organic imidazolate linkers, with a similar struc-
ture like conventional aluminosilicate zeolites. Their highly porous nature, excellent
chemical and thermal stabilities, and multiple functionalities have caused ZIF materials to
be used for several different applications. Particularly, due to the hydrophobic nature of
ZIF-8, it has gained attention for high alcohol separation [51].

A recent article showed that ZIF-8-based mixed matrix membrane (MMM) exhibits
weak stability in the separation of acetone-butanol-ethanol (ABE) from a fermentation broth
and it is attributed to the degradation of the ZIF-8 framework structure caused by organic
acids. In order to increase the stability, ZIF-8-derived nanoporous carbon (ZNC) was
developed through a direct carbonization process and it replaced ZIF-8 in MMM [52]. The
ZNC-based MMM exhibited good compatibility and high hydrophobicity between particles
and polymer. It was interesting to see that during the 100 h of continuous processing of ABE
from fermentation broth, a steady performance was observed by the ZNC incorporated
MMM with an average cumulative flux of 1870 g m−2 h−1 and a good separation factor of
20 for n-butanol.

Xu et al. reported the development of novel PDMS/DLA-ZIF-90 MMMs by bring-
ing about a hydrophobic modification of ZIF particles through dodecylamine (DLA) for
pervaporation recovery of organic solvents for the first time [53]. For DLA modification,
the already developed ZIF-90 particles (DLA-ZIF-90) were mixed in 10 wt% DLA/MeOH
solution followed by a reflux at 60 ◦C for 30 min. The DLA-ZIF-90 particles were cen-
trifuged at 10,000 rpm for 10 min followed by a methanol wash and was dried for 24 h
in a vacuum oven at 80 ◦C. The reaction mechanism is shown in Figure 7, where DLA
was attached to the ZIF-90 via imine condensation. The authors concluded that there may
exist non-selective interfacial void regions between unmodified ZIF particles along with
PDMS chains as shown in Figure 8. There is a higher compatibility between hydrophobic
dodecyl chains attached on ZIF-90-DLA particles and hydrophobic PDMS chain segments,
thus enhancing the bonding of ZIF-90 onto the PDMS matrix and removing the interfacial
void to build the filler–polymer interface. Results showed that PDMS/DLA-ZIF-90 mixed
matrix membrane exhibited higher separation factor and permeate flux as compared to
other PDMS-based membranes in the literature, which is attributed to the flexibility of the
inner channels of DLA-ZIF-90 particles which enhances adsorption selectivity along with
the affinity between ZIF-90-DLA particles and PDMS matrix.
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A study led by Pan et al. modified the superhydrophobic form of zeolitic imida-
zolate framework-8 (ZIF-8) layer with a nanosized, bud-like exterior morphology by
n-octadecylphosphonic acid modification for the efficient separation of ethanol/water
mixture, by making the surface superhydrophobic and attracting ethanol molecules [54].
The highest separation factor (17.4) and a comparable flux was recorded for the optimal
membrane. Long term studies also proved its high operational stability. In another study,
MMMs were prepared by doping nanosheets of 2D ZIF-L with porous frameworks into
an oleophilic matrix to enrich ABE from the modeled fermentation broth. The modified
membrane showed an improved flux over polymeric membranes (72.3%) and separation
factor (106%) of organics over water with only 5.0 wt% of ZIF-L fillers incorporated into the
matrix. ZIF-L based MMMs decreased the permeate water content below 30 wt%, which is
needed for ABE utilization in the real bio-refinery industry.

A study led by Zhu et al. incorporated ZIF-8 nanoparticles onto the graphene oxide
(GO) nanosheet surfaces and filled them into polydimethylsiloxane (PDMS) matrix for
ethanol separation [55]. ZIF-8 combined with GO composites exhibited excellent compati-
bility with PDMS along with superior dispersion in PDMS matrix over ZIF-8 nanoparticles
as a stand-alone material. A cumulative flux of 443.8 g/m2 h with 5 wt.% ethanol aqueous
solution at 40 ◦C and a separation factor of 22.2 was obtained. GO nanosheets combined
with hydrophobic ZIF-8 nanoparticles behaved as a strong barrier for the pervaporation
recovery of ethanol with the transport of feed solution occurring via the continuous inner
channels of ZIF-8 on the GO surface and PDMS matrix, as shown in Figure 9.
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In a similar study, ZIF-8 modified graphene oxide (ZGO) with a polyether block amide
(PEBA) group was incorporated on a ceramic based tubular substrate in order to develop
composite membranes for the recovery of bio-butanol. ZGO laminates formed channels
of transport for the enhanced permeation of butanol molecules [56]. The enhancement in
permeate flux and separation factor of the composite membrane raised the mass transfer
of the ZGO laminate. During the separation of 5% butanol from its aqueous solution at
55 ◦C, the permeate flux by the ZGO/PEBA composite membrane was 1001 g m−2 h−1

with a separation factor of 29.3, indicating its high potential to recover biobutanol from an
aqueous medium.

2.3. Carbon Nanotubes

Carbon nanotubes (CNTs) have garnered remarkable attention as a novel type of
nanofillers because of their extraordinary structures and properties [57]. CNTs appear as
rolled-up cylinders of graphite sheets, with a tubular morphology and having a diameter
in the nanometer range, that are held together by strong van der Waals attraction [58].
Thus, the effectiveness of using CNTs in separation studies depends on its ability to form
a uniform dispersion in the polymer matrix. The attachment of functional groups to
the surface of CNTs is considered an effective strategy to inhibit aggregation [59], and
treating surfaces with strong acids, such as nitric and sulfuric acid, is conventional for this
purpose [60].

Electrospun nanofiber membranes (ENMs) have gained importance in membrane
distillation (MD) processes due to their highly porous structures and open pores that are
interconnected. A recent article presented a facile fabrication technique for the surface
coating of superhydrophobic ENMs via a spraying method [61]. The agglomeration of
CNTs was prevented using a lower CNT content and a suitable solvent for dispersion.
Owing to their low surface energy and high hydrophobicity, the fabricated membranes
exhibited superhydrophobic property and exhibited a high-water flux of 28.4 kg/m2 h with
a steady vacuum membrane distillation (VMD) performance greater than 26 h.

Yang et al. [62] developed open-ended aligned CNT/(polydimethylsiloxane) PDMS
membranes which appeared like a hamburger with nano-channels (∼10 nm) in the middle
layer for applications in ultrafiltration and angstrom cavities in the embedded PDMS for use
in pervaporation. The aligned CNT membranes overcome the limitation of filling content
of the nonaligned CNT/PDMS membrane, bringing about great mechanical properties and
an enhancement in selectivity and mass flux for alcohol separation. The membranes break
the tradeoff between permeability and selectivity with both the parameters significantly
increasing for alcohol separation. The authors showed that penetrant molecules selectively
permeate through the internal nanochannels of CNT with increasing membrane perme-
ability, and thus generate the idea to develop a design for highly efficient nano channeled
membranes for organic solvent separation.
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The size of the transient gaps or pores for penetrant molecules in the PDMS matrix
are usually several angstroms, thus strictly restricting the molecular diffusion. As the
size of penetrant molecules increased, the diffusion coefficients decreased. As depicted in
Figure 10, the average diameter of the open-ended CNTs that serve as orderly nanochannels
is 9.67 nm, which allows for the successful diffusion of water and butanol with several
angstroms through the membrane.
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Gupta et al. [63] demonstrated ethanol separation from its aqueous mixture through
microwave-induced sweep gas membrane distillation using carbon nanotube immobilized
membranes (CNIM). The synergistic effect of CNIM coupled with microwave heating
was most effective where the ethanol permeate flux was found to be 11.3 L/m2 h with a
separation factor of 13.7, which were 46% and 102% greater than that of conventional mem-
brane distillation. In another study led by Gupta et al. [64], separation of acetone, butanol,
and ethanol (ABE) mixture from dilute aqueous fermentation products was performed
using Carbon nanotubes (CNTs) and octadecyl amide (ODA) functionalized CNTs. An
enhancement in the ABE flux was observed to be as high as 105%, 100%, and 375% for the
CNIM and 63%, 62%, and 175% for CNIM-ODA respectively. The mechanism of action
behind enhanced separation was due to CNT immobilization on the active membrane layer
which caused the preferential selective sorption of ABE and was validated by a reduction
in contact angle measurements.

Xue et al. [65] prepared carbon nanotubes (CNTs) filled polydimethylsiloxane (PDMS)
hybrid membrane for recovery of butanol from ABE fermentation broth. Due to the
selective sorption sites of the CNTs with super hydrophobicity, the mass transport through
the smooth surface and the inner walls increased significantly. The highest cumulative flux
was observed at 244.3 g/m2·h with a butanol separation factor of 32.9, with 10 wt% CNTs
in the PDMS membrane and at 80 ◦C. This indicated that the CNT/PDMS membranes
have a great potential for the separation of butanol from ABE fermentation broth through
pervaporation.

In another study, carbon nanotube (CNT)-mixed polydimethylsiloxane (PDMS) mem-
branes were utilized for the recovery of ethanol from model solutions and for fermentation
by yeast that is self-flocculating in nature [66]. The time course for the fed batch fermen-
tation process of ethanol using CNT-mixed membranes is shown in Figure 11. Ethanol
fermentation started with ∼240.0 g/L of glucose and ethanol and other by-products were
formed gradually over time. Product recovery in situ along with the CNT-mixed membrane
regulated the product titer inside the fermentation broth within a stable range by continu-
ous removal of ethanol. The authors concluded that CNT-mixed membrane combined with
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ethanol fermentation by self-flocculating yeast decreases ethanol-mediated cell inhibition
and lowers the cost of production due to decreased fouling.
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2.4. Graphene Oxide Membranes

Graphene oxide (GO) has achieved immense interest in the fields of separation science
due to the presence of hydrophilic functional groups, e.g., carboxyl, hydroxyl, and epoxide
groups [67]. GO sheets allow uninterrupted permeation of water vapor while completely
preventing the permeation of other gas molecules [68–70]. Although there is a heightened
interest in water transport through the layers of GO membranes, there exist limitations
in the membrane fabrication steps when the real-world water separation challenges come
up. Shin et al. [71] prepared a polyethersulfone (PES)-supported GO membrane for the
separation of ethanol/water at different temperatures. The molecular transport of water–
ethanol mixtures is negligible for graphene bilayer spacing below 1 nm, as confirmed by
molecular dynamics simulation. The authors suggested that the permeation of water and
ethanol into the GO interlayers at its earliest stage may be the most important step in
controlling and tuning the selectivity. In a recent study led by Munoz et al. [72], hydrophilic
GO at various concentrations was incorporated into PVA matrix for ethanol dehydration
by pervaporation (PV), showing a 75% enhancement over cross-linked PVA membrane.
Their results showed that the best performance was obtained at 1 wt% GO which exhibited
a PV flux of 0.14 kg m−2 h−1 and a separation factor of 263. Figure 12 shows the effect on
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GO content based on different operating temperatures on permeate flux. The cumulative
permeation rate increased with a double increase of GO loading which was attributed to
an increase in free volume. On the other hand, the permeation rates were increased by
preferential adsorption of the higher polar compound (water) due to the highly hydrophilic
nature of GO.
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Liu et al. [73] used molecular dynamics (MD) simulations to understand the mecha-
nism of water–ethanol separation through the monolayer of GO membranes with varying
pore sizes and O/C ratios. The separation properties under 1:1 water–ethanol mixtures
revealed that water selectivity was favored with a higher O/C ratio, membrane pore size,
and water flux (Figure 13). Due to oxidization, the sorption of water rules the permeation
process. It was interesting to note that, alternatively, water diffusion leads to improved
permeation at low oxidization conditions (Figure 14). Their study showed the importance
of pore diameter and O/C ratio on the microscopic level in the separation of water–ethanol
through the pores of GO membranes and uncovered the ruling effects for the permeation of
water with the GO material serving as a potential alternative in water–ethanol separation
technologies.
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boring GO planes, and the powder has an edge over edge configuration of functional 
groups, as shown in Figure 15. The authors believed the GO membranes exhibited a quick 
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been depicted in each illustration using a variety of colors.

A recent article by Talyzin et al. [74] showed that GO membranes present in liquid
solvents that are solvated and hydrated significantly differ from GO precursor powders.
Only one ethanol layer is sufficient to hydrate the GO membranes and the composition
remains unchanged upon cooling to around 140 K. On the contrary, at low temperatures
in ethanol, phase transitions are exhibited by GO powder into a two-monolayer solvate
whereas H-GO shows “pseudo-negative thermal expansion” with up to four inserted
alcohol monolayers at low temperatures. Both hydrated membranes form a liquid-like
monolayer which is believed to be responsible for fast water permeation through GO
membranes. The presence of ethanol in water causes a smaller d (001) spacing inside
the membrane lattice and an opposite trend is observed for GO powders which is why
membranes are not permeated by ethanol. The geometry of the GO sheet edges determines
the count of ethanol layers that would be intercalated into the layered structure of GO. The
geometry of the membranes contains edge groups present over the functional groups of
neighboring GO planes, and the powder has an edge over edge configuration of functional
groups, as shown in Figure 15. The authors believed the GO membranes exhibited a
quick exchange of water molecules between the liquid media and the lattice, while its
entry to interlayers is blocked by ethanol, which is highly important in understanding
membrane deposition and the permeation of liquid mixtures through the membrane
matrix. Liu et al. [75] performed molecular simulations to understand the water–ethanol
permeation through the utilization of a novel type of Janus GO membranes with variable
orientations of pristine and oxidized surfaces. Their results showed that the GO membrane
was endowed by the oxidized upper surface with a good capability to capture water and
the effective vertical diffusion of water molecules was also promoted due to the in-built
oxidized interlayer.
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Figure 15. Schematic showing the arrangement of graphene oxide flakes in powder and membranes.
Various combinations of functional groups govern the access to the interlayers.

The commercial use of GO membranes continues to be challenging for the molecule
separation process with strong coupling effect and less size inconsistency such as water–
ethanol. In a very recent article, a new exclusive technique of constructing quick water
channels in GO membrane was demonstrated for enhanced water–ethanol separation
combining the synergistic effects between hydrophilic polyelectrolyte (polyethylenimine)
and zwitterion-functionalized GO, as shown in Figure 16 [76]. The built in ordered and
steady channels contained ionic hydrophilic groups with a high density, which plays a
role in negating the strong coupling force between ethanol and water, allowing the water
molecules to quickly permeate and restricting the transport of ethanol molecules. A very
high separation factor (2248) and a flux of 3.23 kg/m2 h for separating water–ethanol
mixture has been reported which led to the construction of 2D channels for the efficient
separation of strong-coupling mixtures.
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Yeh et al. [77] developed a multilayered membrane for the pervaporation of ethanol
dehydration by laminating a GO layer that acted as a barrier on the surface of a thin film
nanofibrous composite (TFNC) membrane. Self-assembly of GO sheets with nanoscale
thickness led to the formation of the barrier layer. The low TFNC transfer barrier mat
provided a unique advantage because of its high bulk porosity (80%) with pore structures
that were fully interconnected, leading to extraordinary improvement in separation per-
formance over pristine PVA membranes, as shown in Figure 17. The authors claimed
that the performance of GO-based TFNC membranes may be improved by barrier layer
thickness optimization.
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Graphene oxide (GO) composite membranes have also been immobilized on poly-
acrylonitrile (PAN) substrates through the incorporation of copper hydroxide nanostrands
(CHNs) between GO sheets, coupled with an extremely thin layer of hydrophilic sodium
alginate (SA), as described by Hao et al. [78]. The authors claimed that the homogeneous
intercalation of CHNs in the GO membrane enhanced the channels of water permeation
without disrupting the GO interlayered structure. The top layer of SA attached onto the
CHNs-containing GO membrane through electrostatic interaction and hydrogen bonding,
preventing the swelling of the GO membrane and simultaneously enriching the water
molecules. This served as a promising application in pervaporation for the dehydration
of ethanol with a long-term stability. Liang et al. [79] reported the application of a facile
and tunable to incorporate a type of multifunctional polyhedral oligomeric silsesquioxane
(POSS) into the GO interlayer channels. They showed that GO channels with a high separa-
tion accuracy and sturdy framework can be developed from the hydrophilic-hydrophobic
hybrid structure, along with the covalent cross-linking sites on POSS, respectively. The
hydrophilic–hydrophobic hybrid structure facilitated the preferential adsorption and the
quick diffusion of water molecules at the same time; and the abundant covalent cross-
linking sites led to strong bonding between POSS and GO. The fabricated membranes
achieved a significantly high flux of 3.16 kg/m2 h and a separation factor of 1303 for
water/ethanol separation, which are 50% and 31-fold higher as compared to the pristine
GO membrane. Tang et al. [80] demonstrated a novel modification method of graphene
oxide (GO) by the addition of an ionic liquid (IL) and incorporated the modified GO into
a polyether block amide (PEBA) membrane to separate butanol aqueous solutions via
pervaporation. The ionic liquid has strong affinity towards butanol with a hydrophobic
characteristic, the adsorption selectivity of butanol over water by the IL-modified GO
was 4 times greater than that of pristine GO. The results of pervaporation showed that
the addition of IL-GO enhanced the mixed matrix membrane performance by improving
the separation factor and permeation flux by by 31.5% and 18.2%, respectively (by 1 wt%
content of IL-GO), as compared to pristine PEBA membrane.

2.5. Cellulose Nanocrystals

Cellulose nanocrystals (CNCs) are emerging as an eligible component for membrane-
based applications because of their high specific surface area and tunable surface properties.
CNCs are basically the crystalline regions that have been extracted from cellulose micro-
crystals by the hydrolysis of strong acids at extremely high temperatures. CNC appears as
elongated rod-like structures that are crystalline in nature with negligible flexibility because
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of the absence of amorphous regions. However, the presence of relatively polar surfaces in
CNCs enhance the passage of polar species such as water through non-polar matrices, by
building transport channels that are polar in nature at the nanocellulose-nonpolar matrix in-
terface [81–83]. Bai et al. [84] developed pervaporation membranes from poly(vinyl alcohol)
(PVA) with varying amounts of cellulose nanocrystals as filler for separating ethanol-water
mixtures which was used as a model system. The PVA/cellulose nanocomposite membrane
composed of 1 wt% cellulose nanocrystals exhibited the best performance in pervaporation,
whose average permeate flux slightly reduced but an increase in separation factor from 83
to 163 was observed for an aqueous solution with 80% ethanol at 80 °C respectively. A very
recent article led by Kamtsikakis et al. [85] reported nanocomposite membranes based on a
hydrophobic poly(styrene)-block-poly(butadiene)-block-poly(styrene) (SBS) matrix and
CNCs that exhibit water transport with directional properties for the recovery of ethanol in
an ethanol–water model system. The CNCs were further modified with hydrophobic oleic
acid moieties (OLA-CNCs) to understand the effect of this modification on the morphology
and separation performance of SBS/OLA-CNC nanocomposite membranes. It is note-
worthy that SBS/CNC membranes exhibited either improved or decreased mass fluxes as
compared to the base SBS membranes, but also a steady reduction in membrane selectivity
towards ethanol, as shown in Figure 18. The authors concluded that by tuning the surface
chemistry of CNCs, the pervaporation performance of the fabricated membranes and the
level of asymmetry in mass transport can be tuned.
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2.6. MXenes

Mxene is a new class of 2D materials and has a formula of Mn+1XnTx, where n is 1, 2,
or 3, M is an early transition metal, X represents C and/or N, T is the surface group (OH,
O, or F). Mxene has been used for the synthesis of separation membranes for water desali-
nation [86], ion sieving [87], and gas separation [88]. The hydrophilic nature and laminated
structure of these MXene based membranes showed quicker and selective permeation of
water molecules. A recent study led by Xu et al. [89] showed the potential applications of
MXene-based membranes in the dehydration of organic solvents, e.g., water/ethyl acetate,
water/ethanol, or water/dimethyl carbonate mixtures, by pervaporation. Ti3C2Tx were
exfoliated into the chitosan matrix and delaminated into Ti3C2Tx powders. The authors
concluded that the surface sorption remained unchanged after the incorporation of MXene
nanosheets, while the water permeation through the membrane was greatly enhanced
due to interlayer channels of the assembled MXene laminates, thereby improving both
permeate flux and separation factor. Particularly, the optimized 3 wt% MXene/CS MMM
exhibited a total flux of ~1.4–1.5 kg/(m2 h) and separation factor of 1421 for the ethanol
dehydration at 50 ◦C, as shown in Figure 19.
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Wu et al. [90] demonstrated the role of pristine MXene membrane for alcohol dehydra-
tion using a MXene membrane with a thickness around 2 µm, coated with a monolayer
of Ti3C2Tx nanosheets for the separation of ethanol-water mixture via pervaporation. The
water/ethanol total flux and separation factor obtained by the MXene membrane was
263.4 g m−2 h−1 and 135.2 respectively, using an ethanol concentration of 95% at room tem-
perature. Thus, MXenes exhibit a promising future in the separation industry. The authors
noted that the dehydration performance of the MXene membrane is not significantly high
compared to the commercial zeolite membranes, such as NaA due to much longer mass
transfer path giving lower flux, higher swelling and defects in the layered structure which
reduces separation factor. Some ways to improve the performance of MXene membranes
include lowering the thickness of the membrane, chemically modifying the membrane
surface to improve solubility, and better designing the 2D nanochannels to enhance dif-
fusivity. It is also believed that MXene membranes that are stacked with smaller radial
sized nanosheets will also exhibit greater permeance and create some nanopores or sub-
nanopores on the surface of the nanosheets that will lead to enhanced transport. In a recent
article [91], a new membrane fabrication strategy for solvent dehydration is proposed in
which macromolecules are present in between the MXene nanosheets after which interfacial
polymerization takes place on the arranged laminar membrane surface (Figure 20). The
ordered stacked structures were built by the electrostatic interaction between the negatively
charged MXene nanosheets and the positively charged hyperbranched polyethylenimine
(HPEI). At the same time, in order to close possible defects that are non-selective in nature,
an interfacial polymerization reaction took place between trimesoyl chloride (TMC) and
HPEI. This is the first article where for molecular separation Ti2CTx nanosheets were devel-
oped as a new class of 2D-material membranes because of their higher hydrophilic nature as
compared to that of Ti3C2Tx, for use in the solvent dehydration. An excellent performance
of water/isopropanol mixture dehydration was observed for the defect-free Ti2CTx-based
membranes (thickness around 100 nm), with permeate water concentration of more than
99 wt% and better performance than Ti3C2Tx due to sorption and size sieving effects.

Cai et al. [92] prepared mixed matrix membranes (MMMs) by mixing Ti3C2Tx with
the PVA matrix, and was tested on an ethanol-water binary system via pervaporation. The
PVA/Ti3C2Tx MMMs were compatible and exhibited resistance to swelling. The separa-
tion factor of the MMM was significantly enhanced because the membrane cross linking
density increased due to the presence of Ti3C2Tx. The optimum separation performance
was achieved with 3 wt.% Ti3C2Tx loading, acquiring a separation factor of 2585 and a
cumulative flux of 0.074 kg/m2 h for the separation of a 93 wt% ethanol at 37 ◦C.

Li et al. [93] showed that single or double layered MXene nanosheets with two-
dimensional interlayer gaps and optimum hydrophilicity are promising candidates as
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porous fillers for the developing MMM with a high performance capability for pervapora-
tion dehydration of ethanol/water mixtures. Single or double-layered MXene nanosheets
need exfoliation from multi-layered MXene using ultrasonication for longer periods of
time and then centrifugation at high speed, which makes large-scale application a problem.
Li et al. fabricated sodium alginate (SA) MMM by preparing intergap mMXene particles
under mild conditions. Compared with the pure SA membrane, the SA/mMXene MMM
had increased hydrophilicity but with reduced swelling at higher mMXene content. More-
over, the MMM membrane having 0.12 wt% mMXene in SA shows 10× separation factor
(9946) and the permeate flux was 24.5% lower (505 g m−2 h−1) for ethanol/water (90 wt%)
solution dehydration, owing to preferential water sorption and restricted ethanol diffusion.
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Figure 20. Schematic representation the ordered and fault-free MXene nanochannels produced by
HPEI molecules following interfacial polymerization with TMC.

By-products of the paper and agricultural industries include lignosulfonates. In a
study led by Li et al. [94], a pervaporation membrane was developed by mixing hydrophilic
calcium lignosulfonate (CaLS) with single or double-layered MXene on sodium alginate
(SA) to prepare for ethanol dehydration (Figure 21). CaLS not only enhanced the hy-
drophilicity, but also decreased membrane swelling, and MXene led to the development
of a layered cross-sectional structure that further decreased swelling. From the results, it
was evident that membrane permeation flux and separation factor enhanced by 74% and
160%, respectively, at 90 wt% ethanol in the feed. MXene also improved the pervaporation
performance of the hybrid membrane, with the permeation flux and separation factor of ap-
proximately 938 g·m−2·h−1 and 4612, respectively, thus opening a pathway for theoretical
and technical studies to expand the efficient usage of lignosulfonates.
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Figure 21. Hydrophilic calcium lignosulfonate combined with 2D-MXene, jointly modified the
polysaccharide sodium alginate.

2.7. Covalent Organic Frameworks (COFs)

The production of porous, crystalline, and stable materials is facilitated by the for-
mation of covalent organic frameworks (COFs), two- or three-dimensional structures that
originate from chemical interactions between organic precursors. Because the researchers
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were able to pick the best precursors and manage the synthesis process, COFs are widely
known. Converting non-porous and amorphous organic compounds into porous and
crystalline ones that offer remarkable material stability in a variety of solvents and envi-
ronments was greatly aided by these advancements in coordination chemistry. Covalent
organic frameworks (COFs) have recently discovered several uses in gas separation [95,96],
membrane pervaporation [97], and filtration processes, e.g., ultrafiltration [98,99].

Wu et al. [100] employed COF-LZU1 particles that were made in a poly(ether-block-
amide) (PEBA) matrix by mixing benzene-1,3,5-tricarbaldehyde (TFP) solution into the
PEBA casting solution, drying for membrane development, and then utilizing
p-phenylenediamine (PDA) solution on the PEBA membrane’s surface. According to
this publication, PDA molecules were able to pass through the membrane and interact with
TFP molecules to produce COF-LZU1 in-situ. The PEBA matrix’s constricted structure
substantially hindered COF-development LZU1’s and aggregation, which resulted in COF-
LZU1 that was evenly distributed throughout membranes. With a separation factor of 22.2,
which was 139% greater than pristine membranes, and a permeation flow of 611 g/m2h,
the mixed matrix membranes showed enormous promise for the recovery of n-butanol.
Wu et al. [101] also fabricated two dimensional COF-LZU1 with p-phenylenediamine and
1,3,5-triformylbenzene that was shown to have excellent stability, hydrophobicity, and wide
pores (1.8 nm) that promoted alcohol sorption and diffusion for diluted n-butanol solu-
tions. The hydrophobicity and n-butanol partition coefficient rose with larger COF-LZU1
concentrations, whereas the flow and separation factor increased before decreasing, demon-
strating anti-trade-off effects. The authors demonstrated that by reducing the selective
layer’s thickness and raising the feed solution’s temperature, membrane performance may
be improved. The permeation flux and separation factor of MMMs (thickness of 21 µm and
64 ◦C) were 2694 g m−2h−1 and 38.7, respectively, as shown in Figure 22.

The post-synthetic linker exchange (PLE) method was explored recently to fabricate
COF membranes for dehydration of alcohols as shown in Figure 23 [102]. In order to im-
prove the material’s molecular sieving properties, the PLE approach utilized the reversible
breaking-reformation process between unmodified COF membranes and the linkers that
were employed. The procedure increased the hydrophilic groups on the COF membranes’
surface, which enhanced water sorption. To reduce flaws and improve the COF mem-
branes’ sieving abilities, the gap between neighboring COF crystals was eliminated. For
effective butanol dehydration, these membranes’ surface microenvironment and pore and
channel architecture were improved by the generated Hz monomers. The developed COF
membranes showed high n-butanol dehydration performances with a selectivity of 3620,
11.35 kg m−2 h−1 of total flux, and were found to be stable during extended operation.

Li et al. [103] suggested organophilic porous particle doping that has H-bonding
interaction sites within pore channels to enhance performance of PDMS membranes in
pervaporation as shown in Figure 24. COF-300 was fabricated and mixed with PDMS to
form mixed matrix membranes (MMMs) to demonstrate superior affinity toward furfural
with an adsorption value of 525.3 mg g−1 at high temperatures (80 ◦C). PDMS membranes’
ability to pass through furfural, aniline, butanol, ethanol, and phenol with the least amount
of water transport was demonstrated through pervaporation studies. Water’s permeability
was decreased as a result of the H-bonding between its molecules and COF-300, which also
increased the mass transfer resistance of the water molecules. Due to hydrogen bonding,
COF-300’s higher affinity for organic moieties makes it a viable material to facilitate the
transport of organics while preventing the diffusion of water. Furfural permeability was
improved by 14.1% when compared to unmodified PDMS membranes, whereas water
permeability dropped by 20.0% when furfural was separated from an aqueous solution
at 80 ◦C. The potential of the recommended method and COF-300 in creating membranes
for the separation of organic from aqueous solutions was shown by the improvement in
selectivity of 42.7%.
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COF-based membranes are still under development with researchers focusing on new
hierarchical structures. Yang et al. [104] fabricated a novel approach for developing hollow
COF nanospheres. Due to the hydrophilic groups and increased stability, an imine-linked
COF TpBD made from 1,3,5-triformylphloroglucinol (Tp) and benzidine (BD) was chosen
as the core component. In order to create water-selective membranes for ethanol/water
separation, sodium alginate (SA) matrices were then filled with the manufactured TpBD
(H-TpBD) nanospheres. The nanospheres produced excellent diffusion tracks and a large
number of water-interaction sites, which facilitated rapid water penetration across the
membranes. The SA membrane’s hydrophilicity was increased by the inclusion of -NH-/-
NH2 groups from H-TpBD, increasing the solubility selectivity for water molecules. Due
to the hydrogen bonding affinity between SA and H-TpBD and the organic makeup of
H-TpBD, sized adjusted free volume cavities were produced with a separation factor of
2099 and a permeation flow of 2170 g/m2h.

A type of COF membrane was proposed by Yang et al. [105] employing 1D cellu-
lose nanofibers (CNFs) and 2D COF nanosheets as the construction pieces. Due to their
hydrogen-bonded parallel chains, 1D CNFs are among the strongest natural materials,
and the hydroxyl groups on their surface can be exploited for surface functionalization.
In a single process, the tightly interlocked COF membranes are constructed from the
mixed-dimensional COF nanosheets covered by CNFs. A strong interlamellar microporous
network is produced by the sheltering action of CNFs, which also reduces the size of the
pore entrance of COF nanosheets. For the dehydration of n-butanol, the manufactured
membranes had a flow of 8.53 kg/m2h and a separation factor of 3876.

Wang et al. [106] used a Brønsted acid mediated one-step self-assembly method for the
fabrication of COF membranes by segregating the organic phase (containing Brønsted acids
and aldehydes) from the aqueous phase (containing amines) with a polymeric support and
implementing an interfacial polymerization reaction. Figure 25a,b depict the COF-Schiff
JLU2’s base reaction on the support. Brønsted acids play a crucial role in controlling the mi-
crostructure evolution of COF-JLU2 membranes by facilitating the amorphous-to-crystalline
transition, ensuring the restricted membrane growth at the interface, and regulating the
assembly behavior of COF subunits. The n-octanoic acid-mediated membrane showed a
better separation factor of 5534 and a total flow of more than 10,573 g/m2h−1 for butanol
dehydration.

Fan et al. [107] demonstrated the recovery of n-butanol from aqueous solution using
composite materials of supported COF-based membranes made by inserting hydrazone-
linked COF-42 into commercial hydroxyl-polydimethylsiloxane (PDMS). For the separation
of an aqueous solution containing 5.0 weight percent n-butanol at 80 ◦C, the COF-42-PDMS
membrane demonstrated a high separation factor of 119.7 with a total flux of 3306.7 g/m2h.
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Approximately 86.3 weight percent n-butanol was recovered in the permeate side. The am-
phipathic COF-42 present in the membrane selective layer, which simultaneously improves
the adsorption of n-butanol and water molecules, is the primary cause of the increase in
permeation flow. The strong selectivity can be attributed to n-butanol molecules diffusing
more quickly through the COF-based membrane than water molecules do. In this work, the
COF-42-PDMS membrane was effectively coupled to create a true non-distillation process
that produced fuel-grade biobutanol.
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Covalent organic nanosheets (CONs) and poly(ether sulfone) were used to create
hybrid membranes with hierarchical pore architectures that imitate the respiratory system
in living things [108]. By using the Schiff base reactions of 1,3,5-triformylphloroglucinol (Tp)
with p-phenylenediamine (Pa-1) and benzidine (BD), two types of amide modified CONs,
TpPa-1 and TpBD, with varied pore diameters were created and individually integrated
into the polyether sulfone matrix (PES), as shown in Figure 26. Remarkably, the hybrid
membrane composed of TpPa-1-CON (8 wt%) exhibited a high water/ethanol separation
factor of 1150, while the membrane composed of TpBD-CON (8 wt%) exhibited a high
water/ethanol separation factor of 1150. The separation factor for /n-butanol was 2735.
The permeation fluxes for both separation systems were higher than 2.5 kg m−2 h−1. The
researchers concluded that the relationships between hierarchical structures and membrane
performance might make it easier to develop innovative membrane architectures that have
superior features.
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2.8. Transition Metal Dichalcogenides (TMD)

Molybdenum disulfide (MoS2), a transition metal dichalcogenide that resembles
graphene on a two-dimensional scale, has three crystal phase states: 1 T-MoS2, 2H-MoS2,
and 3R-MoS2. Superior elasticity, flexibility, and excellent mechanical strength are all
features of MOS2 [109,110]. Rajan et al. reported five times faster water transport on the
surface of the MoS2 nanosheet than that on the surface of the GO nanosheet [111]. In
addition, the monatomic thick MoS2 nanosheets produce smooth and fixed nanochannels
due to the absence of functional groups [110,112]. This opened the door for research into
MoS2 functional layers with nanochannels that would speed up water diffusion by giving
water molecules a shorter path to travel and molecular sieve nanochannels of stacked MoS2
nanosheets that would enhance the hybrid membrane’s separation performance [113]. The
creation of a hybrid membrane using MoS2 material for pervaporative alcohol dehydration
was only recently performed by Taymazov et al. [114]. In order to minimize the macropores
on the ceramic hollow fiber (CHF) membrane’s surface and create the TMD layer, an
intermediary layer of titanium dioxide (TiO2) was built. Polyethyleneimine (PEI) was
utilized as a binder as shown in Figure 27. In an aqueous solution of 90 weight% isopropanol
at 343 K, the manufactured MoS2 hybrid membrane had a permeation flux of 5697 g/m2h
and a separation factor of 320.
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Figure 27. Schematic showing the arrangement of MoS2 hybrid membranes atop ceramic hollow
fibers for effective pervaporation-based dehydration of isopropanol solutions.

In a recent publication, sodium alginate (SA) was used with MoS2 nanosheets to sepa-
rate ethanol from water [115]. When compared to SA pure membrane, the microstructure
of the membranes was changed by the addition of MoS2 nanosheets, and the swelling
degree was decreased by 33%. According to the authors, quicker transport routes for water
penetration were made possible by the ordered stacking of MoS2 nanosheets and their
interlayer spacing. The permeation flow was 1839 g/m2h and separation factor was 1229 in
ethanol/water (90/10 wt%) solution at 350 K, which were 54% and 85% higher than those
of SA/PAN pure membrane, respectively.

2.9. Metal Organic Framework (MOFs)

A family of substances known as metal-organic frameworks (MOFs) is made up of
metal ions or clusters that are coordinated to organic ligands to create one-, two-, or three-
dimensional structures. They belong to the category of crystalline materials that are porous
and contain both organic and inorganic elements. Metal-organic frameworks (MOFs) are
thought to be effective adsorbent materials because of their high specific surface areas and
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crystalline structure [116,117]. MOFs have been used in CO2 capture and hydrocarbon
separation [118–120]. Recently, research has also been conducted on MOFs’ possible use
in water–ethanol separations. The hydrophilic MOF-801 crystals were anchored into
the chitosan (CS) matrix to create MOF-801/CS mixed matrix membranes (MMMs) for
pervaporation dehydration of ethanol. These MMMs allow for the selective penetration of
water through the porous filler [121]. Using experimental tests and modeling, it was shown
that MOF-801 crystals selectively adsorb water molecules and that low energy sorption
sites enable ethanol molecules to diffuse through MOF-801 with little energy. Enhanced flux
and separation factor are produced by the porous structure of MOF-801, which offers more
transport paths for water molecules and makes ethanol molecules’ transport pathways
more convoluted. The manufactured membrane had a separation factor of 2156 and a total
flow of 1937 g/m2h when MOF-801 was loaded at 4.8 weight% of the membrane.

Due to the interaction between the surface SiOH and the ethanol, MFI zeolite mem-
branes made in an alkaline environment are unstable when used to separate an ethanol/water
combination. The ensuing oxy-ethyl groups prevented the zeolite channel from entering
and reduced the size of the effective orifice, which caused the flow and separation factor to
drop and called for modifying the MFI membranes. As shown by Wu et al. [122], dopamine
modification of MFI zeolite membrane can successfully reduce silanol impact and enhance
long-term separation stability. However, the primary methods for water–ethanol separation
with well-designed MOFs depend on the variations in the forces of interaction between
MOFs and either water or ethanol, the pressure-dependent gate-opening effect of MOFs,
and the space limitation effect caused by the molecular size and fixed channel structure.
The selectivity of separations based on contact force differences is substantially lower. Wang
et al. [123] To separate mixtures of ethanol and water, a sturdy Cu-triazole metal-organic
framework (CuTria) with linked 3D supermicroporous channels, tridentate bridging tria-
zole ligands, and abundant open Cu2+ sites was developed. This MOF demonstrated an
optimal molecular sieving effect for ethanol/water separation due to the size exclusion
effect for ethanol and good water affinity. The findings of a dynamic breakthrough exper-
iment with water/ethanol (v/v = 5:95) mixtures showed that this MOF can successfully
separate ethanol and water in its whole and produce pure ethanol vapors with a purity
level better than 99.99%.

Jiang et al. [124] modified ligands with different functional groups for pervaporation
dehydration to examine the impacts of MOFs. To create a water-selective membrane for
ethanol dehydration, three hydrophilic UiO-66-X nanoparticles were created and combined
with a poly (vinyl alcohol) matrix. According to the scientists, UiO-66-X’s counterbalancing
features, improved polarity, and a sufficient pore size led to the material performing at
its best when it came to dehydrating ethanol/water mixtures. Figure 28 illustrates the
UiO-66-X nanoparticles’ pore size distribution data at 5–8 and 12–16 Å, which is larger
than the kinetic diameters of water (2.7 Å) and ethanol (4.2 Å). Due to the rapidly rising
weight of the framework and, more critically, the decreased crystallinity, the surface areas
and pore size of UiO-66-X nanoparticles decrease with increasing ligand polarity. Water
molecules might be activated due to the UiO-66-(COOH)2 nanoparticles’ strong contact
with water molecules and the continuous pathways for water diffusion that were given by
their pore aperture. This interaction helped the water flux by enhancing the penetration
and diffusion of water molecules. The hybrid membranes with UiO-66-(COOH)2 loading
of 8 wt% exhibited a total flux of 979 ± 7 g/(m2·h) and a separation factor of 2084 ± 21.
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3. Limitations and Future Perspectives

When compared to distillation and other non-membrane-based technologies, these
nanomaterial-based membrane separation methods for the recovery or dehydration of
organic solvents have achieved significant strides in terms of energy efficiency and use as
biofuels. For technology to be commercialized, however, several obstacles still need to be
overcome, including shorter lifetime, a poor separation factor, membrane fouling, and the
expensive cost of membranes. New membranes with better separation and flux capabilities
are needed for commercial use in the use of membranes to fermentative separations. The
material reviewed in this article makes apparent that MMMs are now some of the highest-
performing membranes for these separations, yet a number of issues have been identified
with MMM manufacturing.

Although efforts have been made to take use of MOF-based membrane design method-
ologies, various limitations of these methods may limit their practical application. The
micropores of MOFs may collapse following hybrid procedures for those MOFs with re-
ducing functional groups and polyvalent metal nodes as a result of the oxidation of the
functional groups or metal nodes. Additionally, the maximum loading of metal ions in the
self-assembly method limits the number of MOFs in the MOF-based composite membrane.
The ultimate loading quantity is determined by the density of functional groups on the
membrane’s surface and the strength of the bonds that connect groups and precursors.
Increased surface modification technologies and logical functional group selections may
successfully raise the loading level. However, a large loading quantity may cause MOFs
to aggregate, which reduces the ability of MOF-based membranes to conduct separation.
Therefore, one of the key problems in the design of MOF-based membranes is to find
the essential balance between the loading quantity, the dispersibility of MOFs, and the
separation performance of the produced membrane.

Future industrial production applications of MOF-based membranes still face difficul-
ties. On the one hand, there is a dearth of experience describing their long-term stability
under hypothetical separation scenarios. It is necessary to conduct more research on the
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long-term durability of MOF-based membranes in acidic/basic environments, complex
organic solvent systems, and high temperatures. However, the comparatively expensive
cost of MOFs may make it difficult to use MOF-based membranes widely. For the pur-
pose of boosting the industrial uses of MOF-based membranes, more cost-effective design
techniques should be created. It should never be given up trying to find well-defined MOF-
based membranes that nonetheless have good liquid separation capabilities. Future work
should concentrate on creating MOF-based membranes with multifunctional separation
capabilities in additional environmental sectors, in addition to long-term stability under
realistic liquid separation circumstances.

The adjustable physicochemical features, in-plane pore structure, and inter-layer 2D
channels of Mxene, which are ascribed to its apparent potential as an emerging material
for next-generation separation technologies, were emphasized in this review. By reducing
these technical barriers, it is anticipated that more and more MXene separation applications
will be investigated in the future, utilizing the full potential of this wonder substance and
replacing many other materials. Continuous effort, devotion, and diversified research
endeavors might make this achievable. The comments above make it quite evident that
there are several problems and difficulties that require attention. The manufacture of
MXene, which is exceedingly costly and causes a delay in its widespread usage, comes
first. More techniques are being developed to create defect-free, large-area MXene with
controlled pore size, shape, and interlayer spacing. Recently developed technologies have
played a crucial role in reducing the cost of material to some extent. In the future, it will
also be necessary to design a suitable substrate to prevent dispersion in the liquid phase
and to guarantee water conveyance.

Developing graphene-based membranes presents several challenges, including how to
create holes for high selectivity. Although this approach has been the most frequently used,
it is not always simple to implement, especially when the pore size needs to be controlled to
sub-nanometers. The most common method has been to control the size of the nanopores in
the membranes to be comparable to the size of molecules to be separated. Future research
should aim at the possibility of achieving high selectivity without the use of nanopores with
sub-nanometer diameters by utilizing the ionization of the numerous functional groups
that are present in graphene-based membranes. More research has been conducted on
graphene-based membranes for gas separation and water treatment than on those for the
pervaporation separation of organic solvents. More theoretical and experimental research
is required to gain a deeper understanding of the molecular transport within the graphene-
based membranes based on the mechanisms of pervaporation. The targeted combinations
should guide how the graphene-based membrane structures are modified.

It is crucial to evenly distribute the fillers throughout the mixed matrix structure.
Since the inter-filler free channel space was often too broad to be molecularly selective, in
the event that fillers aggregated, the “channel flow” would dominate the mass transfer
throughout the agglomerate’s region. Consequently, depending on the percentage of the
fillers generated in the agglomerates, the highly discriminative flow that occurs in the
interior or over the smooth surface of the CNTs would lose its opportunity to improve
membrane selectivity. It should be mentioned that in order to ensure the highly selective
performance, the dispersed fillers also must have strong interfacial compatibility with
the polymer matrix to prevent the non-selective “leaky flow”. More research should be
performed to determine how various methods for fabricating membranes affect how well
MMMs function for relevant separations in fermentations. Further testing of several water
stable MOFs for use as inorganic fillers should also be performed. Additional research on
fouling and long-term stability of high-performing MMMs will aid in the development
of strategies to combat fouling caused by the many different components of microbial
fermentation broths.
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4. Conclusions

One of the most energy-intensive stages in the generation of renewable energy is
the separation of organic solvents, which raises the cost of the entire process. As a result,
choosing effective separation technologies is necessary to commercialize sustainable energy
generation. Many alternatives to traditional distillation have been put out in recent times.
This study discusses current advancements in membrane-based separation employing
innovative materials for organic solvent separation. At this point, it is crucial to construct
membranes for separation based on 2D nanomaterials. Solid–liquid or solid–gas inter-
actions provide separation through the presence of interlayer channels and nanopores.
A trade-off between selectivity and permeability has always existed, giving birth to sur-
face functionalization and better interface conditions. The majority of current papers on
membranes based on nanomaterials are experiment-driven. Future views could include
simulation/modeling techniques to comprehend the design of membranes based on nano-
materials. The performance and characteristics of membranes should be enhanced in the
meantime. It is crucial to keep researching innovative mixed matrix membranes with en-
hanced resilience in harsh settings. There is considerable space for enhancing the separation
capabilities of these composite membranes by careful modification of the MOF/polymer
interface morphology. However, using nanomaterials will result in increased expenses. To
properly examine the payback period and total cost benefits of employing nanomaterials in
membrane fabrication, thorough economic analysis must be performed. The creation and
use of 2D nanomaterial-based membranes for the separation of organic solvents are both
areas that the authors of this paper think will garner increased interest.
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22. Rawa-Adkonis, M.; Wolska, L.; Przyjazny, A.; Namieśnik, J. Sources of errors associated with the determination of PAH and PCB
analytes in water samples. Anal. Lett. 2006, 39, 2317–2331. [CrossRef]

23. Cichy, W.; Schlosser, Š.; Szymanowski, J. Extraction and pertraction of phenol through bulk liquid membranes. J. Chem. Technol.
Biotechnol. Int. Res. Process Environ. Clean Technol. 2005, 80, 189–197. [CrossRef]

24. Groot, W.; Soedjak, H.; Donck, P.; Van der Lans, R.; Luyben, K.; Timmer, J. Butanol recovery from fermentations by liquid-liquid
extraction and membrane solvent extraction. Bioprocess Eng. 1990, 5, 203–216. [CrossRef]

25. Lei, Z.; Li, C.; Chen, B. Extractive distillation: A review. Sep. Purif. Rev. 2003, 32, 121–213. [CrossRef]
26. Wang, Y.; Cui, P.; Ma, Y.; Zhang, Z. Extractive distillation and pressure-swing distillation for THF/ethanol separation. J. Chem.

Technol. Biotechnol. 2015, 90, 1463–1472. [CrossRef]
27. Zhang, W.; Cheng, W.; Ziemann, E.; Be’er, A.; Lu, X.; Elimelech, M.; Bernstein, R. Functionalization of ultrafiltration membrane

with polyampholyte hydrogel and graphene oxide to achieve dual antifouling and antibacterial properties. J. Membr. Sci. 2018,
565, 293–302. [CrossRef]

28. Zhang, W.; Huang, H.; Bernstein, R. Zwitterionic hydrogel modified reduced graphene oxide/ZnO nanocomposite blended
membrane with high antifouling and antibiofouling performances. J. Colloid Interface Sci. 2022, 613, 426–434. [CrossRef]

29. Zhang, W.; Yang, Y.; Ziemann, E.; Be’Er, A.; Bashouti, M.Y.; Elimelech, M.; Bernstein, R. One-step sonochemical synthesis of
a reduced graphene oxide–ZnO nanocomposite with antibacterial and antibiofouling properties. Environ. Sci. Nano 2019, 6,
3080–3090. [CrossRef]

30. Zhang, W.; Yang, Z.; Kaufman, Y.; Bernstein, R. Surface and anti-fouling properties of a polyampholyte hydrogel grafted onto a
polyethersulfone membrane. J. Colloid Interface Sci. 2018, 517, 155–165. [CrossRef]

31. Nagase, Y.; Takamura, Y.; Matsui, K. Chemical modification of poly (substituted-acetylene). V. Alkylsilylation of poly (1-
trimethylsilyl-1-propyne) and improved liquid separating property at pervaporation. J. Appl. Polym. Sci. 1991, 42, 185–190.
[CrossRef]

32. Te Hennepe, H.; Bargeman, D.; Mulder, M.; Smolders, C. Zeolite-filled silicone rubber membranes: Part 1. Membrane preparation
and pervaporation results. J. Membr. Sci. 1987, 35, 39–55. [CrossRef]

33. Sukitpaneenit, P.; Chung, T.-S.; Jiang, L.Y. Modified pore-flow model for pervaporation mass transport in PVDF hollow fiber
membranes for ethanol-water separation. J. Membr. Sci. 2010, 362, 393–406. [CrossRef]

34. Su, N.C.; Sun, D.T.; Beavers, C.M.; Britt, D.K.; Queen, W.L.; Urban, J.J. Enhanced permeation arising from dual transport pathways
in hybrid polymer—MOF membranes. Energy Environ. Sci. 2016, 9, 922–931. [CrossRef]

35. Ma, D.; Peh, S.B.; Han, G.; Chen, S.B. Thin-film nanocomposite (TFN) membranes incorporated with super-hydrophilic metal–
organic framework (MOF) UiO-66: Toward enhancement of water flux and salt rejection. ACS Appl. Mater. Interfaces 2017, 9,
7523–7534. [CrossRef]

36. Deng, Y.H.; Chen, J.T.; Chang, C.H.; Liao, K.S.; Tung, K.L.; Price, W.E.; Yamauchi, Y.; Wu, K.C.W. A drying-free, water-based
process for fabricating mixed-matrix membranes with outstanding pervaporation performance. Angew. Chem. 2016, 128,
12985–12988. [CrossRef]

37. Wu, K.C.-W.; Kang, C.-H.; Lin, Y.-F.; Tung, K.-L.; Deng, Y.-H.; Ahamad, T.; Alshehri, S.M.; Suzuki, N.; Yamauchi, Y. Towards
acid-tolerated ethanol dehydration: Chitosan-based mixed matrix membranes containing cyano-bridged coordination polymer
nanoparticles. J. Nanosci. Nanotechnol. 2016, 16, 4141–4146. [CrossRef]

38. Zhang, H.; Mao, H.; Wang, J.; Ding, R.; Du, Z.; Liu, J.; Cao, S. Mineralization-inspired preparation of composite membranes with
polyethyleneimine-nanoparticle hybrid active layer for solvent resistant nanofiltration. J. Membr. Sci. 2014, 470, 70–79. [CrossRef]

39. Li, Y.; Mao, H.; Zhang, H.; Yang, G.; Ding, R.; Wang, J. Tuning the microstructure and permeation property of thin film
nanocomposite membrane by functionalized inorganic nanospheres for solvent resistant nanofiltration. Sep. Purif. Technol. 2016,
165, 60–70. [CrossRef]

40. Zheng, X.T.; Ananthanarayanan, A.; Luo, K.Q.; Chen, P. Glowing graphene quantum dots and carbon dots: Properties, syntheses,
and biological applications. Small 2015, 11, 1620–1636. [CrossRef]

http://doi.org/10.1039/B610848M
http://doi.org/10.1016/j.rser.2011.07.151
http://doi.org/10.1002/jctb.280310198
http://doi.org/10.1007/BF00268191
http://doi.org/10.1023/A:1025103011923
http://doi.org/10.1007/s00449-005-0403-7
http://www.ncbi.nlm.nih.gov/pubmed/15806382
http://doi.org/10.1080/00032710600755793
http://doi.org/10.1002/jctb.1178
http://doi.org/10.1007/BF00376227
http://doi.org/10.1081/SPM-120026627
http://doi.org/10.1002/jctb.4452
http://doi.org/10.1016/j.memsci.2018.08.017
http://doi.org/10.1016/j.jcis.2021.12.194
http://doi.org/10.1039/C9EN00753A
http://doi.org/10.1016/j.jcis.2018.01.106
http://doi.org/10.1002/app.1991.070420122
http://doi.org/10.1016/S0376-7388(00)80921-7
http://doi.org/10.1016/j.memsci.2010.06.062
http://doi.org/10.1039/C5EE02660A
http://doi.org/10.1021/acsami.6b14223
http://doi.org/10.1002/ange.201607014
http://doi.org/10.1166/jnn.2016.12614
http://doi.org/10.1016/j.memsci.2014.07.019
http://doi.org/10.1016/j.seppur.2016.03.044
http://doi.org/10.1002/smll.201402648


Membranes 2023, 13, 108 29 of 32

41. Zhu, S.; Zhang, J.; Tang, S.; Qiao, C.; Wang, L.; Wang, H.; Liu, X.; Li, B.; Li, Y.; Yu, W. Surface chemistry routes to modulate the
photoluminescence of graphene quantum dots: From fluorescence mechanism to up-conversion bioimaging applications. Adv.
Funct. Mater. 2012, 22, 4732–4740. [CrossRef]

42. Wang, F.; Gu, Z.; Lei, W.; Wang, W.; Xia, X.; Hao, Q. Graphene quantum dots as a fluorescent sensing platform for highly efficient
detection of copper (II) ions. Sens. Actuators B Chem. 2014, 190, 516–522. [CrossRef]

43. Geng, X.; Niu, L.; Xing, Z.; Song, R.; Liu, G.; Sun, M.; Cheng, G.; Zhong, H.; Liu, Z.; Zhang, Z. Aqueous-processable noncovalent
chemically converted graphene-quantum dot composites for flexible and transparent optoelectronic films. Adv. Mater. 2010, 22,
638–642. [CrossRef] [PubMed]

44. Zhang, C.; Wei, K.; Zhang, W.; Bai, Y.; Sun, Y.; Gu, J. Graphene oxide quantum dots incorporated into a thin film nanocomposite
membrane with high flux and antifouling properties for low-pressure nanofiltration. ACS Appl. Mater. Interfaces 2017, 9,
11082–11094. [CrossRef] [PubMed]

45. Guo, C.X.; Zhao, D.; Zhao, Q.; Wang, P.; Lu, X. Na (+)-functionalized carbon quantum dots: A new draw solute in forward
osmosis for seawater desalination. Chem. Commun. 2014, 50, 7318–7321. [CrossRef]

46. Wang, M.; Pan, F.; Yang, L.; Song, Y.; Wu, H.; Cheng, X.; Liu, G.; Yang, H.; Wang, H.; Jiang, Z. Graphene oxide quantum dots
incorporated nanocomposite membranes with high water flux for pervaporative dehydration. J. Membr. Sci. 2018, 563, 903–913.
[CrossRef]

47. Lecaros, R.L.G.; Deseo, K.M.; Hung, W.-S.; Tayo, L.L.; Hu, C.-C.; An, Q.-F.; Tsai, H.-A.; Lee, K.-R.; Lai, J.-Y. Influence of integrating
graphene oxide quantum dots on the fine structure characterization and alcohol dehydration performance of pervaporation
composite membrane. J. Membr. Sci. 2019, 576, 36–47. [CrossRef]

48. Lecaros, R.L.G.; Bismonte, M.E.; Doma, B.T., Jr.; Hung, W.-S.; Hu, C.-C.; Tsai, H.-A.; Huang, S.-H.; Lee, K.-R.; Lai, J.-Y. Alcohol
dehydration performance of pervaporation composite membranes with reduced graphene oxide and graphene quantum dots
homostructured filler. Carbon 2020, 162, 318–327. [CrossRef]

49. Wu, Y.-Z.; Shareef, U.; Xu, J.-P.; Xu, Z.-L.; Li, P.-P.; Li, Y.-X.; Li, P.; Gao, P.; Zhang, X.; Xu, S.-J. Carbon quantum dots doped
thin-film nanocomposite (TFN) membrane on macroporous ceramic hollow fiber support via one-step interfacial polymerization.
Sep. Purif. Technol. 2021, 266, 118572. [CrossRef]

50. Lecaros, R.L.G.; Valbuena, R.E.; Tayo, L.L.; Hung, W.-S.; Hu, C.-C.; Tsai, H.-A.; Huang, S.-H.; Lee, K.-R.; Lai, J.-Y. Tannin-based
thin-film composite membranes integrated with nitrogen-doped graphene quantum dots for butanol dehydration through
pervaporation. J. Membr. Sci. 2021, 623, 119077. [CrossRef]

51. Fan, H.; Shi, Q.; Yan, H.; Ji, S.; Dong, J.; Zhang, G. Simultaneous Spray Self-Assembly of Highly Loaded ZIF-8–PDMS Nanohybrid
Membranes Exhibiting Exceptionally High Biobutanol-Permselective Pervaporation. Angew. Chem. 2014, 126, 5684–5688.
[CrossRef]

52. Si, Z.; Cai, D.; Li, S.; Zhang, C.; Qin, P.; Tan, T. Carbonized ZIF-8 incorporated mixed matrix membrane for stable ABE recovery
from fermentation broth. J. Membr. Sci. 2019, 579, 309–317. [CrossRef]

53. Xu, S.; Zhang, H.; Yu, F.; Zhao, X.; Wang, Y. Enhanced ethanol recovery of PDMS mixed matrix membranes with hydrophobically
modified ZIF-90. Sep. Purif. Technol. 2018, 206, 80–89. [CrossRef]

54. Pan, Y.; Zhu, T.; Xia, Q.; Yu, X.; Wang, Y. Constructing superhydrophobic ZIF-8 layer with bud-like surface morphology on PDMS
composite membrane for highly efficient ethanol/water separation. J. Environ. Chem. Eng. 2021, 9, 104977. [CrossRef]

55. Zhu, T.; Xu, S.; Yu, F.; Yu, X.; Wang, Y. ZIF-8@ GO composites incorporated polydimethylsiloxane membrane with prominent
separation performance for ethanol recovery. J. Membr. Sci. 2020, 598, 117681. [CrossRef]

56. Li, W.; Li, J.; Wang, N.; Li, X.; Zhang, Y.; Ye, Q.; Ji, S.; An, Q.-F. Recovery of bio-butanol from aqueous solution with ZIF-8 modified
graphene oxide composite membrane. J. Membr. Sci. 2020, 598, 117671. [CrossRef]

57. Ismail, A.; Goh, P.; Sanip, S.; Aziz, M. Transport and separation properties of carbon nanotube-mixed matrix membrane. Sep.
Purif. Technol. 2009, 70, 12–26. [CrossRef]

58. Georgakilas, V.; Bourlinos, A.; Gournis, D.; Tsoufis, T.; Trapalis, C.; Mateo-Alonso, A.; Prato, M. Multipurpose organically
modified carbon nanotubes: From functionalization to nanotube composites. J. Am. Chem. Soc. 2008, 130, 8733–8740. [CrossRef]

59. Sahoo, N.G.; Rana, S.; Cho, J.W.; Li, L.; Chan, S.H. Polymer nanocomposites based on functionalized carbon nanotubes. Prog.
Polym. Sci. 2010, 35, 837–867.

60. Choi, J.H.; Jegal, J.; Kim, W.N. Modification of performances of various membranes using MWNTs as a modifier. In Macromolecular
Symposia; Wiley-VCH: Weinheim, Germany, 2007; pp. 610–617.

61. Yan, K.-K.; Jiao, L.; Lin, S.; Ji, X.; Lu, Y.; Zhang, L. Superhydrophobic electrospun nanofiber membrane coated by carbon nanotubes
network for membrane distillation. Desalination 2018, 437, 26–33. [CrossRef]

62. Yang, D.; Tian, D.; Xue, C.; Gao, F.; Liu, Y.; Li, H.; Bao, Y.; Liang, J.; Zhao, Z.; Qiu, J. Tuned fabrication of the aligned and opened
CNT membrane with exceptionally high permeability and selectivity for bioalcohol recovery. Nano Lett. 2018, 18, 6150–6156.
[CrossRef] [PubMed]

63. Gupta, O.; Roy, S.; Mitra, S. Microwave induced membrane distillation for enhanced ethanol–water separation on a carbon
nanotube immobilized membrane. Ind. Eng. Chem. Res. 2019, 58, 18313–18319. [CrossRef]

64. Gupta, O.; Roy, S.; Mitra, S. Low temperature recovery of acetone–butanol–ethanol (ABE) fermentation products via microwave
induced membrane distillation on carbon nanotube immobilized membranes. Sustain. Energy Fuels 2020, 4, 3487–3499. [CrossRef]

http://doi.org/10.1002/adfm.201201499
http://doi.org/10.1016/j.snb.2013.09.009
http://doi.org/10.1002/adma.200902871
http://www.ncbi.nlm.nih.gov/pubmed/20217764
http://doi.org/10.1021/acsami.6b12826
http://www.ncbi.nlm.nih.gov/pubmed/28244726
http://doi.org/10.1039/c4cc01603c
http://doi.org/10.1016/j.memsci.2018.06.062
http://doi.org/10.1016/j.memsci.2019.01.019
http://doi.org/10.1016/j.carbon.2020.02.042
http://doi.org/10.1016/j.seppur.2021.118572
http://doi.org/10.1016/j.memsci.2021.119077
http://doi.org/10.1002/ange.201309534
http://doi.org/10.1016/j.memsci.2019.02.061
http://doi.org/10.1016/j.seppur.2018.05.056
http://doi.org/10.1016/j.jece.2020.104977
http://doi.org/10.1016/j.memsci.2019.117681
http://doi.org/10.1016/j.memsci.2019.117671
http://doi.org/10.1016/j.seppur.2009.09.002
http://doi.org/10.1021/ja8002952
http://doi.org/10.1016/j.desal.2018.02.020
http://doi.org/10.1021/acs.nanolett.8b01831
http://www.ncbi.nlm.nih.gov/pubmed/30132675
http://doi.org/10.1021/acs.iecr.9b02376
http://doi.org/10.1039/D0SE00461H


Membranes 2023, 13, 108 30 of 32

65. Xue, C.; Du, G.-Q.; Chen, L.-J.; Ren, J.-G.; Sun, J.-X.; Bai, F.-W.; Yang, S.-T. A carbon nanotube filled polydimethylsiloxane hybrid
membrane for enhanced butanol recovery. Sci. Rep. 2014, 4, 5925. [CrossRef]

66. Xue, C.; Wang, Z.-X.; Du, G.-Q.; Fan, L.-H.; Mu, Y.; Ren, J.-G.; Bai, F.-W. Integration of ethanol removal using carbon nanotube
(CNT)-mixed membrane and ethanol fermentation by self-flocculating yeast for antifouling ethanol recovery. Process Biochem.
2016, 51, 1140–1146. [CrossRef]

67. Park, S.; Lee, K.-S.; Bozoklu, G.; Cai, W.; Nguyen, S.T.; Ruoff, R.S. Graphene oxide papers modified by divalent ions—Enhancing
mechanical properties via chemical cross-linking. ACS Nano 2008, 2, 572–578. [CrossRef]

68. Shin, Y.; Liu, W.; Schwenzer, B.; Manandhar, S.; Chase-Woods, D.; Engelhard, M.H.; Devanathan, R.; Fifield, L.S.; Bennett, W.D.;
Ginovska, B. Graphene oxide membranes with high permeability and selectivity for dehumidification of air. Carbon 2016, 106,
164–170. [CrossRef]

69. Nair, R.; Wu, H.; Jayaram, P.N.; Grigorieva, I.V.; Geim, A. Unimpeded permeation of water through helium-leak–tight graphene-
based membranes. Science 2012, 335, 442–444. [CrossRef]

70. Gupta, O.; Roy, S.; Rao, L.; Mitra, S. Graphene Oxide-Carbon Nanotube (GO-CNT) Hybrid Mixed Matrix Membrane for
Pervaporative Dehydration of Ethanol. Membranes 2022, 12, 1227. [CrossRef]

71. Shin, Y.; Taufique, M.F.N.; Devanathan, R.; Cutsforth, E.C.; Lee, J.; Liu, W.; Fifield, L.S.; Gotthold, D.W. Highly selective supported
graphene oxide membranes for water-ethanol separation. Sci. Rep. 2019, 9, 2251. [CrossRef]

72. Castro-Muñoz, R.; Buera-González, J.; de la Iglesia, O.; Galiano, F.; Fíla, V.; Malankowska, M.; Rubio, C.; Figoli, A.; Téllez,
C.; Coronas, J. Towards the dehydration of ethanol using pervaporation cross-linked poly (vinyl alcohol)/graphene oxide
membranes. J. Membr. Sci. 2019, 582, 423–434. [CrossRef]

73. Liu, Q.; Wu, Y.; Wang, X.; Liu, G.; Zhu, Y.; Tu, Y.; Lu, X.; Jin, W. Molecular dynamics simulation of water-ethanol separation
through monolayer graphene oxide membranes: Significant role of O/C ratio and pore size. Sep. Purif. Technol. 2019, 224, 219–226.
[CrossRef]

74. Talyzin, A.V.; Hausmaninger, T.; You, S.; Szabó, T. The structure of graphene oxide membranes in liquid water, ethanol and
water–ethanol mixtures. Nanoscale 2014, 6, 272–281. [CrossRef]

75. Liu, Q.; Chen, M.; Mao, Y.; Liu, G. Theoretical study on Janus graphene oxide membrane for water transport. Front. Chem. Sci.
Eng. 2021, 15, 913–921. [CrossRef]

76. Liang, F.; Zheng, J.; He, M.; Mao, Y.; Liu, G.; Zhao, J.; Jin, W. Exclusive and fast water channels in zwitterionic graphene oxide
membrane for efficient water–ethanol separation. AIChE J. 2021, 67, e17215. [CrossRef]

77. Yeh, T.-M.; Wang, Z.; Mahajan, D.; Hsiao, B.S.; Chu, B. High flux ethanol dehydration using nanofibrous membranes containing
graphene oxide barrier layers. J. Mater. Chem. A 2013, 1, 12998–13003. [CrossRef]

78. Hao, W.; Tong, Z.; Liu, X.; Zhang, B. Optimizing nanostrands-inserted graphene oxide membrane with polyelectrolyte protective
layer for enhanced ethanol pervaporation dehydration. Sep. Purif. Technol. 2020, 251, 117322. [CrossRef]

79. Liang, F.; Wang, H.; Liu, G.; Zhao, J.; Jin, W. Designing highly selective and stable water transport channel through graphene
oxide membranes functionalized with polyhedral oligomeric silsesquioxane for ethanol dehydration. J. Membr. Sci. 2021, 638,
119675. [CrossRef]

80. Tang, W.; Lou, H.; Li, Y.; Kong, X.; Wu, Y.; Gu, X. Ionic liquid modified graphene oxide-PEBA mixed matrix membrane for
pervaporation of butanol aqueous solutions. J. Membr. Sci. 2019, 581, 93–104. [CrossRef]

81. Mariano, M.; El Kissi, N.; Dufresne, A. Cellulose nanocrystals and related nanocomposites: Review of some properties and
challenges. J. Polym. Sci. Part B Polym. Phys. 2014, 52, 791–806. [CrossRef]

82. Dagnon, K.L.; Shanmuganathan, K.; Weder, C.; Rowan, S.J. Water-triggered modulus changes of cellulose nanofiber nanocompos-
ites with hydrophobic polymer matrices. Macromolecules 2012, 45, 4707–4715. [CrossRef]

83. Kamtsikakis, A.; Baales, J.; Zeisler-Diehl, V.V.; Vanhecke, D.; Zoppe, J.O.; Schreiber, L.; Weder, C. Asymmetric water transport in
dense leaf cuticles and cuticle-inspired compositionally graded membranes. Nat. Commun. 2021, 12, 1267. [CrossRef] [PubMed]

84. Bai, L.; Qu, P.; Li, S.; Gao, Y.; Zhang, L.P. Poly (vinyl alcohol)/cellulose nanocomposite pervaporation membranes for ethanol
dehydration. In Materials Science Forum; Trans Tech Publications Ltd.: Stafa-Zurich, Switzerland, 2011; pp. 383–386.

85. Kamtsikakis, A.; Delepierre, G.; Weder, C. Cellulose nanocrystals as a tunable nanomaterial for pervaporation membranes with
asymmetric transport properties. J. Membr. Sci. 2021, 635, 119473. [CrossRef]

86. Liu, G.; Shen, J.; Liu, Q.; Liu, G.; Xiong, J.; Yang, J.; Jin, W. Ultrathin two-dimensional MXene membrane for pervaporation
desalination. J. Membr. Sci. 2018, 548, 548–558. [CrossRef]

87. Ren, C.E.; Hatzell, K.B.; Alhabeb, M.; Ling, Z.; Mahmoud, K.A.; Gogotsi, Y. Charge-and size-selective ion sieving through Ti3C2Tx
MXene membranes. J. Phys. Chem. Lett. 2015, 6, 4026–4031. [CrossRef]

88. Wang, J.; Xu, Y.; Ding, B.; Chang, Z.; Zhang, X.; Yamauchi, Y.; Wu, K.C.W. Confined self-assembly in two-dimensional interlayer
space: Monolayered mesoporous carbon nanosheets with in-plane orderly arranged mesopores and a highly graphitized
framework. Angew. Chem. Int. Ed. 2018, 57, 2894–2898. [CrossRef]

89. Xu, Z.; Liu, G.; Ye, H.; Jin, W.; Cui, Z. Two-dimensional MXene incorporated chitosan mixed-matrix membranes for efficient
solvent dehydration. J. Membr. Sci. 2018, 563, 625–632. [CrossRef]

90. Wu, Y.; Ding, L.; Lu, Z.; Deng, J.; Wei, Y. Two-dimensional MXene membrane for ethanol dehydration. J. Membr. Sci. 2019, 590,
117300. [CrossRef]

http://doi.org/10.1038/srep05925
http://doi.org/10.1016/j.procbio.2016.05.030
http://doi.org/10.1021/nn700349a
http://doi.org/10.1016/j.carbon.2016.05.023
http://doi.org/10.1126/science.1211694
http://doi.org/10.3390/membranes12121227
http://doi.org/10.1038/s41598-019-38485-y
http://doi.org/10.1016/j.memsci.2019.03.076
http://doi.org/10.1016/j.seppur.2019.05.030
http://doi.org/10.1039/C3NR04631A
http://doi.org/10.1007/s11705-020-1954-5
http://doi.org/10.1002/aic.17215
http://doi.org/10.1039/c3ta12480k
http://doi.org/10.1016/j.seppur.2020.117322
http://doi.org/10.1016/j.memsci.2021.119675
http://doi.org/10.1016/j.memsci.2019.03.049
http://doi.org/10.1002/polb.23490
http://doi.org/10.1021/ma300463y
http://doi.org/10.1038/s41467-021-21500-0
http://www.ncbi.nlm.nih.gov/pubmed/33627645
http://doi.org/10.1016/j.memsci.2021.119473
http://doi.org/10.1016/j.memsci.2017.11.065
http://doi.org/10.1021/acs.jpclett.5b01895
http://doi.org/10.1002/anie.201712959
http://doi.org/10.1016/j.memsci.2018.05.044
http://doi.org/10.1016/j.memsci.2019.117300


Membranes 2023, 13, 108 31 of 32

91. Liu, G.; Shen, J.; Ji, Y.; Liu, Q.; Liu, G.; Yang, J.; Jin, W. Two-dimensional Ti2CTx MXene membranes with integrated and ordered
nanochannels for efficient solvent dehydration. J. Mater. Chem. A 2019, 7, 12095–12104. [CrossRef]

92. Cai, W.; Cheng, X.; Chen, X.; Li, J.; Pei, J. Poly (vinyl alcohol)-Modified Membranes by Ti3C2Tx for Ethanol Dehydration via
Pervaporation. ACS Omega 2020, 5, 6277–6287. [CrossRef]

93. Li, S.; Dai, J.; Geng, X.; Li, J.; Li, P.; Lei, J.; Wang, L.; He, J. Highly selective sodium alginate mixed-matrix membrane incorporating
multi-layered MXene for ethanol dehydration. Sep. Purif. Technol. 2020, 235, 116206. [CrossRef]

94. Li, S.; Geng, X.; Ma, C.; Zhan, X.; Li, J.; Ma, M.; He, J.; Wang, L. Improved performance of three-component structure mixed
membrane for pervaporation modified by lignosulfonates@ 2D-MXene. Sep. Purif. Technol. 2021, 276, 119294. [CrossRef]

95. Zou, C.; Li, Q.; Hua, Y.; Zhou, B.; Duan, J.; Jin, W. Mechanical synthesis of COF nanosheet cluster and its mixed matrix membrane
for efficient CO2 removal. ACS Appl. Mater. Interfaces 2017, 9, 29093–29100. [CrossRef]

96. Duan, K.; Wang, J.; Zhang, Y.; Liu, J. Covalent organic frameworks (COFs) functionalized mixed matrix membrane for effective
CO2/N2 separation. J. Membr. Sci. 2019, 572, 588–595. [CrossRef]

97. Liu, G.; Jiang, Z.; Yang, H.; Li, C.; Wang, H.; Wang, M.; Song, Y.; Wu, H.; Pan, F. High-efficiency water-selective membranes from
the solution-diffusion synergy of calcium alginate layer and covalent organic framework (COF) layer. J. Membr. Sci. 2019, 572,
557–566. [CrossRef]

98. Xu, L.; Xu, J.; Shan, B.; Wang, X.; Gao, C. TpPa-2-incorporated mixed matrix membranes for efficient water purification. J. Membr.
Sci. 2017, 526, 355–366. [CrossRef]

99. Duong, P.H.; Kuehl, V.A.; Mastorovich, B.; Hoberg, J.O.; Parkinson, B.A.; Li-Oakey, K.D. Carboxyl-functionalized covalent
organic framework as a two-dimensional nanofiller for mixed-matrix ultrafiltration membranes. J. Membr. Sci. 2019, 574, 338–348.
[CrossRef]

100. Wu, G.; Li, Y.; Geng, Y.; Jia, Z. In situ preparation of COF-LZU1 in poly (ether-block-amide) membranes for efficient pervaporation
of n-butanol/water mixture. J. Membr. Sci. 2019, 581, 1–8. [CrossRef]

101. Wu, G.; Lu, X.; Li, Y.; Jia, Z.; Cao, X.; Wang, B.; Zhang, P. Two-dimensional covalent organic frameworks (COF-LZU1) based
mixed matrix membranes for pervaporation. Sep. Purif. Technol. 2020, 241, 116406. [CrossRef]

102. Cao, C.; Wang, H.; Wang, M.; Liu, Y.; Zhang, Z.; Liang, S.; Yuhan, W.; Pan, F.; Jiang, Z. Conferring efficient alcohol dehydration to
covalent organic framework membranes via post-synthetic linker exchange. J. Membr. Sci. 2021, 630, 119319. [CrossRef]

103. Li, S.; Li, P.; Cai, D.; Shan, H.; Zhao, J.; Wang, Z.; Qin, P.; Tan, T. Boosting pervaporation performance by promoting organic
permeability and simultaneously inhibiting water transport via blending PDMS with COF-300. J. Membr. Sci. 2019, 579, 141–150.
[CrossRef]

104. Yang, H.; Cheng, X.; Cheng, X.; Pan, F.; Wu, H.; Liu, G.; Song, Y.; Cao, X.; Jiang, Z. Highly water-selective membranes based on
hollow covalent organic frameworks with fast transport pathways. J. Membr. Sci. 2018, 565, 331–341. [CrossRef]

105. Yang, H.; Yang, L.; Wang, H.; Xu, Z.; Zhao, Y.; Luo, Y.; Nasir, N.; Song, Y.; Wu, H.; Pan, F. Covalent organic framework membranes
through a mixed-dimensional assembly for molecular separations. Nat. Commun. 2019, 10, 2101. [CrossRef] [PubMed]

106. Wang, H.; Chen, L.; Yang, H.; Wang, M.; Yang, L.; Du, H.; Cao, C.; Ren, Y.; Wu, Y.; Pan, F. Brønsted acid mediated covalent organic
framework membranes for efficient molecular separation. J. Mater. Chem. A 2019, 7, 20317–20324. [CrossRef]

107. Fan, H.; Xie, Y.; Li, J.; Zhang, L.; Zheng, Q.; Zhang, G. Ultra-high selectivity COF-based membranes for biobutanol production. J.
Mater. Chem. A 2018, 6, 17602–17611. [CrossRef]

108. Yang, H.; Wu, H.; Xu, Z.; Mu, B.; Lin, Z.; Cheng, X.; Liu, G.; Pan, F.; Cao, X.; Jiang, Z. Hierarchical pore architectures from 2D
covalent organic nanosheets for efficient water/alcohol separation. J. Membr. Sci. 2018, 561, 79–88. [CrossRef]

109. Castellanos-Gomez, A.; Poot, M.; Steele, G.A.; Van der Zant, H.S.; Agraït, N.; Rubio-Bollinger, G. Mechanical properties of freely
suspended semiconducting graphene-like layers based on MoS2. Nanoscale Res. Lett. 2012, 7, 233. [CrossRef]

110. Peng, Q.; De, S. Outstanding mechanical properties of monolayer MoS2 and its application in elastic energy storage. Phys. Chem.
Chem. Phys. 2013, 15, 19427–19437. [CrossRef]

111. Govind Rajan, A.; Sresht, V.; Pádua, A.A.; Strano, M.S.; Blankschtein, D. Dominance of dispersion interactions and entropy
over electrostatics in determining the wettability and friction of two-dimensional MoS2 surfaces. ACS Nano 2016, 10, 9145–9155.
[CrossRef]

112. Wang, Z.; Mi, B. Environmental applications of 2D molybdenum disulfide (MoS2) nanosheets. Environ. Sci. Technol. 2017, 51,
8229–8244. [CrossRef]

113. Deng, M.; Kwac, K.; Li, M.; Jung, Y.; Park, H.G. Stability, molecular sieving, and ion diffusion selectivity of a lamellar membrane
from two-dimensional molybdenum disulfide. Nano Lett. 2017, 17, 2342–2348. [CrossRef]

114. Zhang, H.; Taymazov, D.; Li, M.-P.; Huang, Z.-H.; Liu, W.-L.; Zhang, X.; Ma, X.-H.; Xu, Z.-L. Construction of MoS2 composite
membranes on ceramic hollow fibers for efficient water desalination. J. Membr. Sci. 2019, 592, 117369. [CrossRef]

115. Song, Y.; Jiang, Z.; Gao, B.; Wang, H.; Wang, M.; He, Z.; Cao, X.; Pan, F. Embedding hydrophobic MoS2 nanosheets within
hydrophilic sodium alginate membrane for enhanced ethanol dehydration. Chem. Eng. Sci. 2018, 185, 231–242. [CrossRef]

116. Kan, L.; Li, G.; Liu, Y. Highly selective separation of C3H8 and C2H2 from CH4 within two water-stable Zn5 cluster-based
metal–organic frameworks. ACS Appl. Mater. Interfaces 2020, 12, 18642–18649. [CrossRef]

117. Peng, Y.L.; He, C.; Pham, T.; Wang, T.; Li, P.; Krishna, R.; Forrest, K.A.; Hogan, A.; Suepaul, S.; Space, B. Robust microporous
metal–organic frameworks for highly efficient and simultaneous removal of propyne and propadiene from propylene. Angew.
Chem. 2019, 131, 10315–10320. [CrossRef]

http://doi.org/10.1039/C9TA01507H
http://doi.org/10.1021/acsomega.9b03388
http://doi.org/10.1016/j.seppur.2019.116206
http://doi.org/10.1016/j.seppur.2021.119294
http://doi.org/10.1021/acsami.7b08032
http://doi.org/10.1016/j.memsci.2018.11.054
http://doi.org/10.1016/j.memsci.2018.11.040
http://doi.org/10.1016/j.memsci.2016.12.039
http://doi.org/10.1016/j.memsci.2018.12.042
http://doi.org/10.1016/j.memsci.2019.03.044
http://doi.org/10.1016/j.seppur.2019.116406
http://doi.org/10.1016/j.memsci.2021.119319
http://doi.org/10.1016/j.memsci.2019.02.041
http://doi.org/10.1016/j.memsci.2018.08.043
http://doi.org/10.1038/s41467-019-10157-5
http://www.ncbi.nlm.nih.gov/pubmed/31068595
http://doi.org/10.1039/C9TA06924K
http://doi.org/10.1039/C8TA06902F
http://doi.org/10.1016/j.memsci.2018.05.036
http://doi.org/10.1186/1556-276X-7-233
http://doi.org/10.1039/c3cp52879k
http://doi.org/10.1021/acsnano.6b04276
http://doi.org/10.1021/acs.est.7b01466
http://doi.org/10.1021/acs.nanolett.6b05238
http://doi.org/10.1016/j.memsci.2019.117369
http://doi.org/10.1016/j.ces.2018.03.057
http://doi.org/10.1021/acsami.0c04538
http://doi.org/10.1002/ange.201904312


Membranes 2023, 13, 108 32 of 32

118. Sarawade, P.; Tan, H.; Polshettiwar, V. Shape-and morphology-controlled Sustainable synthesis of Cu, Co, and in metal organic
frameworks with high CO2 capture capacity. ACS Sustain. Chem. Eng. 2013, 1, 66–74. [CrossRef]
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