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Abstract

Pervaporation (PV), a membrane process in which the feed is a liquid mixture and the permeate is removed as a
vapour, offers an energy-efficient alternative to conventional separation processes such as distillation, and can be
applied to mixtures that are difficult to separate, such as azeotropes. Here the principles of pervaporation and its
industrial applications are outlined. Two classes of material that show promise for use in PV membranes are
described: Polymers of intrinsic microporosity (PIMs) and 2D materials such as graphene. The literature regarding PV
utilizing the prototypical PIM (PIM-1) and it hydrophilic hydrolysed form (cPIM-1) is reviewed. Self-standing PIM-1
membranes give competitive results compared to other membranes reported in the literature for the separation of
alcohols and other volatile organic compounds from agueous solution, and for organic/organic separations such as
methanol/ethylene glycol and dimethyl carbonate/methanol mixtures. Blends of cPIM-1 with conventional polymers
improve the flux for dehydration of alcohols. The incorporation of fillers, such as functionalised graphene-like fillers,
into PIM-1 to form mixed matrix membranes can enhance the separation performance. Thin film composite (TFC)
membranes enable very high fluxes to be achieved when a suitable support with high surface porosity is utilised.
When functionalised graphene-like fillers are introduced into the selective layer of a TFC membrane, the lateral size
of the flakes needs to be carefully controlled. There is a wide range of PIMs and 2D materials yet to be explored for

organic/organic separations.

PV applications, which offer potential to create bespoke membranes for a wide variety of organic/aqueous and
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Introduction

Pervaporation is a membrane process that allows the sep-
aration of azeotropic and other liquid mixtures that are
difficult to separate by conventional methods such as dis-
tillation. There is a need for membrane materials that
offer good selectivity and high flux for a wide range of in-
dustrially important separations. In 2004, two develop-
ments at the University of Manchester gave rise to
materials that have attracted attention for use in perva-
poration membranes and for other applications. Firstly, in
Chemistry, a new class of high free volume, membrane-
forming polymer was reported, referred to as “Polymers of
Intrinsic Microporosity” or “PIMs” [1, 2]. Secondly, in

* Correspondence: Peter.Budd@manchester.ac.uk
'School of Chemistry, University of Manchester, Manchester M13 9PL, UK
Full list of author information is available at the end of the article

K BMC

Physics, it was reported that single-layer graphene had
been isolated [3].

This review first provides background information about
the fundamentals of the pervaporation process and its de-
velopment for industrial applications, about the develop-
ment and applications of PIMs, and about the history and
applications of graphene and its oxidised form, graphene
oxide. It then summarises the literature on pervaporation
membranes utilising PIMs, with a special emphasis on the
combination of PIMs with graphene-based fillers. Finally,
the prospects and opportunities for PIM-based pervapora-
tion membranes are considered.

Pervaporation

Fundamentals

Pervaporation (PV) was first reported by Kober et al in
1917 [4] and has since become a well-established separation
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process where a mixture of miscible liquids is put
into contact with a membrane [5]. As the name sug-
gests, the overall process involves permeation of a
component of the mixture through the membrane,
followed by evaporation on the permeate side [6].
The permeate vapour is subsequently condensed. The
driving force of PV is a difference in the effective
partial vapour pressure between the feed and perme-
ate sides of the membrane, which gives rise to a
chemical potential gradient. This is achieved by apply-
ing a vacuum or sweep gas on the permeate side. A
typical PV process is shown schematically in Fig. 1.

The performance of a membrane is described in terms
of its productivity (the throughput of molecules through
the membrane) as well as by its ability to separate the
components in the feed mixture. In PV studies, the
productivity is often expressed in terms of a total mass
flux, Jiorar, calculated using

m

Jtotal = Az (1)

where m is the mass of permeate collected over time ¢
for a membrane of area A. From the composition of the
permeate, the flux of a component, J;, where i indicates
the component in question, can then be determined.
Component fluxes can be expressed in either mass or
molar terms. The flux depends on the conditions of the
experiment as well as on the driving force across the
membrane and on the membrane thickness, /. To obtain
results that are normalised for the membrane thickness,
the flux can simply be multiplied by the thickness. Mem-
brane materials are best compared in terms of perme-
abilities, P;, which are normalised for the driving force
as well as for membrane thickness:
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Fig. 1 Simplified diagram of pervaporation process
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Pi — ]711 (2)
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where f; sand f; , are the fugacities of component i in
the feed and permeate, respectively. For an ideal gas, fu-
gacity may be replaced by partial pressure, but many va-
pours of interest for PV show nonideal behaviour.

For a two component mixture, the selectivity of a

membrane, «, may be expressed as a ratio of
permeabilities.
b;
a=— 3
> (3)

It has been argued that this is the best way to describe
separating ability [7, 8]. Nevertheless, it is more com-
mon in PV studies to report a separation factor, also
symbolised by a in older literature, but nowadays gener-
ally symbolised by f5:

ﬁ — (Y l/ YI ) ( 4)
(Xi/X))

where Y;/Y; is the weight ratio of the components in the
permeate and X,/X; is the corresponding ratio in the
feed. Other ways of describing the separating ability in-
clude an enrichment factor, which is the ratio of concen-
trations of the preferentially permeating component in
permeate and feed [9], and which is also sometimes
symbolised by B. Care must be taken when comparing
pervaporation data from different sources to understand
the basis of the results reported.

Typically, a trade-off between productivity and separ-
ating ability is observed. The overall performance of a
membrane for a pervaporative separation can be quanti-
fied using a pervaporation separation index, PSI:

PSI = ]total(/:’)_l) (5)

If there is either no flux or no separation, then the PSI
will be zero.

A number of factors contribute to the separation ob-
tained in PV. Firstly, as PV involves a phase change from
liquid to vapour, there is the separation associated with
the vapour-liquid equilibrium. Secondly, there is a con-
tribution from the membrane itself, which may enhance
that from vapour-liquid equilibrium, or in some cases
override it. In addition, there are effects linked to the ef-
fectiveness of the membrane module and to the operat-
ing conditions [10].

PV can often be understood in terms of a solution-
diffusion model. This involves: (1) Dissolution or sorption
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of the permeating species in the membrane on the feed
side, (2) diffusion through the membrane, and (3) desorp-
tion at the permeate side. Separation due to the mem-
brane can be enhanced either through sorption selectivity,
which commonly favours the more condensable or more
strongly interacting molecules, or through diffusion select-
ivity, which depends on the size and shape of the perme-
ating molecules and on the distribution of free volume
within the membrane material [11]. More comprehensive
models of pervaporation take account of additional fac-
tors, such as the resistance associated with a boundary
layer on the feed side of the membrane, which has a differ-
ent composition to the bulk of the feed mixture [10].

Development for industrial applications

The use of PV processes for industrial applications has
increased steadily over recent decades, with initial appli-
cations being explored as early as 1958 by Binning et al.
[12, 13] and patents being published in the 1960s by
Binning et al. [14] and Loeb et al. [15], then being fur-
ther developed in the years afterwards [6, 16, 17]. During
that time it was noted that the fluxes obtained from the
membranes then available were too low to be economic-
ally viable for industrial use [18]. This problem was alle-
viated in 1985 by Gesellschaft fiir Trenntechnik (GFT)
with the development of a composite membrane, made
from poly (vinyl alcohol) thinly layered onto a porous
support material (polyacrylonitrile) [17]. Since then work
towards industrially relevant PV materials has continued.
With the more prevalent distillation separations being
energy intensive processes, PV has been utilised and de-
veloped as a greener and more cost effective method of
liquid separation and extraction [11, 19, 20]. PV has
been investigated for both organic-organic and aqueous-
organic separations, as discussed below. Membranes
based on PIMs show promise for industrial applications
due to their intrinsic microporosity that gives rise to
good fluxes and selectivities. The future development of
membranes for PV will benefit from current research on
PIM membranes for other types of separation, such as
the development of hollow fibre membranes for gas sep-
aration [21, 22].

Organic-organic separations

Organic-organic separations via PV have been used ex-
tensively on four main types of mixture: (i) polar/non-
polar, (ii) aromatic/alicyclic, (iii) aromatic/aliphatic, and
(iv) isomers. The first reported use of PV for organic-
organic separation was the removal of n-hexane from
iso-octane in 1961 by Binning et al. [13].

The separation of polar/non-polar mixtures was
achieved in 1976 by Aptel et al. [23], who used poly-
tetrafluoroethylene films grafted with N-vinylpyrrolidone
to separate mixtures such as methanol/toluene and
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methanol/benzene. This followed from some earlier
work [24, 25]. There has since been a great deal of data
published showing an array of polymer membranes that
can be used for the separation of polar/non-polar solvent
mixtures, predominantly alcohols from aromatics [26].
The highly selective separation of methanol from cyclo-
hexane (separation factor Bmethanol/cyclohexane UP to 2000)
using a composite membrane has also been achieved
[27]. Good fluxes up to 10 kg m™ h™* for methanol/tolu-
ene separation have been accomplished using a poly
(acrylic acid)/poly (vinyl alcohol) blend [28]. Further-
more, it has been demonstrated that the flux and the se-
lectivity of methanol/toluene separation can be tuned
through the use of other polymer membranes [29].
Work towards optimising performance is still ongoing,
with recent developments using aromatic copolyamides
which offer improved flux and selectivities when com-
pared to previous membranes [30].

The use of PV for aromatic/alicyclic separations has
been investigated since the first commercialisation at-
tempts in the 1960s [31, 32]. Benzene/cyclohexane mix-
tures are commonly encountered in industry, making
their separation of interest. They are however, particu-
larly difficult to separate and so there has been a great
deal of focus on the use of PV membranes to alleviate
this problem [26, 33]. Recently developed poly (vinyl
chloride)/polystyrene blended membranes offer good
performances for the separation of the two compounds
(a total normalized flux of 7.6 kg um m™ h™ and a sep-
aration factor of 18.33) [34].

The separation of aromatic/aliphatic mixtures can be
challenging, owing to the similarities in both physical
and chemical properties between certain aromatics and
aliphatics [35]. PV was again considered for this applica-
tion as far back as the 1970s [36]. Whilst there is still
plenty of literature offering decent separative perfor-
mances from a range of membranes, there has yet to be
any industrial adoption of pervaporation for aromatic/
aliphatic separations [26, 35]. This is likely due to the
poor performances of the developed membranes on a
continuous, large scale [35].

With the ability to separate mixtures of compounds
with very similar properties, PV can also be used in the
separation of isomer mixtures [26]. The first example of
this dates back to 1982, for the separation of xylene iso-
mers using cellulose based membranes [37]. The initial
process gave poor selectivity, which has later been im-
proved [38-40]. PV has also been used for the separ-
ation of short chain aliphatics, with the separation of Cg
and C, isomers being noted in the literature [41, 42].

Aqueous-organic separations
Aqueous-organic PV separations can be divided into two
groups: (i) The removal of organics from aqueous
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solutions and (ii) the removal of water from organics
(dehydration), with the latter being the most prevalent
of the two [43].

The removal of organics from water is often desired
for environmental reasons. Volatile organic compounds
(VOCs) may occur in aqueous media due to pollution
from both man-made and natural sources [44]. There-
fore, VOC removal via PV has gained attention over the
past decades, particularly for aqueous systems which
contain very small quantities of VOCs present, whose
low solubilities in water make distillation unviable [45].
The first reported use of PV for VOC removal was in
1970 by Cole et al. [46], with numerous reports since then
showing further developments in the field [45]. A great
number of PV membranes investigated for the removal of
VOCs have been formed from organophilic materials such
as poly[1-(trimethylsilyl)-1-propyne] (PTMSP), polydi-
methylsiloxane (PDMS), poly (ether-block-amide) (PEBA),
and polyvinylidene fluoride (PVDF) [47-54], with many of
these polymers and their derivatives being used in indus-
trial settings [55—58]. The removal of organics from water
is also of interest for industrial biotechnology, in particular
for the recovery of products such as ethanol, butanol and
acetone from fermentation broths, where the concentra-
tion of organics is low because of their toxicity towards
the microorganisms used for fermentation [59, 60].

In contrast to situations in which low concentrations
of organic compounds need to be removed from aque-
ous media, water can be removed from organics via PV
to allow for dehydration of solvents. This is particularly
valuable for solvents which form azeotropes (constant
boiling mixtures) with water. Traditionally, azeotropic
distillation was employed with the addition of entrainers
to aid in breaking the azeotropes [61-63]. The main
drawback of this method is that the addition of an en-
trainer or an entrainer mixture adds an additional im-
purity into the solvent, which can also prove difficult to
remove entirely, rendering the solvent unsuitable for
high purity applications [64]. With PV relying on the
separative ability of a membrane, there is no need for
additives. The majority of PV applications for dehy-
dration are for the drying of alcohols such as metha-
nol, ethanol and butanol [64-66]. In recent years, the
development of PV membranes for such applications
has been studied extensively, with the fabrication of
membranes from a large range of hydrophilic materials
[67-72]. Whilst there have been many materials used in al-
cohol dehydration processes, research has taken a distinct
shift towards the use of chitosan based membranes [64, 67,
70, 73-76]. The application of PV for dehydration is not
limited to alcohols. Membranes have been developed which
have allowed the drying of other industrially useful solvents
such as acetic acid [64, 77-79], tetrahydrofuran [64, 77, 80],
acetone [64, 77, 81] and acetonitrile [82].
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Nowadays, membrane materials play a key role in the
development of membrane processes, defining the separ-
ation performance. There is a need for novel materials
with better separation characteristics to enable industri-
ally viable processes. PIMs and 2D materials, between
them, offer significant potential for achieving enhanced
separation performances.

Polymers of Intrinsic Microporosity (PIMs)
Discovery, design and synthesis of PIMs

The first glassy polymer with high fractional free volume
was a disubstituted polyacetylene, PTMSP, reported by
Masudo et al. in 1984 [83]. Due to the combination of
double bonds in the main chain and the presence of
bulky side groups, disubstituted polyacetylenes have a
rigid structure that results in loose macrochain packing,
giving PTMSP incredibly high permeability towards
small gases. Despite membranes based on PTMSP and
other polyacetylenes with bulky substituents being well
studied, these polymers have not found commercial ap-
plication because of their inherent disadvantages, includ-
ing ageing, a dramatic decrease of porosity with time
[84], and fouling [85].

A breakthrough in the design of high permeability
glassy polymers was the synthesis of polybenzodioxins
incorporating spiro-centres, which then became known
as polymers of intrinsic microporosity (PIMs). In this
context, “microporosity” refers to pores of dimensions
smaller than 2 nm [86]. PIMs are defined as having ‘a
continuous network of interconnected intermolecular
voids, which forms as a direct consequence of the shape
and rigidity of the component macromolecule’ [87, 88].
Due to their inherent rigidity and contorted shape, the
polymer chains cannot fill space efficiently in the same
way that typical linear polymers can, giving rise to their
intrinsic microporosity. The first reported PIM by
McKeown and Budd ez al. in 2004 [1], appropriately
named PIM-1, was the product of a nucleophilic aro-
matic substitution reaction between the two commer-
cially available monomers 5,5',6,6'-tetrahydroxy-3,3,3',3'-
tetramethyl-1,1"-spirobisindane (SBI) and tetrafluoroter-
ephthalonitrile (TFTPN) (Fig. 2).

PIMs allow for the tuning of their properties through
modification of the polymer design and synthesis. The
nitrile groups in PIM-1 can be chemically modified to
yield a range of polymers with tailored properties. Base
catalysed hydrolysis of PIM-1 gives a more hydrophilic
polymer, which generally has a mixture of amide and
carboxylic acid groups [89]. Other modifications include
thioamide [90], tetrazole [91, 92], amine [93] and hydro-
xyalkylaminoalkylamide [94]. The design and synthesis of
novel, highly rigid monomers allows for the formation of
PIMs with tailored properties via the introduction of in-
flexible, bulky structural units in place of spirobisindane;
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Fig. 2 Synthesis of PIM-1

with triptycenes, spirobifluorenes and ethanoanthracenes
as prominent examples [95-98].

PIM preparation is not only limited to the polydiben-
zodioxin formation seen in PIM-1. Polyimide (PI) syn-
thesis has been employed for the formation of high
performance polyimide-PIMs (PIM-PIs) [99-105]. Un-
like polydibenzodioxins, the PIM-PIs are not ladder-like
in structure and require bulky substituents adjacent to
the imide linkages to prevent rotation and increase the
rigidity of the polymer chains.

Troger's Base (TB), a fused bicyclic molecule first
synthesised by Julius Troger in 1887 [106], with full
structural elucidation by Spielman and Wilcox et al.
[107, 108], has been used in the formation of PIMs, due
to the rigid, contorted structure of the aromatic rings
fused together through a bicyclic methylene system with
nitrogen atoms at the bridgeheads. The first TB-PIM
was reported by McKeown et al. [109], where diamine
monomers were subjected to condensation reactions
with a formaldehyde source mediated by strong acid.
Further development of TB-PIMs has continued [110-
113]. The rigid and contorted shape of TB makes it an
ideal candidate for incorporation as a structural unit in
monomers for PIM synthesis. TB has been used to build
novel monomers for use in benzodixane and polyimide
synthesis, making it a versatile structure in PIM forma-
tion [102, 114, 115].

Applications of PIMs

The wide and versatile range of PIMs has been adopted
into a broad range of potential applications. The pre-
dominant application investigated for PIMs over the past
decade has been for gas separation membranes. The
high internal surface areas of PIMs that arise due to
their inherent microporosity give PIM membranes high
permeabilities towards a range of gases, whilst also
maintaining reasonable selectivities [116]. A common
challenge in membrane technology is to obtain a balance
between selectivity and permeability, as demonstrated in
1991 by Robeson [117], who defined the upper bounds
of performance that had been achieved with polymeric
membranes for key gas pairs. The upper bounds were

revised in 2008 [118] to accommodate PIMs and other
new materials. In recent years there has been a great
deal of work on new developments towards the forma-
tion of even higher performance PIMs for gas separation
[95-98, 100-102, 105, 110-115, 119-122], which led to
a further revision of the upper bounds in 2015 for cer-
tain gas pairs [105, 111, 123]. The potential shown as
gas separation membranes has meant that they have also
gained industrial attention for processes such as gas en-
richment, as well as carbon capture during post combus-
tion processes, and hydrogen storage [124—129].

PIMs have also seen applications towards heteroge-
neous catalysis, largely focussing on the use of network-
PIMs that contain catalytic sites. These network PIMs
have been used to perform Suzuki couplings, sulphur
formation reactions and oxidation reactions [130-133].
Furthermore, PIMs have been employed as sensors due
to both their intrinsic microporosity and their unique
optical fluorescence. PIM-1 has been used as light-
emitters and optical sensors to detect low traces of or-
ganic vapours as well as some explosive compounds
[134-136]. The addition of dyes into films of PIM-3
allowed for the detection of ethanol [134]. PIM-1 has
been commercialised in a sensor that visually indicates
the presence of excess organic vapour in a filter for per-
sonal protection equipment [135].

Finally, PIMs have found applications in liquid phase
separations, such as the separation of unwanted or
harmful compounds found in wastewater streams. The
removal of phenol from aqueous solution has been stud-
ied via adsorption into network PIMs [130, 131]. PIM-1
and hydrolysed PIM-1 (cPIM-1) have been investigated
for PV separation processes, which will be discussed in
greater detail below. PIMs offer particular advantages for
PV because of their intrinsically microporous nature. As
discussed above, transport in PV can generally be under-
stood in terms of a solution-diffusion mechanism and
the sorption selectivity usually plays a major role in the
overall selectivity. Molecules with higher affinity can be
accommodated within the free volume elements of a PIM
with only minor swelling of the polymeric matrix, enhan-
cing the sorption capacity compared to conventional
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glassy polymers and polymer rubbers. At the same time,
the microporous nature allows greater diffusion of mole-
cules across the membrane.

Graphene

Discovery and formation of graphene

Graphene is a sheet-like arrangement of sp*-hybridized
carbon forming a two-dimensional (2D) honeycomb net-
work. It is the simplest form of pure carbon-based mate-
rials that include single and multi-walled carbon
nanotubes, fullerenes and graphite. Graphene has many
extraordinary and useful thermal, mechanical, and elec-
trical properties, making it an interesting material, draw-
ing a great deal of attention in recent years [137].
Graphite, an extended three-dimensional (3D) material
of stacked layers of graphene, has been studied exten-
sively [138], and graphene was first studied theoretically
as early as 1947 by Philip Wallace [139]. However, single
layers of graphene were not isolated until 2004, with
work at the University of Manchester by Geim et al. [3],
mechanically exfoliating graphite to achieve the isolation
of 2D crystals of single-layer graphene. Graphene has
since been produced in differing formats (graphene
oxide, reduced graphene oxide and graphene nanomater-
ials being key examples), each of which have been inves-
tigated for a range of applications. Graphene oxide (GO)
is a high oxygen content version of graphene with a C/O
atomic ratio between 2 and 3. GO is prepared from
graphite by oxidation and exfoliation that is followed by
extensive oxidative modification of the basal plane. The
oxidation is most commonly performed using the Hum-
mers’ method or modified versions of it, whereby potas-
sium permanganate is used as the oxidising agent [140,
141]. Reduced graphene oxide (rGO) is GO which has
been reduced chemically, photo-chemically, thermally or
photo-thermally to reduce its oxygen content, as the
name suggests. Microwave or microbial/bacterial meth-
odology can also be used to achieve the same result
[141]. Graphene nanomaterials are a group of 2D mate-
rials that include graphene nanosheets, graphene nanor-
ibbons and graphene nanoflakes with a thickness and/or
lateral dimension of less than 100 nanometers [141].

Applications of graphene and graphene oxide

Although graphene itself has only recently been isolated,
there is a long history of materials that utilise the surface
properties of graphene. Activated carbons (ACs) have
been used throughout antiquity, dating back to ancient
Egypt, the Roman empire and ancient Greece, where
they were used to purify water and treat diseases [142].
ACs were employed during the first world war as a filter
material for gas masks, and they have been developed
for a variety of applications in the following century
[142, 143]. Graphite has been known as a mineral since
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the middle ages [137]. In recent years, graphite has been
used as a dry lubricant, for electrodes and as heating ele-
ments [137]. Graphene, since its isolation, has been in-
vestigated for a wide range of applications, such as
electrodes [144, 145], gas storage materials, corrosion re-
sistant coatings, gas and biosensors, light bulbs and drug
delivery devices, and desalination and separation mem-
branes, to name but a few [141, 144—-146].

In 2012, Nair et al. [147] reported that multilayer GO
membranes of thickness in the range 0.1-10 pm, formed
by depositing GO flakes of lateral dimensions of a few
pum, allowed virtually unimpeded evaporation of water,
while being impermeable to all other liquids and gases,
even helium, in the dry state. They went on to demon-
strate that such membranes exhibit molecular sieving of
solutes with hydrated diameters greater than 0.9 nm [148].
Tunable sieving of smaller ions was achieved by orienting
GO flakes in the direction of permeation and fixing the
spacing by encapsulation with an epoxy resin [149]. Con-
ductive filaments, which can be introduced into GO mem-
branes by controlled electrical breakdown, enable water
permeation to be controlled electrically [150]. Ultrathin
GO membranes, down to ca. 10 nm in thickness, show
permeation of organic solvents and are potentially useful
for organic solvent nanofiltration [151].

Following the first report from Manchester of unim-
peded evaporation of water through GO membranes
[147], there has been a great deal of research on
graphene-based membranes in general, and on hydro-
philic pervaporation utilising GO in particular. Yeh et al.
[152] coated multilayer GO onto a thin film nanofibrous
composite support and used it for ethanol dehydration,
reporting a separation factor of 308 and permeate flux of
2.2 kg m? h' for removal of water from an 80 wt%
ethanol/water mixture, outperforming a commercial
membrane. Tang et al. [153] studied ethanol dehydration
with free-standing GO membranes. Li et al. [154] pre-
pared membranes of GO on porous, tubular alumina
supports, and obtained good performance for dehydra-
tion of ethanol, 1-propanol, 2-propanol, butanol isomers
and ethyl acetate. Hung et al. [155] used diamines to
crosslink GO and control the interlayer spacing, report-
ing enhanced performance for ethanol dehydration. An-
other paper by Hung et al. [156] investigated
dehydration of 1-butanol by composite membranes of
GO on a polyacrylonitrile (PAN) support. Butanol dehy-
dration was also studied by Chen et al. [157] using GO
membranes on anodic aluminium oxide discs, and Tsou et
al. [158] with GO membranes on a modified PAN sup-
port. Liang et al. [159] explored the potential of perva-
poration with GO/PAN composite membranes for
desalination. Pervaporation desalination was also investi-
gated by Cheng et al. [160], using membranes of GO on
an electrospun nanofibrous PAN support. Ying et al. [161]
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intercalated superhydrophilic metal-organic frameworks
into the GO layered structure and reported enhancements
in separation factor and flux for pervaporation of an ethyl
acetate/water mixture. Qin et al. [162] surface-crosslinked
GO with 1,3,5-benzenetricarbonyl trichloride in membranes
for ethanol dehydration. Lecaros et al. [163] sought to tune
the interlayer spacing in GO by crosslinking with tiny
amounts of poly (vinyl alcohol) and used the membranes for
separation of an acetic acid/water mixture. Hua et al. [164]
utililsed aldehyde-functionalised GO in membranes for dehy-
dration of ethanol, 2-propanol and 1-butanol. Zhao et al.
[165] investigated dehydration of ethanol with membranes in
which GO was crosslinked with poly (ethylene glycol) di-
amines and the GO layer was then coated with a thin film of
sodium alginate. Boffa et al. [166] utilised a humic acid-like
biopolymer to stabilize GO membranes for ethanol dehydra-
tion. Van Gestel and Barthel [167] looked at 2-propanol de-
hydration with membranes prepared by dip-coating a GO
dispersion on a specially prepared ceramic support, followed
by thermal treatment at 300 °C in air. Guan et al. [168] used
lignin-based cations to stabilise GO membranes for ethanol
dehydration.

GO may be dispersed within a polymeric phase to
modify the separation performance. Suhas et al. [169]
added GO to sodium alginate nanocomposite mem-
branes and investigated the dehydration of 2-propanol,
reporting an improvement in performance for GO load-
ings up to 2 wt%, but a loss of selectivity at higher load-
ings. Wang et al. [170] mixed GO quantum dots (lateral
size <100 nm) into sodium alginate to form membranes
for the dehydration of ethanol. Dharupaneedi et al. [171]
dispersed GO in chitosan for pervaporation of ethanol/
water and 2-propanol/water mixtures. Lin et al. [172] in-
vestigated GO/chitosan membranes for pervaporation-
assisted esterification. GO and rGO/chitosan mem-
branes were studied by Hung et al. [173] for methanol
dehydration. Manshad et al. [174] combined GO with
Ultem polyetherimide for 1-butanol dehydration. Sale-
hian and Chung [175] prepared mixed matrix mem-
branes of ammonia-functionalised GO in a polyimide for
2-propanol dehydration.

Another approach to GO/polymer hybrid membranes
was taken by Wang et al. [176], who created polyelectro-
lyte complexes of poly (acrylic acid) with poly (ethylene
imine)-modified GO and investigated the membranes
for both nanofiltration and pervaporative dehydration.

While the majority of studies on pervaporation of aque-
ous mixtures have focused on the removal of water, there
is interest in organophilic pervaporation for feeds in which
the organic component is present at low concentration.
Dizaji et al. [177] created hybrid polydimethylsiloxane-
graphene/polyethersulfone membranes, using both rGO
and graphene produced by electrochemical exfoliation of
graphite, for removal of phenol from water.
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GO has been utilised in membranes for organic-
organic separations by pervaporation. Wang et al. [178]
created “pore-filling” composite membranes with a sep-
aration layer of GO in poly (vinyl alcohol) (PVA), both
on the surface and in the pores of an asymmetric PAN
support, and used them for the separation of a toluene/
heptane mixture, the addition of GO improving the separ-
ation of the aromatic component. Khazaei et al. [179, 180]
studied GO/PVA mixed matrix membranes for the separ-
ation of toluene from its mixtures with iso-octane. Maya
et al. [181] incorporated reduced graphene oxide (rGO)
into polychloroprene membranes for the pervaporation of
chloroform/acetone azeotropic liquid mixtures.

Pervaporation with PIM-based membranes

With a plethora of materials used as membranes for PV
purposes, the use of PIMs represents a logical step in
the development of high performance PV membranes.
Many membranes suffer from a trade-off relationship
between flux and selectivity, therefore the use of PIMs
was seen as a way to overcome this trade-off by main-
taining selectivity whilst increasing permeability through
their inherent porosity. In fact the first reported applica-
tion of PIM-1 was for the PV separation of phenol from
aqueous solutions [2]. In subsequent years there has
been increasing attention towards the application of
PIMs in PV processes.

Self-standing membranes

Separation of alcohol/water mixtures

Investigations of PV utilizing PIMs have largely focused
on the separation of alcohols from water. Results for un-
supported PIM-1 membranes are summarised in
Table 1.

The initial report on PIM-1 as a membrane by Budd et al.
[2] tested its ability to remove phenol selectively from water.
Phenol removal is of particular interest due to phenolic
compounds being present in industrial waste streams. Selec-
tivities and fluxes were obtained that were comparable to
those reported for hydrophobic, rubbery PDMS composite
membranes [186] (p = 16-18 for PIM-1 compared to 5 = 18
for supported PDMS; Flux = 0.20-0.52 kg m™ h™ for PIM-1
compared to 0.10-0.25 kg m? h™ for supported PDMS).
The similarity is attributed to the inherent microporosity of
the glassy PIM-1, allowing it to demonstrate permeation be-
haviour similar to that of a thin film of a rubbery polymer.
The effect of temperature was also investigated, showing in-
creased flux with increased temperature, whilst the separ-
ation factor changed little [2]. While the membranes
showed an almost tenfold increase of phenol in the perme-
ate compared to the initial feed, there was still room for im-
provement in terms of both selectivity and flux.

A study by Adymkanov et al. [183] investigated the ef-
fect of increasing molecular size on transport through
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Table 1 Pervaporation of alcohols from aqueous solution using self-standing PIM-1 membranes

Alcohol Conc. (wt%) Temp. (°C) B Normalised flux (kg um m?hh Ref.
Phenol 5 50 18 80 [2]
Phenol 5 60 18 14.8 [2]
Phenol 1 70 16 84 [2]
Phenol 3 70 16 1.2 [2]
Phenol 5 70 18 20.8 [2]
Phenol 5 80 18 268 [2]
Methanol 1.77 30 1.1 94 [182]
Ethanol 10 30 11 14.6 [183]
Ethanol 10 40 10 20.1 [183]
Ethanol 10 50 9 34.2 [183]
Ethanol 10 60 9 433 [183]
Ethanol 252 30 53 6.6 [182]
Ethanol 5 50 3.7 62.7 [184]
Ethanol 5 60 36 65.2 [184]
Ethanol 9 50 32 46.7 [184]
Ethanol 9 60 33 66.4 [184]
Ethanol 5 65 3.1 59 [185]
2-Propanol 3.26 30 24 36 [182]
1-Butanol 5 65 135 324 [185]

PIM-1 membranes. Studies with pure solvents showed that
the normalized mass flux decreased in the sequence: Metha-
nol (316 kg um m™>h™) > ethanol (113 kg pm m™h™) > bu-
tanol (38 kg um m™ h™"). They went on to study the effect
of temperature on the pervaporation of a 10% solution of
ethanol in water, showing an increase in flux with an in-
crease in temperature, with little change in separation factor
(Table 1). The flux was comparable to that of the ultra-
permeable polymer PTMSP (20.1 kg um m™> h™ for PIM-1
compared to 19-24 kg yum m™ h™ for PTMSP at 40 °C)
[183, 187]. Additionally, they reported no appreciable reduc-
tion in flux over time [183]. These results gave industrial
relevance to PIM-1 as a PV membrane, as it proved to have
high permeabilities for alcohols and remained permeable
over extended periods of time. Table 1 includes data from
Wu et al. [182] for methanol, ethanol and 2-propanol, and
data from Alberto et al. [185] for ethanol and 1-butanol.
The selective removal of 1-butanol from aqueous solu-
tion by self-standing PIM-1 membranes was investigated
by Zak et al. [188]. Their results were reported in terms
of the permeabilities of butanol, Pg, and water, Py, with
selectivity expressed as o=Pg/Py. They studied the
change in performance for an aged sample of pure PIM-
1. For a 2 wt.% 1-butanol feed at 50°C, the freshly cast
membrane showed Py = 9.0x10” mol m™* kPa h! with
a = 2.8. After aging for over a year (370 days), Pg had
decreased to 1.10x10° mol m™ kPa™ h™*, but the select-
ivity had increased to 5.1 [188]. They noted that fresh

and aged membranes exhibited different dependencies of
selectivity on 1-butanol concentration. Further work is
required to understand and control ageing effects under
the conditions of pervaporation.

Experimental studies of pervaporation of alcohol/water
mixtures with PIM-1 membranes have focused on rela-
tively low alcohol concentrations appropriate, for ex-
ample, for the recovery of bioethanol or biobutanol from
fermentation broths. An atomistic computer simulation
study by Shi et al. [189] considered the situation of an
ethanol/water azeotrope (95.5 wt% ethanol). They sug-
gested that under these conditions PIM-1 membranes
should show good selectivity for water. However, this
has not been tested in the laboratory.

Separation of volatile organic compounds from aqueous
solution

Wu et al. [182], in addition to the data for methanol,
ethanol and 2-propanol given in Table 1, provided re-
sults for the pervaporative removal of a variety of vola-
tile organic compounds from aqueous solution, as
presented in Table 2. Their research showed particularly
high separation factors and fluxes for ethyl acetate, di-
ethyl ether and acetonitrile. It was also noted that less
flexible ring compounds such as tetrahydrofuran and
dioxane exhibited poorer performance, which they at-
tributed to differences in their shape and size which



Kirk et al. BMC Chemical Engineering (2019) 1:18 Page 9 of 19
Table 2 Pervaporation of volatile organic compounds from aqueous solution using self-standing PIM-1 membranes

Organic compound Conc. (wt%) Temp. (°C) B Normalised flux (kg um m2h’ Ref.
Diethyl ether 3.99 30 176 33.1 [182]
Ethyl acetate 471 30 19.2 395 [182]
Tetrahydrofuran 3.89 30 16.5 7.02 [182]
Acetone 3.16 30 209 17.8 [182]
Dioxane 4.71 30 0.93 1.94 [182]
Acetonitrile 2.25 30 396 20.7 [182]
Acetic acid 3.26 30 6.14 342 [182]

meant they were unable to pass through the smaller
pores in the membrane.

Separation of water/ethylene glycol and methanol/ethylene
glycol mixtures

A second study by Wu et al. [190] focused on the purifi-
cation of ethylene glycol (EG) from both water and
methanol mixtures (Table 3). The overall aim was to de-
velop a high throughput, highly selective membrane to
outperform current distillation techniques used for the
industrial purification of ethylene glycol. The separation
of water from ethylene glycol showed increases in both
the flux and separation factor with increasing water con-
tent. The hydrophobic nature of PIM-1 means that the
degree of swelling decreases with increasing water con-
tent in the feed. Therefore, it is concluded that the sep-
aration process is dominated by the diffusion process,
with the water molecules having a greater advantage in
diffusing through the membrane owing to their smaller
size compared to the ethylene glycol molecules. An

increase in both flux and separation factor was observed
with an increase in temperature, as expected. For metha-
nol/ethylene glycol mixtures there was also an increase
in both flux and separation factor with increase in its
content. The fluxes proved to be much greater than
those observed with water. However, while there was
still an increase in flux with an increase in temperature,
there was a reduction in separation factor. This differ-
ence in performance between water/ethylene glycol and
methanol/ethylene glycol was caused by the difference in
activation energies between components in each of the
mixtures being studied.

Further work by Chen et al. [191] sought to improve
the separation of water/ethylene glycol mixtures by mak-
ing the membrane more hydrophilic. This was achieved
using base hydrolysed PIM-1 membranes, with the aim
of converting nitrile groups in PIM-1 into carboxylate
groups [192]. The carboxylated PIM-1 (cPIM-1) mem-
branes showed higher fluxes and separation factors than
unmodified PIM-1 (Table 3). The use of hydrolysed

Table 3 Pervaporation of water and methanol from ethylene glycol using self-standing PIM-1 or carboxylated PIM-1 (cPIM-1)
membranes. For cPIM-1 membranes the reported degree of carboxylation is indicated in parentheses

Impurity Conc. (wt%) Temp. (°C) Membrane B Normalised flux (kg um m? h™) Ref.

Water 18.50 20 PIM-1 188 1.25 [190]
Water 6.56 30 PIM-1 364 0.82 [190]
Water 18.50 30 PIM-1 429 2.87 [190]
Water 22.66 30 PIM-1 51.1 3.82 [190]
Water 18.50 40 PIM-1 473 353 [190]
Water 18.50 50 PIM-1 64.5 691 [190]
Water 10 30 cPIM-1(0.69) 923 841 [191]
Water 20 30 cPIM-1(0.69) 69.0 1.7 [191]
Water 20 30 cPIM-1(0.94) 759 13.7 [191]
Methanol 18.50 20 PIM-1 305 5.19 [190]
Methanol 8.15 30 PIM-1 715 492 [190]
Methanol 18.50 30 PIM-1 24.2 104 [190]
Methanol 23.16 30 PIM-1 26.2 14.7 [190]
Methanol 18.50 40 PIM-1 146 134 [190]
Methanol 18.50 50 PIM-1 6.15 239 [190]
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PIM-1 membranes therefore has a great deal of potential
for applications in the industrial dehydration of organic
solvents [192-195].

Separation of organic/organic mixtures

The potential of PIM-based membranes for organic/or-
ganic separations is as yet little explored. Wu et al. [190]
looked at methanol/ethylene glycol mixtures, as dis-
cussed above. Cihal et al. [196] have investigated the
separation of the “green” reagent dimethyl carbonate
(DMC) from its mixtures with methanol, comparing
PIM-1 with the rubbery polymer PDMS and the high
free volume glassy polymer PTMSP. For pervaporation
of the DMC/methanol azeotrope (82 mol% methanol) at
40°C, a PIM-1 membrane achieved a separation factor of
2.3. A PDMS membrane showed similar separation with
lower flux, while PTMSP showed virtually no separation.
They also compared pervaporation with vapour permeation
through PIM-1 membranes, the latter process giving higher
separation factors (up to 5.1) for the azeotropic mixture, at
the expense of a reduction in flux. For feeds rich in DMC
(>60 mol% DMC) there was a loss of separation in perva-
poration mode, attributed to a loss of sorption selectivity
because sorbed DMC solubilises methanol in the mem-
brane. However, there was no loss of separation in vapour
permeation mode, separation factors up to 6.5 being
achieved for feeds that were diluted with an inert gas. It is
worth noting that vapour permeation should be considered
as an alternative to pervaporation when assessing mem-
branes for the separation of volatile liquid mixtures.

Polymer blend membranes

A PIM may be blended with other polymers to improve
the separation performance. Salehian et al. [197] pre-
pared blend membranes of the polyimide P84 with hy-
drolysed PIM-1 (cPIM-1), aiming to combine the high
permeability of cPIM-1 with the high selectivity of P84
in the dehydration of 2-propanol. Pervaporation experi-
ments at 60°C on a 2-propanol/water mixture (85/15
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wt%) showed that incorporation of 10 wt% cPIM-1 into
a P84 membrane improved the water permeability by
87%, whilst the high selectivity observed with pure P84
was maintained.

A further study by Yong et al. [195] investigated the
effects of blending cPIM-1 with three polymers (Matrimid
polyimide, Torlon polyamide-imide and P84 polyimide)
on the dehydration pervaporation of three alcohols (etha-
nol, 2-propanol and 1-butanol). Results are given in
Table 4 for membranes with 20 wt% cPIM-1, at which
loading there was generally a significant increase in flux
without too great a loss of selectivity. Data for 0, 10 and
30 wt% cPIM-1 are to be found in the reference. With all
three polymers, very high separation factors were ob-
served for 1-butanol dehydration at cPIM-1 loadings up
to 20 wt%, but at higher loading, although the flux in-
creased, there was a substantial drop in selectivity.

While polymer blends with ¢cPIM-1 can be used to
tailor the performance of hydrophilic membranes for al-
cohol dehydration at low water content, PIM-1 itself
may be used to tailor the performance of organophilic
membranes for the recovery of alcohols from aqueous
solution at low alcohol concentration. It is much harder
to achieve high selectivity for alcohol recovery than for
dehydration, as the selectivity is dominated by sorption
of the alcohol, but once alcohol is sorbed in the mem-
brane it solubilises water in the membrane. Zhang et al.
[198] have developed a procedure for creating hybrid
membranes of PIM-1 in crosslinked PDMS. For the per-
vaporation separation at 60 °C of 1-butanol from water
at the very low alcohol concentration of 1 wt%, for a
membrane with 8 wt% loading of PIM-1 in PDMS, they
achieved a separation factor of 30.7 with a normalised
total flux of 31.4 kg um m™ h™*. The membrane showed
stable performance over 240 h continuous operation.

Mixed matrix membranes
PIM-1 membranes with filler particles dispersed through-
out to form mixed matrix membranes (MMMs) have been

Table 4 Dehydration pervaporation of alcohol/water mixtures (85 wt% alcohol) at a temperature of 60°C using blend membranes of

polyimides with 20 wt% hydrolysed PIM-1 (cPIM-1)

Alcohol Blended polymer B Normalised flux (kg um m? h™) Ref.

Ethanol Matrimid 340 492 [195]
Ethanol Torlon 157 0.85 [195]
Ethanol P84 199 19 [195]
2-Propanol Matrimid 780 20 [195]
2-Propanol Torlon 719 1.2 [195]
2-Propanol P84 72 2.1 [195]
1-Butanol Matrimid >5000 24 [195]
1-Butanol Torlon >5000 1.0 [195]
1.Butanol P84 >5000 20 [195]
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studied for the separation of alcohol/water mixtures.
Fillers that have been investigated include silicalite, as an
example of a porous filler, and graphene oxide, as an ex-
ample of a non-porous, high surface area 2D material. In
each case, the filler has been functionalised to improve
compatibility with the polymer phase. Representative re-
sults are given in Table 5.

Initial work on PIM-based MMMs for PV by Mason et
al. [184] used as a filler the hydrophobic zeolite silicalite-1,
functionalized on the outer surface with —(CH,),Ph groups.
Results for the pervaporation of ethanol from aqueous solu-
tion (5 and 9 wt% ethanol) at three filler loadings and tem-
peratures of 50 and 60°C are given in Table 5. Data for
other temperatures can be found in the reference. MMMs
with filler loadings of 28 wt% or higher showed increases in
separation factor compared to pure PIM-1 membranes
(Table 1) studied under the same conditions. The addition
of a porous filler serves both to increase the free volume in
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the dry membrane and to reduce the swelling when used
for pervaporation of ethanol/water mixtures.

The archetypal 2D material, graphene, is an effective
barrier to molecular transport and when incorporated
into a polymer at high loading it can greatly reduce per-
meability. However, at low loading it may tailor the sep-
aration performance of a membrane in various ways.
Firstly, its high surface area provides sorption sites that
modify the sorption selectivity of the membrane. Sec-
ondly, permeating molecules have to diffuse around the
graphene flakes and the tortuous diffusion path influ-
ences the diffusion selectivity. Thirdly, the presence of
flakes with lateral dimensions that are large relative to
the molecular scale can help to control swelling and age-
ing. Fourthly, the large area of graphene surface restricts
the conformational freedom of polymer chains in its
vicinity, frustrating their ability to pack together, and
thus increasing free volume and enhancing permeability;

Table 5 Pervaporation of alcohols from aqueous solution using mixed matrix PIM-1 membranes. Fillers: MF/ silicalite-1(CH,),Ph, GO-
ODA octadecyl-functionalised graphene oxide, rGO-ODA reduced octadecyl-functionalised graphene oxide, rGO-OA reduced octyl-

functionalised graphene oxide

Alcohol Conc. (wt%) Filler Loading (wt%) Temp. (°C) B Normalised flux (kg um m?h’ Ref.

Ethanol 5 MFI 13 50 37 27.7 [184]
Ethanol 5 MFI 13 60 33 29.6 [184]
Ethanol 5 MFI 28 50 49 36.7 [184]
Ethanol 5 MFI 28 60 5.7 546 [184]
Ethanol 9 MFI 28 50 3.7 80.5 [184]
Ethanol 9 MFI 28 60 5.1 50.3 [184]
Ethanol 9 MFI 47 50 4.7 186 [184]
Ethanol 9 MFI 47 60 43 22 [184]
Ethanol 5 GO-ODA 0.01 65 1.1 3.1 [185]
Ethanol 5 GO-ODA 0.1 65 3.1 55 [185]
Ethanol 5 GO-ODA 0.5 65 2.1 38 [185]
Ethanol 5 rGO-ODA 0.01 65 30 3.7 [185]
Ethanol 5 rGO-ODA 0.1 65 20 32 [185]
Ethanol 5 rGO-ODA 0.5 65 1.5 50 [185]
Ethanol 5 rGO-OA 0.01 65 1.8 38 [185]
Ethanol 5 rGO-OA 0.1 65 5.1 9.5 [185]
Ethanol 5 rGO-OA 0.5 65 29 6.8 [185]
1-Butanol 5 GO-ODA 0.01 65 12.2 17.1 [185]
1-Butanol 5 GO-ODA 0.1 65 16.1 300 [185]
1-Butanol 5 GO-ODA 0.5 65 174 22.2 [185]
1-Butanol 5 rGO-ODA 0.01 65 21.5 34.5 [185]
1-Butanol 5 rGO-ODA 0.1 65 26.9 230 [185]
1-Butanol 5 rGO-ODA 0.5 65 17.6 30.8 [185]
1-Butanol 5 rGO-OA 0.01 65 226 439 [185]
1-Butanol 5 rGO-OA 0.1 65 329 276 [185]
1-Butanol 5 rGO-OA 0.5 65 27.1 35.1 [185]
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this can be particularly significant for gas separations
[199], but may be less important for liquid separations
where the polymer is swollen with the permeating spe-
cies. Fifthly, interfacial defects or voids may provide
rapid diffusion paths. It must be emphasised that with a
2D material these effects may be seen at loadings much
lower than are normally used for particulate fillers.

PIM-1 can interact with graphene sheets [200], which
serves to stabilise graphene dispersions. PIM-1/graphene
composites have been prepared and the gas permeation
behaviour studied [199]. However, there is a tendency for
graphene sheets to re-agglomerate during membrane for-
mation [201]. Therefore, studies of pervaporation have
made use of graphene-based fillers functionalised with
alkyl chains to improve compatibility and discourage re-
agglomeration. The alkyl chains may also influence the
sorption selectivity of the membrane. Graphene oxide
(GO) provides a convenient starting point for functionali-
sation, and can be reduced to a graphene-like material.

Alberto et al. [185] prepared GO by a modified Hum-
mers’ method, oxidising graphite with KMnO, in a solu-
tion of KNO3 in H,SO,, followed by a mixture of H,O,
and H,SO,. This introduces various oxygen-containing
functional groups (hydroxyl, epoxide, carboxylic acid) and
enables the material to be dispersed in water. The GO was
then functionalised with alkyl chains by reaction with
alkylamines, octadecylamine yielding a material with long
chains (18 carbons), termed GO-ODA, and octylamine
yielding a material with shorter chains (8 carbons), termed
GO-OA. Chemical reduction was subsequently carried
out with hydrazine monohydrate to give rGO-ODA and
rGO-OA. The process is illustrated in Fig. 3.

GO-ODA, rGO-ODA and rGO-OA could be dispersed
in chloroform, a solvent for PIM-1, and so were used to
prepare MMMs with PIM-1. Results are given in Table 5
for pervaporation of ethanol and 1-butanol from aque-
ous solution with membranes incorporating 0.01, 0.1
and 0.5 wt% filler. Data for a higher filler loading can be
found in the reference [185]. For ethanol pervaporation,
under the conditions employed, the addition of GO-
ODA or rGO-ODA showed no advantage compared to
PIM-1 alone (Table 1), but rGO-OA gave a modest im-
provement in separation factor and flux at a loading of
0.1 wt% (Table 5). More impressive improvements were
achieved for 1-butanol pervaporation, rGO-OA at 0.1
wt% giving a separation factor more than twice that for
PIM-1 alone. This illustrates the potential for high sur-
face area 2D fillers to improve the overall performance
of PIM membranes for butanol recovery.

Thin film composite membranes

To improve the overall flux through PIM-1 membranes,
thin film composite (TFC) membranes have been pre-
pared with a PIM-1 separation layer on a porous support,
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both with and without fillers being added to the separation
layer. The TFC membranes have been investigated for per-
vaporation of 1-butanol/water mixtures (Table 6). Whereas
Tables 1, 2, 3, 4, 5 have given a normalised flux, to enable
better comparison of materials, Table 6 gives the total flux
and PSI as an indication of membrane performance.

Pure PIM-1 selective layer

Gao et al. [202] investigated TFC membranes compris-
ing PIM-1 separation layers on PVDF supports. The
hydrophobic polymer PVDF was chosen as previous
work with PIM-1 coated on more hydrophilic PAN sup-
ports had given poor results for PV. A range of asym-
metric PVDF supports were prepared by casting PVDF
dope solutions onto polypropylene non-woven fabric,
followed by immersion in distilled water. The pore size
and surface porosity of the support was controlled by
varying the PVDF concentration in the dope solution
and through the use of phosphoric acid as a non-solvent
additive. Pore sizes at the support surface were in the
range 25-55 nm and fractional surface porosities were in
the range 0.38-0.69. High surface porosity of the support
was shown to be particularly important for achieving
high flux TFC membranes. For a given support, the total
flux obtained for TFC membranes was shown to in-
crease on decreasing the thickness of the PIM-1 layer
from ca. 3 um to ca. 1 um. However, the benefit of redu-
cing the thickness of the separation layer was partially
offset by a decrease in the thickness-normalised flux.
The reduction in the apparent permeability of the PIM-1
layer at small thicknesses may arise from effects related
to the process (concentration polarization can be pro-
nounced for thin films that exhibit high fluxes) and/or
effects related to the material (polymer packing is differ-
ent in a thin film, close to a surface, than in bulk poly-
mer). One set of data for a PIM-1 TFC membrane is
included in Table 6, demonstrating a combination of flux
and selectivity that outperforms the vast majority of
membranes reported in the literature [202]. Data for
other membranes and temperatures are presented in the
reference [202].

Mixed matrix selective layer

Lan et al. [203] investigated the use of fillers in PIM-1 mem-
branes for PV separations of 1-butanol from water, through
the addition of fumed silica nanoparticles modified with the
silane coupling agent 3-methacryloxypropyltrimethoxysilane
to aid dispersion. Solutions of PIM-1 with various loadings
of the modified nano-fumed silica (MNFS) were cast onto a
cellulose acetate (CA) microfiltration membrane as a sup-
port. The CA membrane was saturated with water prior to
casting the PIM-1 layer, so that the separation layer did not
penetrate into the pores of the support. Increasing the
amount of MNFS, up to 4 wt% loading, led to a decrease in
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the degree of swelling in 5 wt% 1-butanol aqueous solution
at 20°C, and a concomitant increase in PV separation factor.
PV results for 4 wt% loading are given in Table 6. Data for
other loadings and temperatures are presented in the refer-
ence [203].

Carbon black functionalised with the silane coupling
agent aminopropyltriethoxysilane (APTS-CB) was also
investigated as a filler for PIM-1 TFC membranes on
CA supports by Lan et al. [204]. In pervaporation of 5
wt% 1-butanol aqueous solution at 30°C, increases in
both selectivity and flux were observed with APTS-CB
loadings up to 4 wt%. The best results are given in
Table 6. On increasing the loading further to 6 wt%
there was a decrease in separation factor, attributed to
aggregation of filler particles creating voids at the filler/
particle interface that allow rapid water transport. Separ-
ation factor also decreased on raising the temperature or
increasing the butanol concentration in the feed.

The work discussed previously on mixed matrix mem-
branes of alkyl-functionalised GO and reduced GO with

PIM-1 [185], and on TFC membranes of PIM-1 on
PVDF supports [202], was extended by Alberto et al.
[205] to the development of thin film nanocomposite
(TFN) membranes with a mixed matrix selective layer of
PIM-1 with graphene-like fillers, on a PVDF support.
When incorporating 2D materials into a film with a
thickness of the order a micron, the lateral size of the
flakes is critical. They investigated flakes with lateral size
in the micrometre range of octadecyl-functionalised gra-
phene oxide before and after reduction, and of octyl-
functionalised reduced graphene oxide, designated GO-
ODA-B, rGO-ODA-B and rGO-OA-B, respectively, and
the corresponding materials with flakes with lateral size
of the order of 250 nm, designated GO-ODA-S, rGO-
ODA-S and rGO-OA-S. For pervaporation of 5 wt% 1-
butanol aqueous solution at 65°C, the addition of the lar-
ger flakes led to a reduction in separation factor, attrib-
uted to voids associated with the polymer/filler interface
or with agglomerates of the filler. In contrast, addition
of the smaller flakes at loadings up to 0.1 wt% generally

Table 6 Pervaporation of 1-butanol from aqueous solution (5 wt.% 1-butanol) using TFC membranes with a PIM-1 separation layer
on poly(vinylidene fluoride) (PVDF) or cellulose acetate (CA) porous supports. Fillers added to the PIM-1 separation layer are
modified fumed silica nanoparticles (MNFS), modified carbon black nanoparticles (APTS-CB), small (lateral size in nm range) flakes of
octadecyl-functionalised graphene oxide before (GO-ODA-S) and after (rtGO-ODA-S) reduction and small flakes of octyl-functionalised

reduced graphene oxide (rGO-OA-S)

Filler Loading (wt%) Thickness (um) Support Temp. (°C) B Total flux (kg m?hh PSI (kg m2h™ Ref.

[PIM-1] - 1 PVDF 65 133 9.1 112 [202]
[PIM-1] - - CA 20 6.3 0.54 29 [203]
MNFS 4 ca. 10 CA 20 155 0.51 74 [203]
[PIM-1] - - CA 30 12.1 091 10 [204]
APTS-CB 4 ca. 20 CA 30 19.7 1.12 21 [204]
[PIM-1] - 1-15 PVDF 65 13 43 52 [205]
GO-ODA-S 0.05 1-15 PVDF 65 15 5.7 80 [205]
rGO-ODA-S 0.05 1-1.5 PVDF 65 14 46 60 [205]
rGO-OA-S 0.05 1-15 PVDF 65 17 56 90 [205]
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led to an improvement in performance, compared to a
pure PIM-1 TEC prepared on the same support and ana-
lysed under the same conditions. Representative data are
given in Table 6. This work demonstrates that 2D mate-
rials are useful for enhancing the separation performance
of pervaporation membranes, but that the lateral size
needs to be carefully tailored when they are to be incorpo-
rated into thin films. It should also be noted that in thin
film composite membranes the nature of the support has
a major influence on the performance achieved [202].

Concluding remarks

Pervaporation is becoming an ever more important and vi-
able separation process, as a greener alternative to energy-
intensive distillation techniques prevalent throughout in-
dustry. The use of PIMs for PV separations has seen in-
creased interest in recent years. Competitive performances
can be achieved compared to other highly permeable mate-
rials such as PDMS and PTMSP. The inherent porosity of a
PIM enables high flux to be achieved, while the selectivity
can be tailored through chemical modification, through
blending with other polymers, or through the addition of
fillers such as graphene. For thin film composite mem-
branes, which offer exceptional flux, both the nature of the
support, and the size of any filler particles that are added,
need to be carefully optimised. A potential problem for use
with some solvents is excessive swelling, or even dissolution
of the PIM, and strategies for crosslinking the polymer are
needed to counter this. One method of effectively crosslink-
ing PIM-1, that has been employed for nanofiltration mem-
branes, involves blending with polyethyleneimine
followed by thermal treatment [206], but this may reduce
the hydrophobicity of the membrane.

Research on PIMs for PV has so far focused on PIM-1,
mainly for organophilic pervaporation, and on its hydrolysed
form (cPIM-1) for hydrophilic pervaporation. A wide range
of other chemical modifications of PIM-1, of PIM copoly-
mers, and of other PIM structures that have been investi-
gated for gas separations and other applications, have yet to
be explored for PV. There is considerable scope to develop
new PIM-based membranes tailored for the separation of
specific organic/aqueous or organic/organic mixtures.

The addition of small amounts of graphene-based filler
to a PIM can enhance PV sorption selectivity and hence
tailor membrane performance, as well as potentially
helping to control swelling and ageing effects. Future re-
search will see the scope extended to other 2D materials,
such as hexagonal boron nitride, transition metal dichal-
cogenides like MoS,, layered double hydroxides and
metal-organic framework nanosheets, that are already
being explored in other contexts [207]. The wealth of
new materials arising from recent research offers the
promise of bespoke membranes for challenging perva-
porative separations.
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