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As the interest for membrane-based organic solvent separation increases, membrane materials exhibiting
high permeance, high selectivity, and long-term stability against solvents are sought. Membrane technology
has experienced tremendous progress by integrating well-established polymeric membranes with emerging
materials such as porous polymers, metal—organic frames (MOFs), and two-dimensional (2D) materials. This
review aims to provide a timely update on novel molecular architectures developed to surpass permeability
and selectivity trade-off and improve stability. First, we describe the transport mechanisms of organic liquids
in membranes and summarize the state-of-the-art commercial membranes. Second, various strategies in

Received 23rd April 2021, designing polymers to improve separation performance are presented, including chemical functionalization
Accepted 23rd June 2021 and cross-linking. Third, we critically review porous materials with well-controlled nanostructures, such as
DOI: 10.1039/d1ma00373a polymers of intrinsic microporosity (PIMs), covalently organic frameworks (COFs), carbon molecular sieves

(CMS), and mixed matrix membranes (MMMs). Finally, membranes based on 2D materials with exciting
rsc.li/materials-advances separation properties are highlighted.
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achieved using phase-changing processes such as distillation and
evaporation, which are energy-intensive and consume 10-15% of
the world’s total energy.>® For example, separation of p-xylene and
o-xylene with similar boiling temperatures requires ~ 150 theore-
tical plates for distillation.”® Therefore, new technologies superior
to these conventional separation technologies are needed,
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particularly for the separation of thermolabile commodities
or high boiling point solvents.?

Membrane technology has gained much attention for this
application due to the avoidance of phase change, high energy
efficiency, small footprint, and easy operation and maintenance.” ™"
Fig. 1 shows a rapid increase of research publications in the last
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Fig. 1 Number of publications on solvent separations in the last 10 years.
Data were obtained on March 3rd, 2021 from Web of Science with
keywords of “organic solvent nanofiltration,” “organic solvent reverse
osmosis,” and “organic solvent forward osmosis.”

10 years, including organic solvent nanofiltration (OSN), organic
solvent reverse osmosis (OSRO), and organic solvent forward
osmosis (OSFO). Membrane technology has been extensively
reviewed for petrochemical”* and pharmaceutical applications."
Table 1 summarizes the key applications and the associated
requirement for the size sieving ability of membranes, as charac-
terized by molecular weight cut-off (MWCO) or pore sizes.

To make membrane technology competitive with conven-
tional separation technologies, membranes exhibiting superior
separation properties and excellent long-term stability are
sought. To this end, materials with advanced separation pro-
perties have been reviewed, including polymers,>'* cross-linked
polymers,">'® porous polymeric and carbonaceous materials,"”
metal-organic frameworks (MOFs),"®'® covalent organic frame-
works (COFs),"®* two-dimensional (2D) materials,”" thin-film
composite (TFC) membranes,*® surface-modified membranes,*
and mixed-matrix membranes (MMMs).>*** Modeling of liquid
transport in membranes has also been described,** > and impor-
tant membrane materials were highlighted.'®'* The rapid growth
of this field can benefit from a timely review of materials designs
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for OSN and OSRO applications, integrating high-performance
material structures from various material platforms and their
fabrication into industrial TFC membranes.

This review introduces a comprehensive landscape of mem-
brane architectures developed and their structure-property
relationship for organic solvent separation. First, we introduce
state-of-the-art commercial membranes and the challenge in
improving their separation properties, i.e., a trade-off between
permeability and selectivity. Second, we summarize cross-
linked polymers and strategies to improve their stability and
performance. Third, polyamide (PA)-based TFC and thin-film
nanocomposites (TFN) membranes prepared using interfacial
polymerization (IP) are critically reviewed. Fourth, we highlight
porous materials, such as porous organic cages (POC), MOFs,
COFs, carbon molecular sieves (CMS), conjugated microporous
polymers (CMPs) and MMMs. Finally, we present the emerging
2D materials for this application.

2. State-of-the-art membrane
technology

2.1. Transport mechanism in membranes

While for many years scientists debated about the validity of
the solution-diffusion vs. the pore flow mechanism in polymer
membranes for organic solvent separation, the solution-
diffusion model has recently emerged as the standard frame-
work to explore structure/property relationships for organic
solvent nanofiltration and reverse osmosis membranes.*®
In the last three decades, most research efforts focused on
the development of new materials exhibiting superior solvent
permeance.®® However, understanding the molecular mecha-
nism underpinning small molecule transport in OSN mem-
branes is essential to progress in the field, as it allows for the
intelligent design of functional materials specifically tailored
for certain separations.’®

Membrane materials are characterized in terms of perme-
ability coefficient, P. When the thickness of the active layer is
unknown, permeance, P//, is used in place of permeability,
where 7 is the thickness of the selective layer. However, in

Table 1 Examples of organic solvent separation applications and the required MWCO or pore sizes for membranes

Applications Examples

MWCO (g mol™°)

API or key intermediate purification®**

Impurity removal®>*°
Catalyst recovery*'™*
Peptides separation*

Stereoselective separation®>*®

BTEX separation®*®

p-Xylene/o-xylene
Dewaxing®***

Lube oil dewaxing

Food product purification®*>°

Tetracycline/mepenzolate/chlorhexidine from solvents
Genotoxic impurity removal

Pd(u)acetate from solvents

Peptides from solvents

(R)-1-Phenylethanol over (S)-1-phenylethanol

Vegetable oil from hexane,

350-1000

6-10% A

5.5-6.5% A
800-1250

150-900

Free fatty acid (FFA) from vegetable oil

Transesterification for biodiesel®*”

Methyl esters from homogeneous catalyst; glycerine and methanol

150-900

“ Membrane pore size (A).BTEX: B-benzene, T-toluene, E-ethyl benzene and X-xylene isomers
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contrast to permeance, permeability is an intrinsic membrane
material property and, as such, it should be used to develop
structure-property correlations instead of permeance.'*>:60-52

Based on the solution—-diffusion model, the permeability of

species i is given by:'*>®

Pi = Dz' X Si (1)

where D; is the diffusion coefficient and S; is the sorption
coefficient. The membrane selectivity is the ratio of the perme-
ability of the components i-to-j, and can be de-convoluted into
the sorption and diffusion selectivity as follows:
%:%:%X% (2)
where S;/S; is the solubility-selectivity and D;/D; is the diffusivity-
selectivity. Solubility-selectivity, Si/S;, is governed by the compo-
nents’ relative condensability (indicated by boiling temperature)
and molecular interactions with the membrane material,**>®
and D/D; is determined by their relative molecular size and
the membrane size-sieving ability.'#*® Often, rejection is used
instead of selectivity to evaluate the membrane performance.
However, analogously to permeance, rejection is not a fundamental
membrane property, which hinders the development of funda-
mental structure-property correlations for OSN and OSRO."*"®
The experimentally measured flux of component i through
the membrane, that is, the steady-state flux with respect to the
membrane, n;, which is used to define permeability, is given by:

n; =j; + omn; (3)

where j; is the diffusive flux with respect to the center of mass of
the polymer-penetrant system, and o; is the mass fraction of
the species 7 in the membrane. Therefore, n; inherently incor-
porates a diffusive contribution (i.e., j; the flux with respect to
the center of mass) and a convective contribution (i.e., wn;, the
flux due to the bulk penetrant motion). The Fick’s law is the
standard constitutive equation for the diffusive flux:

dCU,'
D; i (4)

Ji=—p

where p is the density of the solvent-swollen membrane, dw;/dx
is the concentration gradient across the membrane, D; is the
effective local diffusion coefficient, and x is the generic abscissa
along the membrane thickness. By combining eqn (3) and (4),
the experimentally measured flux is given by:

Di i
py = PP do )

1 —w; dx

When considering a gas separation membrane, o; (that is, the
gas mass fraction in the membrane) is vanishing, therefore
1 — w; = 1. This assumption, which has been erroneously
extended to OSN/OSRO membranes by several researchers,
leads to physically inconsistent results. For example, Volkov et al.
reached the conclusion that ethanol diffusion coefficient through
poly(1-trimethylsilyl-1-propyne) (PTMSP) exceeds ethanol self-
diffusion coefficient, which, in turn, led them conclude that the
transport mechanism in OSN membrane cannot be described

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in terms of the solution-diffusion model. Unfortunately, this
conclusion is not correct, as polymer membranes take up a
significant amount of liquid solvent, as such, the term (1 — w;)
cannot be safely assumed equal to one. Therefore, integration
of eqn (5) leads to the following integral expression for the
steady-state flux:

nif = pDjin <ﬂ) (6)

1 — CO,'?()

where D; is the effective, concentration-averaged diffusion
coefficient, and w;, and w;, are the mass fraction of species i
in the downstream and upstream membrane side, respectively.
D; is inherently corrected for the effect of frame of reference
(that is, convective effects) and still affected by non-ideal
thermodynamic effects. In other words, D; is the product of a
kinetic diffusion-coefficient, D;, which accounts for hydrodynamic
resistance to small molecule diffusion, and a thermodynamic
factor, B, which accounts for penetrant-polymer interactions

(that is, thermodynamic non-ideal effects):
= .

_ dlna;
Di =D x p=D} x g
01n w;

(7)

where D is the diffusion coefficients corrected for convective and
non-ideal effects, f is the thermodynamic factor, and a; is the
activity of the sorbing species. Noteworthy, D; is equivalent to the
Maxwell-Stefan diffusion coefficient.

As a case study, we consider liquid ethanol transport in
freestanding PTMSP films (¢f. Fig. 2A). Ethanol diffusion coeffi-
cients in PTMSP may be calculated using three methods.
Method 1 neglects convective and non-ideal thermodynamic
effects, according to the approach commonly used for gas
separation membranes, therefore it provides an estimate of
D;. Method 2 relies on Eqn 6 and provides the diffusion
coefficient corrected for convective effects (that is, D;). Finally,
Method 3 relies on Eqn 6 and 7 to provide D, that is the “true”
diffusion coefficient corrected for convective and thermo-
dynamic non-ideal effects. The three methods are compared
in Fig. 2B, which shows that, if properly formulated, the
solution—-diffusion model provides, consistently with the expec-
tations, mutual diffusion coefficients well below the solvent
self-diffusion coefficient. In other words, if the solution-diffusion
model is formulated to consider non-ideal and convective
effects, which are non-negligible in OSN applications, it can
correctly describe OSN polymer membranes without the need to
resort to complicated transport models.

Fig. 2A shows the experimentally measured liquid ethanol
permeability in PTMSP up to 35 bar: permeability gradually
decreases with increasing pressure difference across the
membrane. Fig. 2B shows liquid ethanol diffusivity in PTMSP,
calculated using the three methods described above. Interestingly,
diffusivity increases with increasing Ap. Relevant implications of
this will be discussed hereafter. Finally, liquid ethanol sorption
coefficient in PTMSP decreases with increasing p. This result
indicates that, contrarily to what commonly speculated in the
literature, sorption plays a role as important as diffusion, or even

Mater. Adv,, 2021, 2, 4574-4603 | 4577


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00373a

Open Access Article. Published on 23 June 2021. Downloaded on 3/29/2026 2:02:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Materials Advances Review
T T T T T T T\/F3x10'5 T T T T T T 1.4x10° . : . g . .
S
3 1400 § B v v ¥ C
. K ' al
-3 g v 5 12a0°f ]
S D; v =
,é' 5 i . . =
= 1225 £ 2x10° | self-diffusion { 5=
§ 8 \—v coefficient |3 1ox10° | ]
£ s g2
g 1050 3 = -l )
o= £ i u 3
<] = 8.0x10™ L §
g E1x10'5->r- e o d
S 875 | - g Di [ J g
° g \_e “
1 1 1 1 1 x s 5)(10'6 1 1 1 1 ! ! 6.0x10 1 1 1 1 1 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5§ 10 15 20 25 30 35
Ap (bar) Ap (bar) Ap (bar)

Fig. 2 (A) Liquid ethanol permeability in PTMSP with a thickness of 7 (m) at

room temperature as a function of Ap. 1 Barrer = 1.2 x 107° /M /p (LMH/bar

per m), where My, (g mol™) and p (g cm™>) are the molecular weight and density of ethanol, respectively. (B) Liquid ethanol diffusion coefficient in PTMSP
as a function of Ap,®® calculated according to methods 1 (D), 2 (D) and S(Df), and (C) liquid ethanol sorption coefficient in PTMSP as a function of p.>®

Copyright 2020, Elsevier.

more important, in regulating solvent permeability through OSN
membranes, at least in the case of ethanol transport in PTMSP.

Solvent flux can deviate from the linearity and eventually
levels off as the pressure difference across a membrane
increases.® Often, in the literature, this phenomenon is ascribed
to membrane compaction under pressure. The membrane
compaction hypothesis implicitly assumes a pore flow trans-
port mechanism through the membrane, which creates some
confusion in the literature about whether OSN membranes are
best described by the pore flow model, the solution diffusion
model, or a combination of the two. Moreover, glassy polymers
typically used in OSN experiments have very high Young’s
modulus, which makes them stiff enough to avoid compression
under normal operating conditions. For example, Celazole®™
polybenzimidazole (PBI) membranes retain a Young’s modulus
of 5 GPa upon exposure to solvents, which is clearly not
compatible with membrane compaction at 10 atm or so.*
Recently, Bye and Galizia demonstrated that the origin of flux
non-linearity is merely thermodynamic. Coupling Eqn 6
with the non-equilibrium lattice fluid model shows that any
increase in Ap across the membrane does not change solvent
concentration in the upstream membrane face while causing a
concentration decrease in the downstream face. Based on this
argument, a Ap must exist at which the solvent concentration in
the downstream membrane side becomes zero. Based on Fick’s
law, when this condition is attained, the driving force for
penetrant transport reaches its maximum value. Therefore,
no further increase in solvent flux may be observed with
increasing Ap, that is, a ceiling flux must exist. Therefore,
solvent flux must gradually decline with increasing Ap to
approach its ceiling value.

The fact that flux non-linearity is not due to membrane
compaction emerges, implicitly, from the analysis of Fig. 2B.
Specifically, the liquid ethanol diffusion coefficient in PTMSP
increases with increasing the pressure difference across the
membrane. This result provides further evidence that membrane
compaction does not take place, as compaction would cause a
decrease in diffusivity instead of an increase. An important
implication of this result is that flux non-linearity vs. Ap can’t

4578 | Mater. Adv., 2021, 2, 4574-4603

be eliminated by properly designing the membrane material, as it
has a thermodynamic origin and is not related to any membrane
structural feature.

Although the validity of the solution-diffusion model for OSN
polymer membranes has been unequivocally demonstrated,>*>%%
the pore flow model might still be invoked to describe solute and
solvent transport in porous membranes based on MOFs, COFs,
and carbon molecular sieves (CMS).>*® While small molecule
transport in dense materials occurs mainly in transient gaps
between polymer chains, which continuously open and close as
a consequence of thermal fluctuations (i.e., Brownian motion),
penetrants transport in porous materials occurs through perma-
nent pores with the size larger than the penetrant molecular size.
The chemical potential gradient that drives small molecule trans-
port across the porous membrane is not due to a concentration
gradient, as in a solution-diffusion membrane, but to a pressure
gradient, while the solute and solvent concentrations within a pore
are uniform.** The Darcy’s law is used to express the flux of the
specie i, n;, through a porous membrane:*®

n=K— 8)

where K is the permeability coefficient, Ap is the pressure gradient
across the membrane and, as usual, 7 is the membrane thickness.
The permeability coefficient, K, is obviously a membrane property,
as it depends on its structure, pore size distribution, and
tortuosity.

If the pores exhibit a uniform cylindrical shape, Darcy’s law
gives rise to the Hagen-Poiseuille equation, which describes
solvent flux through a porous membrane, n:°>

ng = KST;/] (9)

where Kj is the solvent permeability coefficient, 4 is the pore
cross-section area, and # is the solvent viscosity, which is the
main property affecting solvent transport. Ky, in turn, depends
on the membrane structure, such as porosity, ¢, tortuosity

© 2021 The Author(s). Published by the Royal Society of Chemistry
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factor, 7, pore radius, r, and Z.:

e ,.2

s — @ (10)

Several empirical models were developed to describe the solute
transport in porous materials, most of which assume that
solute transport is affected by molecular interactions with the
pore wall and steric hindrance.®*%*

Alternative pore flow models, not related to the Darcy’s law,
were developed starting from the Nerst-Plank equation.®®
These models account for steric hindrance and electrostatic
effects and, as such, they can also be used to describe the
transport of aqueous solutions through porous membranes,
such as the Donnan-Steric Pore Flow Model (DSPM):*>°°

dC ZiCiFKdD-%

= KD K G == KD

(11)

where K§ and K§ are the diffusive and convective transport
coefficients, respectively, z; is the solute valence, Y is the
electrical potential, x is the current abscissa throughout the
membrane thickness, C; is the concentration of species i, F is
the Faraday constant and v; is the velocity of species i through
the pore.

2.2. Trade-off between permeability and selectivity

Membrane permeability can be increased by designing archi-
tectures with higher free volume, which decreases the size-
sieving ability and thus diffusivity selectivity. Such permeability/
selectivity trade-off is widely reported for gas separation, water/salt
separation, and liquid separations, and it provides a benchmark
for any new membranes developed.” Fig. 3A shows an example
upper bound plot of acetone permeance as a function of styrene
dimer rejection."*”* Fig. 3B depicts the upper bound for water/
n-butanol separation using pervaporation method with the separa-
tion factor as a function of water permeance.”” Membranes with
higher permeance often exhibit lower selectivity (as indicated by
rejection or separation factor) and vice versa.

Fig. 3C presents an upper bound plot for the separation of
methanol over various solutes of 210-320 g mol™ " including
dyes and PEG.”* The use of permeance selectivity of methanol
over solutes (instead of rejection or separation factor) elimi-
nates the effect of the operating conditions, such as feed
pressure and composition, and enables a direct comparison
of membrane properties.”” Fig. 3D displays the upper bound
plot for methanol/Brilliant Blue dye separation using methanol
permeability, eliminating the effect of the selective layer thick-
ness and enabling a direct comparison of the selective layer
materials.

2.3. Commercial membranes

Polymeric membranes have been developed for OSN applica-
tions due to their easily fine-tuned microstructures and great
processabilities, such as polyimides (PI), polysulfone (PSF),
poly(ether ether) ketone (PEEK), and PBI. Table 2 summarizes
the separation performance of state-of-the-art commercial
membranes. Their commercial sources had been documented

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Examples of upper bound plots. (A) Acetone/styrene dimer separa-
tion for integrally skinned asymmetric membranes (ISA, @), TFCs (M), and
polyacrylates (@).* Copyright 2018, Frontiers in Chemistry. (B) Water/
n-butanol separation.”? Copyright 2019, Springer Nature. (C) Methanol
permeance vs. selectivity of small solutes of 20 ppm dyes and 2000 ppm
PEG (210-320 g mol™? for TFC membranes.”® Copyright 2020, WILEY-VCH.
(D) Rejection of Briliant Blue (820 g mol™) vs. methanol permeability.”*
Copyright 2020, Royal Society of Chemistry.

in the literature.® PIs are the leading materials for OSN applica-
tions as they are relatively stable in organic solvents.”® StarMem™
(W.R. Grace), DuraMem™ (Evonik) and PuraMem™ (Evonik) are
based on PIs and the tightest commercial membranes available for
OSN.>™ For example, DuraMem™300 shows excellent performance
with acetone permeance of 4.17 LMH per bar and a rejection of
92.5% for dimethyl styrene (236 g mol '); MPF-44 with a polydi-
methylsiloxane (PDMS) selective layer shows carbon tetrachloride
(CCly) permeance of ~0.53 LMH per bar and a rejection of 97% for
methylene blue.”””®

Commercial polyamide (PA)-based TFC membranes were
also explored for OSN applications because they are produced
on a large scale for water desalination by nanofiltration (NF)
and thus inexpensive.’®’® However, they exhibit low solvent
permeance. For example, NF90 exhibits ethanol permeance
of 0.82 LMH per bar,®® while StarMem122 shows ethanol
permeance of 2.41 LMH per bar.**®® More importantly, the
commercial PA-based membranes are not engineered to be
resistant to organic solvents, particularly for the porous support
and nonwoven paper layer.

Table 2 shows various solvents and solutes used for testing.
Most studies focused on common solvents, such as methanol,
ethanol, and toluene. The solutes include large molecules, such
as polystyrene (PS) oligomers and dyes, depending on the
applications of interest.

One of the great challenges in OSN is the broad range of
solvents involved, and membrane materials are not ubiqui-
tously resistant. For example, DuraMem300 is not stable in
certain chlorinated solvents,®* and it cannot be used at tempera-
tures above 50 °C.%* Therefore, new membranes with resistance to
the solvents are being developed. More importantly, membrane
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Table 2 Summary of commercial membranes and their separation performance
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Solvent Solute Testing conditions
Commercial Permeance Conc. MW Rejection  Flow
membranes Name (LMH per bar) Name (mgL™ (gmol™) (%) mode Ap (bar)
PL: STARMEM 122%°"%  Methanol 5.48 Sudan 408 10 464 91.4 Dead-end 30
Ethanol 2.41 92.6
Acetone 4.65 43.8
Methyl 8.51 50.3
ethyl ketone
Toluene 1.37 78.7
IPA ~0.7 Imatinib mesylate 50 589 ~91 30
Ethanol 0.32 Cooking oil 126742 914 98 20
Toluene 0.56 PS oligomers 1000 ~270 90 30
PI: STARMEM 2407® Ethanol ~5.4 Methylene blue 11.2 319 ~42 13.8
IPA ~5.1 ~72
Hexane ~4.7 ~50
cCly ~5.1 ~65
PL: DuraMem 500**°>%7  Ethyl acetate  0.29 Methyl vanillate 250 182 61.4 Cross-flow 20
Acetone 1.02 Glyceryl trilinolate 39200 885 86 Dead-end 26
PI: DuraMem 900°” Ethyl acetate  0.43 Methyl vanillate 250 182 26.2 Cross-flow 20
PI: PuraMem 380>’ Ethyl acetate  2.06 Methyl vanillate 250 182 32.8 20
PI: PuraMem 280°"% Ethyl acetate  1.24 Methyl vanillate 250 182 19.6 20
Toluene 0.67 PS oligomers 1000 ~280 90 30
PI: DuraMem 300°%%° Acetone 4.17 PS oligomers 10 236 92.5 30
Acetone 0.11 Glyceryl trilinolate 39200 885 100 Dead-end 26
PI: DuraMem 150°*%" Acetone 0.08 Glyceryl trilinolate 39200 885 100 26
Methanol ~0.35 Atenolol 50 266 ~97.5 30
PI: PuraMem 280°° Acetone 3.93 Glyceryl trilinolate 39200 885 96.8 26
PI: PuraMem 600°° Acetone 1.23 Glyceryl trilinolate 39200 885 88.5 26
PI: PuraMem $600** Toluene ~2 Palladium(u)acetate NS 224 ~60 40
IPA ~0.2 ~76
Methanol ~0.15 ~76
PI: DuraMem 500% Acetonitrile 0.8 Acid fuchsin 20 585 94.6 Cross-flow 10
PI: PuraMem 420%° Acetonitrile 0.3 Acid fuchsin 20 585 98 10
NanoPro $-3011%” Methanol 0.26 Triphenylphosphine  7.92 262 93 20
PI: DuraMem 150°® THF 0.1 PS oligomers 2000 250 >99 30
PA: NF-90*® Ethanol ~0.82 1-(5-Bromo-fur- 26 000 297 ~55 Dead-end 20-40
PA: NF-270%® ~0.56 2-il)-2-bromo- ~21
PA: BW30XLE*® ~0.22 2-nitroethane ~30
PDMS: MPF-347% Ethanol ~0.32 Methylene blue 11.2 319 ~42 13.8
IPA ~0.065 ~72
Hexane ~0.54 ~50
ccly ~0.094 ~65
PDMS: MPF-44777% Methanol 1.88 Eosin B 15 880 93 20
Ethanol ~0.15 Methylene blue 11.2 319 ~91 13.8
IPA ~0.03 ~81
Hexane ~0.094 ~91
ccly ~0.53 ~97
PDMS: MPF-507" Methanol 2.5 Eosin B 15 880 97 20
PDMS: PERVAP4060%° Toluene 2.2 Tetraoctyl- 870 546 92.5 Cross-flow 10
Ethanol 0.35 ammonium 789 95.6
PDMS: MPF-60%° Methanol 0.13 bromide 2373 98

technology always becomes more competitive as new materials
with improved permeance and rejection outperforming the upper
bound are developed.

3. Cross-linked polymers

Polymer cross-linking is an effective technique to enhance
chemical stability against solvents and fine-tune the free
volume, leading to improve size-sieving ability.”*** Additionally,
cross-linking reduces membrane swelling and solvent uptake®*
and increases glass transition temperature (T,) and degradation
temperature.’®®” Two approaches have been adopted to develop

4580 | Mater. Adv, 2021, 2, 4574-4603

cross-linked polymers. (1) Polymers with promising separation
properties can be post-cross-linked using thermal or chemical
methods, such as PIs, polyacrylonitrile (PAN), PBI, PEEK, and
polyaniline (PANI). (2) Highly cross-linked PA-based TFC mem-
branes (originally designed for water desalination) have been
engineered using a bottom-up design approach.”” The represen-
tative results are summarized in Table 3, and their details are
discussed below.

3.1. Post-cross-linked polymers

3.1.1. Cross-linked PIs. PI membranes are often prepared
using the phase inversion technique to form an integrally
skinned asymmetric (ISA) structure.®* Polymers or precursors

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(i.e., poly(amic acid)) are dissolved in a mixture of solvents and
co-solvents, and then exposed to a non-solvent for precipitation.
The membranes are then cross-linked using diamines and con-
ditioned with pore preserving agents, such as hexanediamine
(HDA) and polyethylene glycols (PEGs), respectively.®*% %>

The processing conditions of phase-inversion, such as
casting film thickness and evaporation time, can impact the
membrane structure and thus OSN performance,®*°*'%* For
example, increasing the evaporation time decreased porosity
without changing the pore size, thereby decreasing the per-
meance, while increasing the film thickness decreased the
permeance; polymers with high molecular weight (> 35 kDa)
were preferred to obtain defect-free membranes;” the intro-
duction of a co-solvent in the dope solution with optimal
solubility parameter tightened nanostructures due to delayed
demixing;**°® and increasing relative humidity created more open
structures and decreased the solute rejection.”>® Specifically,
PMDA-ODA was fabricated into membranes, and the effect of
the coagulation and imidization conditions on the structure/
property relationship was thoroughly investigated.'"'** Delayed
solvent/anti-solvent demixing was essential to preclude the macro-
void formation, and thermal imidization resulted in mechanically
stronger and tougher membranes than chemical imidization.

Fig. 4A and B shows the cross-linking of P84 with poly-
ethyleneimine (PEI) and HDA, respectively. Fig. 4C shows that
the cross-linking with PEI-1.8K decreased the pore size from
1.51 £ 0.58 nm to 0.69 + 0.27 nm, increasing the rejection of
Rhodamine B and decreasing the ethanol permeance (cf; Fig. 4D)."**
Moreover, P84 substrate was modified with m-phenylenediamine
(MPD), dopamine (DA), and 1,2,4,5-benzene tetracarboxylic acyl
chloride (BTAC) to form PA TFC followed by chemical imidization
to create PI-TFC membranes.'® This approach creates cova-
lent bonding between the substrate and selective layer,
thereby improving the membrane stability in harsh solvents
(such as DMF) with a rejection of 99.9% for rose bengal, as
shown in Table 3.

The membrane surface can be further modified. For example,
membranes made of Matrimid®5218 were grafted with poly-
(ethylene glycol) (PEG) by plasma treatment to increase the
porosity and hydrophilicity.' The modified membrane showed
a DMF permeance of 10.8 LMH per bar but poor rejection of rose
bengal (72.93%) due to its instability in harsh solvents.

3.1.2. Cross-linked PBL PBI has high T, (410-430 °C), good
mechanical properties, and strong size-sieving ability derived
from the n-n stacking and H-bonding interactions, >4 162716
However, PBI is not stable in NMP, DMF, and DMAc.''"'%¢
Therefore, a variety of cross-linking methods have been devel-
oped to improve chemical stability as well as the size-sieving
ability,*> 3411114166167 Ror example, PBI can be easily doped
by polyprotic acids (such as sulfuric acid or H,SO,), as shown in
Fig. 5A.*> The H,S0, cross-linking decreased the d-spacing of
5.06 A to 4.71 A (¢f Fig. 5B) and the MWCO from 2000 g mol ™"
to 500 g mol " (Fig. 5C).*> PBI can also be cross-linked using
trimesoyl chloride (TMC),>*'®® yielding a robust membrane.
Fig. 5D shows that the liquid permeance increased with
increasing values of the product of their Hansen solubility

© 2021 The Author(s). Published by the Royal Society of Chemistry
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parameter, molar volume, and viscosity. The cross-linked
membrane showed acetonitrile permeance of 40.7 LMH per
bar and tetracycline rejection of 97.8%.

PBI was cross-linked using glutaraldehyde (GA) in aqueous
solutions at =23 °C and 1,2,7,8-diepoxyoctane (DEO) at
90 °C,"? and «,0/-dibromo-p-xylene (DBX) and 1,4-dibromo-
butane (DBB)."'"'°® An ionically bonded composite structure
was prepared using PBI cross-linked by DBX and hyperbranched
PEI (HPEI) cross-linked sulfonated polyphenylsulfone (sPPSU),
which exhibited solvent permeance of 2-12 LMH per bar and a
rejection of 67-97% for tetracycline (444 g mol ). PBI-DBX
surface was further cross-linked using HPEI, leading to a selective
layer of 47 nm with ethanol permeance of 4.5 LMH per bar and
complete rejection of tetracycline.*®

PBI can be functionalized before cross-linking. For example,
PBI was converted to hydroxylated PBI (PBI-OH) and then cross-
linked with toluene-2,4-diisocyanate (TDI).""* PBI was also
blended with NH,-PIM-1 followed by HCI treatment to create
an ionically cross-linked porous structure, which showed a
surface area ~3 times higher than the HCl-treated PBL'"
The membrane was stable in DMSO for 3 months while retaining
MWCO and permeance. Interpenetrating polymer networks of
polydopamine (PDA) and PBI were prepared and exhibited per-
meance of 9.6-19.2 LMH per bar for polar aprotic solvents and
low MWCO of 230-320 g mol ™ *.'*®

3.1.3. Cross-linked PANI and PEEK. PANI has single-
bonded amino groups and double-bonded imine groups with
n-m interactions and strong size-sieving ability. It has three
structures due to the oxidation, i.e., Leucoemeraldine structure,
oxidized-pernigraniline, and an intermediate stage of emeral-
dine base (EB) with equal protonated and unprotonated amino
groups.'?® However, PANI is soluble in DMSO and NMP,''8!1?
so it must be cross-linked for OSN applications. Fig. 6A and B
shows the chemical cross-linking by GA and o, o’-dichloro-p-
xylene (DCX), respectively, improving chemical stability and
reducing the MWCO to as low as 300 g mol *.*'7"'® PANI can
also be thermally cross-linked (Fig. 6C),""” which led to MWCO
of 150-300 g mol ™' and improved stability in harsh solvents at
elevated temperatures.

PEEK membranes are stable in various organic solvents and
acids at elevated temperatures, depending on their degree of
sulfonation (DS)."®® DS can be changed by reacting PEEK with
methane sulfonic acid (MSA) and/or H,SO, to form SPEEK.
Fig. 6D shows examples of PEEK modification to improve
separation properties, such as multilayer coating of SPEEK
and PEL'° phenolphthalein based cardo structured PEEK
(PEEKWC),"”" incorporation of N-hydroxy succinimide in VAPEEK
with 30% HDA cross-linking,"*' and partial quaternization after
di-halide or di-epoxide cross-linking with TAPEEK."”>"”> Though
PEEK membranes show great stability in various solvents, the
solvent permeance and solute selectivity need to be further
enhanced to make it as a commercially viable option (cf. Table 3).

3.1.4. Cross-linked PAN. PAN has been fabricated
into ultrafiltration (UF) membranes, which are inexpensive
and show low fouling properties due to its hydrophilic
nature.”® However, it is not stable in solvents such as DMF,
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Table 3 Summary of performance of cross-linked polymers, PA-based TFC and TFN, and MMMs for OSN application

View Article Online

Review

Solvents Solutes Testing conditions
Permeance Conc. M.W. Rejection Flow Ap
Membrane materials Name (LMH per bar) Name (mg L™") (g mol™") (%) mode (bar)
Cross-linked polymers
PMDA-ODA'** DMF 2.09 Rose Bengal 35 1017 92.7 Dead-end 10
Plasma grafted Ethanol 13.78 Rose Bengal 50 1017 83.61 10
PEG400/Matrimid™ 5218"%° IPA 5.91 99.64
1-Butanol 4.89 99.98
THF 23.79 98.52
DMF 10.8 72.53
PI-PI'? Ethanol 2.03 Rhodamine B 100 1017 98 Cross-flow 10
DMF 1.15 Rose Bengal 99.9
PI/H-PAN'"’ Ethanol 0.68 CBBG250 100 854 99 10
Hydrazine/PAN'*® Ethanol 2.32 Brilliant Blue R 200 627 ~99.9 2
WS,/Hydrazine/PAN""’ Ethanol 44.38 Evans blue 50 960 99 Dead-end 1
PDA/SPEEK/H-PAN""® IPA 0.1 Rose Bengal — 1017 99 20
THF 7.23 97
DBX/PBI'" Acetonitrile 11 PEG 2000 1000 2000 ~96 Cross-flow 10
DMF 6 — — —
DBB/PBI'"! Acetonitrile 7 PEG 2000 1000 2000 ~90
DMF 1 — — — —
GA/PBI'"? Ethyl acetate 5.21 — — — — Dead-end 5
Ethanol 3.69 Brilliant Blue R 200 627 ~100
DEO/PBI'*? Ethyl acetate 1.37 — — — —
Ethanol 1.02 Brilliant Blue R 200 627 ~100
DMSO 0.31 — — — —
HPEI/sPPSU/DBX/PBI'"? Methanol  6.43 Tetracycline 50 444 84 2-5
Ethanol 4.24 94
Acetone 11.79 81
DMF 10.49 66
H,SO,/PBI*? Methanol 3.5 Tetracycline 50 444 98 Cross-flow 5
Acetonitrile 4.8 — — — —
Hexane 7.2 L-o-Lecithin 2000 758 99
TMC/PBI** Acetone 29 Brilliant Blue R 50 627 99.6 Dead-end 10
Acetonitrile  40.7 Fast Green FCF 809 99.9
Ethanol 13.8 Tetracycline 444 90.4
IPA 5.8 Safranin O 351 69.8
Hexane 80.8 L-a-Lecithin 2000 758 92
GO/TDI/PBI'"* Acetone ~16 Mepenzolate 100 420 ~100 Cross-flow 10
HCI/NH,-PIM-1/PBI'*® DMSO ~1.35 PS oligomers 1000 310 90 30
PDA/PBI''® Cyrene ~2 PS oligomers 1000 ~180 90 10-30
DMF ~3.8 ~240
DMSO ~4.2 ~300
GA/PANT'" DMF ~0.43 — ~300 90 30
DCX/PANT"*® DMF ~0.43 — ~250 90 Dead-end 30
Acetone ~0.97 236 ~98
Methanol ~0.97 236 ~99
GA/PANT'*® DMF 0.33 250 90
Cross-linked PANI (0.5 h)'"® Methanol 1.3 — 236 ~78 30
Cross-linked PANI (1 h)'*° 0.67 236 ~98
PAMPSA/PANT'*° Methanol  0.55 Poly(propylene) 4000 400 ~90 30
IPA ~0.35 glycol (PPG) ~90
EDA/VAPEEK ! IPA ~0.5 Rose Bengal 35 1017 ~69 Cross-flow 20
BDA/VAPEEK'*' ~0.25 ~89
HDA/VAPEEK'*' ~0.2 ~95
Polyamide-based TFC membranes
MPD/TMC (0.4% Methanol 26.3 Methyl orange 20 327 30.6 Dead-end 8.3
NaOH)/DMF activation'?” Acid fuchsin 586 90.2
Triazine-piperazine TFC'** 9.75 Reactive black 20 992 98 4
B-CD based PA TFC'** ~16 Methyl red 10-20 269 81 0.5-10
Brilliant blue 625 >99
MPD/TMC/DMF activation'? 52.22 Acid fuchsin 20 586 99.9 10
HNSA 246 98.5
MPD/Trip”? 8.7 Sudan orange G — 216 99.1 15.5
PIP-CB-6/TMC'** ~3.5 Methylene blue — 319 ~96.5 6
EtBr/TMC">’ ~17 Congo red 100 697 ~91 1
PEI/TMC'*® ~13.7-46.6  Rose bengal 10 1017 ~99 5
MPD/TMC/aramid hydrogel*” Methanol 54 — 20 — 4
DMF 34 Erythrosin B 836 ~97
Acetone 70 — — —
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Table 3 (continued)
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Solvents Solutes Testing conditions
Permeance Conc. M.W. Rejection Flow Ap
Membrane materials Name (LMH per bar) Name (mg L") (g mol™) (%) mode (bar)
m-XDA/TMC'*° Acetone 16.7 Rose Bengal 20 1017 99.9 4
Methyl orange 327 90.7
Methanol ~13 — — — —
Phi-NF2"*° Methanol  26.1 Erythrosin B 10 880 92.9 10
THF 31 99.8
Pho-NF2"*° Methanol 7.9 ~93
THF 66.4 99.5
N,N'-Diaminopiperazine/TMC*° DMF 1.1 Brilliant blue R250 29 826 95 15
PA (dopamine based)®* DMF 4.1 29 826 97 5
PIM-1-COCl/diethylene triamine™"  Ethanol 5.2 Crystal violet 20 408 94 Cross-flow 2
Polyamide-based TFN membranes
ZIF-8/PA"3? Methanol 8.7 Sunset yellow 20 452 90 Dead-end 20
ZIF-67/PA™? 4.8 79.3
Porphyrin/PA™* Methanol ~16 Brilliant blue R 20 826 94.2 2
PDA/PDMS/PA"** IPA 2.16-2.71 PEG 1000 500 1000 >95 10
1-GO/TiO,/APTMS™*® Ethanol ~3.4 Rose Bengal 500 1017 ~97 Cross-flow 8
GQD/PEI/PA"*® Ethanol 5.47 Rhodamine B 100 479 98.7 6
IPA 1.48 — — — —
DMF 14.7 Rose Bengal 100 1017 99.3
THF 7.92 — — — —
B-CD/ZIF-8/PA'*” Methanol  ~16 Rose Bengal 35 1017 96.2 6
THF 30.7 94.5
MIL-101 (Cr)/PA™®® Methanol 3.9 PS oligomers 1000 232 >90 30
THF 11.1 295 ~90
EDA-GO/PA™° Ethanol 4.15 Rhodamine B 100 479 99.4 10
MIL-101 (Cr)/PA™*° Methanol  10.1 Sunset yellow 20 452 ~91.5 Dead-end 20
9.5 Rose Bengal 1017 ~98
GQD/PA™ Hexane 50.8 Rose Bengal 100 992 ~95 2
Acetonitrile  46.9 — — — —
PEI/B-CD-NH-/PA'*? IPA 3.23-4.16 PEG 1000 500 1000 99.3 10
ZIF-11/PA'®? Methanol ~3.6 Rose Bengal 20 1017 ~99 —
MIL-101/ZIF-11/PA*** Methanol ~4.8 Sunset yellow 20 452 ~98 20
r-GO/ODA/PA' " Ethanol 4.4 Sunset yellow 20 452 99.4 20
Mixed Matrix Membranes (MMMs)
GWF-NH,/PMIA™® Methanol 11.7 Chlorazole black 27 782 99.5 Cross-flow 6
POC (CC1,3,)/Matrimid"*” Methanol  0.08 PS oligomers 50 236 98 30
HKUST-1/pg4'® Acetone 66 PS oligomers 1000 794 90 10
APTMS/P84%* Acetone ~0.7 PS oligomers 10 236 99.4 30
MoS,/Torlon®"*° Ethanol 11.4 Victoria blue B 50 506 92.6 Dead-end 1
Boron nitride/nylon"*° Methanol 560 Evans blue 7 960 >99 1
Ethanol 330 Congo red 50 697 >99
CNT-EP-PC15™* Methanol 28 Congo red 100 697 >95% 1
4% TiO,/PMDA-ODA** DMF 6.1 Rose Bengal 100 1017 92.1 25
5% W NH,-MCM-41/PMDA-ODA">*  Ethanol 4.25 Rose Bengal 50 1017 98.16 10
Chrome black T 461 91.16
IPA 2.35 Rose Bengal 1017 99.03
Chrome black T 461 95.26
0.2% W NH,-MWCNTs/P84'>3 Ethanol 2.3 Eosin Y 50 648 ~100 20
IPA 0.8
0.05% W COOH-MWCNTSs/P84"*  Ethanol 9.6 Rose Bengal 50 1017 85 5
IPA 1.8 99
Ui0-66-NH,/TAPA/Matrimid 5218'°° Methanol 6.08 — 10
Ethanol 2.83
IPA 1.15 Rose Bengal 50 1017 ~95
DMF 5.57 —
THF 6.09
Carbonized ZIF-8/PMDA-ODA'> Ethanol 4.05 Congo red 50 696 94.29 10
Triazine-piperazine COF/PAN Methanol 10.56 Reactive black-5 10 992 97 4
GO/MXene'>® Methanol ~10 Methylene blue 10 319 ~90 0.5
Polymers with intrinsic microporosity (PIMs)
PIM-1"%7 n-Heptane  3-7 Hexaphenyl-benzene 8 535 87-92 Dead-end 3-6
PIM-1/PEGDEG"*’ 1 97
Thioamide PIM-1/TMC"*® Acetone 12.42 + 0.16  Rose Bengal 500 974 97.82 + 0.21 Dead-end 10
PIM-1 solvent vapor annealing’*’ n-Heptane  14.7 Dyes — ~600 90 Dead-end 4
Ethanol 4.3
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Table 3 (continued)
Solvents Solutes Testing conditions
Permeance Conc. M.W. Rejection Flow Ap
Membrane materials Name (LMH per bar) Name (mg L") (g mol™) (%) mode (bar)
Acetone 31.7
Toluene 18.2
PIM-1/A10,'*° Ethanol ~1-2 PS oligomers — ~204 90 Cross-flow 0.7
THF ~2-3
n-Heptane  ~1-2
PIM-1 (140 nm)'®* n-Heptane 18 Hexaphenyl-benzene 10 535 90 Dead-end 13-15
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Fig. 4 Cross-linking mechanism of P84 hollow fibers (HF) membranes with (A) PEl and (B) HDA. Effect of cross-linking on (C) the decreased pore size
and (D) ethanol permeance and rhodamine B (RDB) rejection.’®* 1 LMH/MPa = 0.1 LMH/bar. Copyright 2020, Elsevier.

NMP, and THF. Cross-linking can improve their mechanical
and chemical stability and lower the MWCOs for OSN
applications. Fig. 7 shows that PAN hollow fiber membranes
(HFMs) were cross-linked using hydrazine at 70 °C to form C-
PAN via a nucleophilic addition reaction. Increasing the cross-
linking time from 8 to 18 h increased the N content in the
membranes. The 18-h-cross-linked membranes were stable in
DMF and NMP for more than 2 months and exhibited ethanol
permeance of 2.32 LMH per bar with a rejection of greater than
99.9% for Remazole Brilliant Blue R (626 g mol ").'® PAN was
also cross-linked by thermal treatment at 180-260 °C,
which decreased the pore size and increased the selectivity.'”*
Moreover, the -CN groups can be converted to carboxylic
(-COOH) groups by exposure to a strong base (NaOH). The
obtained hydroxylated PAN (H-PAN) can then be further func-
tionalized to tune the nanostructures for OSN applications
(¢f Table 3)'107,110,175,176

4584 | Mater. Adv,, 2021, 2, 4574-4603

3.2. Bottom-up design of highly cross-linked PA TFC
membranes

TFC membranes can be prepared from polymers by solution
coating (such as perfluoropolymers with chemical stability'””%"),
polyelectrolytes'®* ™84 vig layer-by-layer coating, and diamines and
acid halides by Ip.”>"?*12>127181 1 this section, we are limiting
our discussion on new advanced ultrathin PA TFC prepared using
IP. PA-based TFC membranes have been extensively explored for
OSN applications due to the excellent stability of highly cross-
linked PAs in various solvents. More importantly, similar to the
NF and RO membranes for water desalination, the PAs can be
produced using interfacial polymerization (IP) on a large scale,
resulting in the selective layer as thin as 10 nm,”>126:127,173,185,186
In this process, a porous support (such as PL'® polyether-
sulphone (PES),'®® polyketone,'”® PAN,'® and ceramic'??) is

immersed in an aqueous solution containing diamines (such as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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XRD, and (C) MWCO measurement for PBI and H,SO4 cross-linked PBI
using PEG isomers.? Copyright 2019, Elsevier. (D) Relationship between

solvent permeance against Hansen solubility parameter (), viscosity (i),
and molar volume (V) of solvent.** Copyright 2018, Elsevier.

MPD) and then exposed to an organic solution containing acid
halides (such as TMC). The diamine and acid halide react
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rapidly at the interface, forming to a thin, highly cross-linked
PA layer, as shown in Fig. 8A. Moreover, sub-10 nm PA selective
layers with a crumpled structure were formed using calcium
hydroxide as a sacrificial layer (Fig. 8B and C) due to Rayleigh
Benard convection, resulting in extremely high methanol per-
meance of ~13 LMH per bar after the DMF activation."”
Ultrathin selective layers were also prepared using ethidium
bromide (EtBr) and TMC without any sacrificial layer and
exhibited methanol permeance of ~17 LMH per bar and
MWCO of ~700 ¢ mol™" (¢cf. Table 3).**’

The PA structure can be finely tuned by selecting appro-
priate monomers to improve the free volume and thus
permeance.’® For example, Fig. 8D shows that replacing
TMC with a contorted acyl chloride increased the d-spacing
from 3.6 A to 3.9 A and methanol permeance by 80% while
retaining the rejection profile.” Fig. 8E shows that such TFC
membranes exhibited excellent rejection of small solutes
such as Sudan Orange G (216 g mol ') dye. The effect of
amine-containing monomers on the separation properties

of the TFC membranes was also extensively investigated.'*®

73,130,186,190,191

Different amines, acid halides and reaction

conditions'**"°%'%* influenced the membrane structure and
thus separation properties. Fig. 8F and G shows eclectic amines
and acid halides utilized to prepare PA TFC. Aromatic amines

usually rendered more rigid structures than aliphatic amines.'®
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(D) Cross-linking TAPEEK using methyl iodide followed by PXDC (DCX) or BPADGE (Bisphenol A diglycidyl ether).}”? Copyright 2016, Elsevier.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv,, 2021, 2, 4574-4603 | 4585


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00373a

Open Access Article. Published on 23 June 2021. Downloaded on 3/29/2026 2:02:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

H,N-NH,

M EtOH, 70°C HN. NH AN A
oN ;H\;/(r’ﬂ N N N

Fig. 7 Cross-linking PAN using hydrazine and forming intermolecular
hydrogenated naphthyridine-type cyclic structures.!°® Copyright 2017,
Elsevier.

Increasing the cross-linking density often increased the solute
rejection and decreased the solvent permeability due to the tighter
packing of the polymer chains.

The PA properties can be optimized by introducing additives to
the aqueous or organic phase. For example, sodium dodecylsulfate
(SDS, a surfactant) was used to control a uniform diffusion
of diamine into the organic phase, resulting in homogeneous
polymerization with a uniform PA layer with strong size-sieving
ability."®® TFC membranes prepared using piperazine (PIP), TMC,
and SDS exhibits a rejection of 30% and 93% for Li" (Stokes radius,
rs=2.4 A) and Ba®" (1, = 2.9 A), respectively. PEG was also added to
the aqueous phase to avoid the pore collapsing, and some other
additives (such as strong base (NaOH), triethylamine (TEA),
camphorsulfonic acid, and IPA) were used to improve the amine
diffusion into the organic phase by enhancing the contact between
two phases or by eliminating hydrogen halide formed during the

View Article Online

Review
chemical reaction thereby enhancing the rate of reaction.®®'9%'%*
The effect of the porous support on the membrane separation
properties was also investigated, including material type, porosity,
surface roughness, and surface hydrophilicity.”"%®

4. Microporous materials

Newly emerged porous materials have provided new platforms
in designing high-performance OSN membranes, including
PIMs, POCs, MOFs, COFs, CMS, CMPs, and 2D materials. These
materials have well-controlled pore size distributions, yielding
enormous opportunities for structure optimization to achieve
targeted separation performance, surpassing the permeability/
selectivity tradeoff.’®>° Zeolites are another class of micro-
porous materials, which are extensively explored for organic
solvent separation based on the intrinsic properties of the
structure, such as precise pore size (4-7 A) and sufficiently
higher surface area for solvent uptake (1500-2000 m”> g™ %),
offered by the functional chemistry utilized during prepara-
tion.'*>7'9% However, in this section, we limit our discussion to
microporous materials obtained from polymers and polymer-
derived materials.

4.1. PIMs

PIMs emerged as an interesting material platform for OSN
applications'®*°" due to their continuous interconnected
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Fig. 8 (A) Reaction between MPD and triptycene-1,3,6,8-tetraacetyl chloride (Trip) to form a PA layer with high free volume.”® Copyright 2020, WILEY-
VCH. (B) SEM imaging of MPD/TMC TFC suggesting improved surface area due to crumpled surface.*?® (C) AFM imaging of MPD/TMC films on silicon
wafer suggesting PA selective layer is less than 10 nm.*?> Copyright 2015, Science. (D) Comparison of XRD patterns of PA layers derived from MPD/TMC
and MPD/Trip.”® (E) Rejection profile of various dyes in methanol for eclectic membranes (SO = Sudan Orange, 216 g mol™*, CR = Chrysoidine G,
249 g mol™, DR = Disperse Red, 314 g mol™?, BB = Brilliant Blue R, 826 g mol™3).”* Copyright 2020, WILEY-VCH. (F) Frequently used amines for IP: (1)
propanediamine, (2) butanediamine, (3) hexanediamine, (4) octanediamine, (5) tris(2-aminoethyl)amine, (6) PEI, (7) piperazine, (8) 4-(aminomethyl)piper-
idine, (9) amino-B-cyclodextrin, (10) p-phenylenediamine, (11) MPD, (12) m-xylenediamine, (13) p-xylenediamine, (14) 4,4’-diaminodiphenylmethane,
(15) 2,4,6-triaminopyrimidine, and (16) ethidium bromide. (G) Frequently used acyl chloride for IP: (1) isophthaloylchloride, (2) terephthaloyl chloride,
(3) TMC, and (4) trip.
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voids less than 2 nm.'*%?%?

These polymers have rigid and
contorted backbones with a limited degree of freedom
for bond rotations, leading to a high BET surface area of
600-800 m* g~ 1.1%12%1 Fig. 9A shows the chemical structure of
typical PIMs for OSN applications. PIMs are stable in non-polar
solvents, and their microporous structure expands in polar
solvents (such as methanol and acetone), causing instability
on interconnected voids of the membranes.*** To improve the
stability for OSN applications, PIMs are modified,">”"* such as
chemical functionalization, cross-linking, and blending.

Fig. 9B shows the use of catalytic Buchwald-Hartwig reac-
tion to couple alkyl halides and amines to eliminate dibenzo-
dioxin linkages of PIM-1." The SBAD structure decreased the
interconnected microvoids of PIM-1 because of the aromatic
rings in each monomer and contained narrow ultramicropore
distribution around 2-10 A. Fig. 9C shows all SBAD structures
showed better rejection for 1,3,5-triisopropylbenzene (TIPB)
with lower toluene permeance (0.2-0.7 LMH per bar) than the
pristine PIM-1. Fig. 9D shows that the SBAD separated hydro-
carbons based on their size and branching and exhibited the
MWCO of ~250 g mol ', which was ~3.6 times lower than
the PIM-1. Fig. 9E shows intrinsically microporous PEEK incor-
porating spirobisindane, Troger’s base, and triptycene con-
torted structures.””® These structures exhibited higher 7, and
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~10 times higher surface area than PEEK membranes. The
MWCO was around 450-520 g mol .

To cross-link PIMs, the -CN groups can be activated to acid
halide (-COCI)"** or thioamide (-CSNH,),"*® which are then
cross-linked by amines or TMC, respectively. For example,
PIM-1 functionalized with thioamide was cross-linked by
TMC to improve stability, leading to a membrane with acetone
permeance of 12.4 LMH per bar.'*® PIMs can also be cross-
linked by vapor phase infiltration using solvents*** or metal
oxide.'® PIM-1 was also blended with PBI and acids (such as
HCI) to create ionically stabilized structures, which showed
great stability in harsh polar solvents such as DMF, DMSO, and
acetonitrile.™ The blending retained the interconnected voids
of the PIM-1.

4.2. Superhighways - COFs

COFs have created an unprecedented avenue for molecular
separation due to their excellent compatibility with chemicals
and well-controlled channels for molecular sieving. COFs have
low density, high crystallinity, large surface area, and good control
over pore size and properties by fine-tuning the type of monomers,
chemical reaction, and method of preparation.>**'***>°® COFs are
classified either based on the type of functionalities they contain or
by the method of preparation. On the basis of functionality, COFs
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Fig. 9 (A) Chemical structures of frequently used PIMs for OSN applications.*®”?°* Copyright 2012 and 2018, Elsevier. (B) Reaction mechanism between
7,7'-dibromo-2,2’,3,3’-tetramethoxy-9,9’-spirobifluorene (aromatic halide) and various diamine (I to IV) based on the availability of aromatic rings and
amino groups leading to form SBAD-X structures.! X: based on the monomer used. (C) % Rejection of TIPB against permeance in toluene for various
SBAD-X and PIM-1 at 15 bar and 22 °C.* (D) Ratio of solute concentration in permeate to retentate side against MW of solute for SBAD-1 at 40 bar and
22 °C.} Copyright 2020, Science. (E) Chemical structures of intrinsically porous PEEK.2°® Copyright 2020, Royal Society of Chemistry.
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are classified in 6 types: (a) imine-based,”*”**® (b) boron-
based,”® (c) keto-enamine based,”>*'® (d) triazine-based,**"
(e) urea-based,*"* and (f) C-C bonded.”**"* In this section,
COFs are explicated in terms of their methods of preparation,
including solvothermal process (SVT), IP, Langmuir-Blodgett
(LB), and Layer-by-layer stacking (LBL). Table 4 records the
structures and separation properties of representative COFs.

4.2.1. SVT. Fig. 10A shows a typical SVT method to synthe-
size COFs, where crystals grow on a solid support using heat
treatment and then agglomerate to form thin films.”* However,
this method elicits certain drawbacks such as harsh processing
conditions, non-uniformity of COFs on the support, creation
of powder particles, and difficulty in transferring the films
on supports.>'* To overcome these challenges, a process of
low-temperature (60-90 °C) annealing of 4,4’,4”-(1,3,5-triazine-
2,4,6-triyl)trianiline (TTA), 4,4’-azodianiline (Azo), and 1,3,5-
triformylphloroglucinol (Tp) using an organic linker of
p-toluene sulfonic acid (PTSA) was developed to create mechani-
cally strong and defect-free membranes exhibiting excellent
performance for OSN applications.”’° COF-LZU-1 film of
400 nm thin was developed in Al,O; ceramic tube by functio-
nalizing the surface using 3-Aminopropyltriethoxysilane (APTE)
followed by aldehyde and amine addition at 120 °C for 72 h.*"
The film thickness and pore size distribution can be tuned by
adjusting monomers, reaction temperature, and reaction time.

4.2.2. 1IP. Fig. 10B shows that COF membranes can be
formed using IP with aldehyde in the organic phase and amine
in the aqueous phase.?'® However, the high diffusivity of the
amine into the organic phase leads to non-uniform COF
films and powder. To eliminate this problem, amines are
treated with acids to form salts to reduce their diffusivity into
the organic phase. For example, a family of COFs was synthe-
sized using PTSA and various amines by Schiff-base reaction
and to create freestanding COF films.>'® Specifically, long-
chain amines such as 2,2’-bipyridine-5,5'-diamine (Bpy) led
to open structures with a pore cavity of 25 A, surface area of
1151 m* g ', pore volume of 0.918 cm® g™', and acetonitrile
permeance of 339 LMH per bar.

COF films were also formed using amine and aldehyde in
the organic phase and a catalyst (such as acids) in the aqueous
phase. This approach precludes the formation of nanospheres/
nanoparticles and results in wuniform and defect-free
membranes.””” Most studies have focused on the use of differ-
ent amines to prepare COFs with different structures. On the
other hand, stacking of COF can be tuned from AA to AB by
incorporating functional groups in aldehyde, which created a
steric effect and reduced the pore size from 1.1 nm to 0.6 nm to
give precise molecular separation.*!®

4.2.3. LB. In this method, very precise control over
membrane thickness can be achieved. The reaction between
amine and aldehyde happens at the liquid-air interface under
compression with precise control of the surface pressure,
resulting in defect-free COF films. Fig. 10C shows that B-ketoen-
amine COF film as thin as 2.9 £ 0.3 nm was prepared and
studied for solvent permeation.”'® The effect of the amine
structures on the COF properties was studied. For example,
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9,9-dipropylfluorene-2,7-diamine (DPF) and 9,9-dinonylfluorene-
2,7-diamine (DNF) were used to prepare COF films with Tp and an
acid catalyst (Sc(OTf);).>*° DPF-Tp and DNF-Tp COFs had water
contact angles of 81° and 141°, respectively, as DNF has a longer
carbon chain and thus greater hydrophobicity than DPF. Moreover,
DPF-Tp COF showed larger pore sizes and thus higher permeance
for polar and non-polar solvents than DNF-Tp COF.

4.2.4. LBL stacking. This approach is originated from
monolayer or multilayer stacking of GO using pressure-
assisted filtration. Nanosheets of COFs are dispersed in solu-
tions, which were then filtered or dip-coated on a support
to form continuous films. Fig. 10D depicts that cationic COF
was prepared using ethidium bromide (EB) and Tp using IP to
create COF nanosheet dispersion, which was then vacuum
filtered on nylon-6 support to create membranes.*?" EB COF
had a pore size of 16.8 A and outstanding permeance for
various solvents. The thickness and porosity of the COF layer
can be manipulated by changing the monomers and the
concentration of COF nanosheet dispersion. Nanosheets can
also be exfoliated and re-stacked.*?* For example, the imine
linkages in COF were protonated using trifluoroacetic acid
(TFA) followed by the deposition on a support.”** However,
the exfoliation decreased crystallinity and surface area, and it is
time-consuming and labor-intensive.

The superior dye separation performance in the COFs was
also explained by adsorption, instead of molecular sieving.***
For example, three COF membranes (TAPB-PDA, BND-TFB, and
BND-TFP) were studied for the separation of dye molecules
(140-850 g mol™") and can adsorb the dyes on the surface.
Furthermore, TAPB-PDA pellets were exposed to aqueous solu-
tions of rhodamine B (RB) and showed a rejection of ~99% at a
flow rate of 0.5 mL min~ " and 78% at 2.0 mL min~". Increasing
the flow rate decreased the retention time and thus rejection.
Therefore, the effect of the dye adsorption needs to be carefully
examined to understand the effect of the pore size and mole-
cular sieving on the dye separation performance.

4.3. CMS

CMS membranes are attractive for organic solvent separations
due to their unique bimodal porous structures consisting of
ultra-micropores of less than 6 A (resulting in high selectivity)
and micropores of 6-20 A (leading to high permeability), as
shown in Fig. 11A.%%%?*7723 CMS can be prepared by pyrolysis
of polymer precursors, and their structure and properties
are influenced by polymer precursors and carbonization con-
ditions (including the atmosphere, temperature, and ramping
I_ate).4,49,231,232

Fig. 11B shows that polyvinylidene fluoride (PVDF) was
cross-linked using p-xylylenediamine before carbonization to
form C-PVDF CMS with an idealized bimodal structure and
good mechanical strength.* Fig. 11C shows that the permeance
of aromatic hydrocarbons decreased with increasing molecular
size in C-PVDF CMS. Moreover, increasing the pyrolysis tem-
perature increased the number of ultramicropores and thus
FFV and hydrocarbon permeability.?*”:>*3

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Summary of structures and performance COFs for OSN applications
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COFs Monomers

Pore A
size (A)

Surface area
(m* g*), pore
volume (cm® g7?)

Method of  Solvent, Permeance
preparation (LMH per bar)

Solute, My,
(g mol ),
rejection (%)

Flow mode,
pressure (bar)

Tp-Azo*'®  Tp, Azo

MT-COF**®*  Me, Te

MI-COF**®  Melamine (Me),
isothaldehyde (It)
Triphenyl diamine
(TD), Tp

TpTD226

P-PPN"*
m-PPN"*
Tri-PPN”*
SNW-12*1

1,4-diacetylbenzene
1,3-diacetylbenzene
1,3,5- triacetylbenzene
Me, terephthalaldehyde
(Te)

TpBpy**®  Bpy, Tp

TAPA-Tp*'”  Tris(4-aminophenyl)

amine (TAPA), Tp

TAPA-TFB*'” TAPA, 1,3,5- triformyl-

benzene (TFB)

FSCOM-1>'® TAPA, Tp

DHF-Tp*"®  9,9-Dihexylfluorene-

2,7-diamine (DHF)

DPF-Tp**°  DPF, Tp

DNF-Tp**°

DNF, Tp

EBTp>*! EB, Tp

27

30

25

11.7-12.5

12.4-13.7

14.1

17.2

12.2

16.8

2033, 1.39

520, —
598, —

971, —

802, 0.28
734, 0.33
1235, 0.47

1151, 0.918

478, 0.28

285, —

336, —

172, —

554, —

SVT Acetonitrile, 403
Acetone, 324
Methanol, 202
Ethanol, 119
Toluene, 7.8
Heptane, ~9.1
Toluene, ~5.3
Heptane, ~6
Acetonitrile, 278
Acetone, 193.5
Methanol, 142
Ethanol, 87.8
IPA, 57
Ethanol, 4.57
Ethanol, 4.47
Ethanol, 7.1
Ethanol, 7.98
DMF, 5.5
1P Acetonitrile, 339
Methanol, 174
Ethanol, 108
1P Acetonitrile, 382
Acetone, 324.5
Methanol, 241.9
Ethanol, 127.3
IPA, 25.4
DMF, 8.1
Acetonitrile, 190
Acetone, 103.7
Methanol, 57.3
Ethanol, 30.5
IPA, 6.2
DMF, 3.4
1P Methanol, ~36
Ethanol, ~15
n-Butanol, 4
Acetonitrile, 105
Ethanol, ~40
IPA, ~25
Hexane, 130
Methanol, ~130
Ethanol, 110-115
IPA, ~75
Acetonitrile, ~250
Hexane, ~275
Methanol, ~50
Ethanol, 40
IPA, ~20
Acetonitrile, ~130
Hexane, ~165
Acetone, 2640
Methanol, 1272
Ethanol, 564
DMF, 565
THF, 1532
1,4-Dioxane, 973

SVT

SVT

SVT

IP TFN

LB

LB

LBL

Sudan black B, 456,
Sudan black B, 456,
Sudan black B, 456,
Sudan black B, 456,
Curcumin, 368, 78

~99
~98
~99
~99

Brilliant blue, 820, 99.1
Brilliant blue, 820, 98.6
Brilliant blue, 820, 98.6
Rhodamine B, 479, 99.4
Rose Bengal, 1017, 99.5

Brilliant blue, 826, 94.8

Dead-end, 6

Dead-end, 1

Dead-end, 1

Dead-end, 10

Dead-end, 1

Dead-end, 5

U-shaped
set-up, 1

Dead-end, 1

Dead-end, 1

Sand-core
filter, 0.5

The effect of carbonization temperature on PIM-1 CMS
structures was also investigated.*® Fig. 11D shows that intro-
duction of the H, in the carbonization atmosphere increased the
interlayer spacing and eschewed generation of SP* hybridized
carbon backbones, making the structure highly contorted and
increasing the permeability. For example, increasing the H, content
from 0 to 4% increased the pore size and the hybridization carbon

© 2021 The Author(s). Published by the Royal Society of Chemistry

ratio of SP’/SP*> from 0.24 to 0.65 (Fig. 10E) and the p-xylene
permeability from 2.8 x 107 t0 8.5 x 10" molmm ?s ' Pa ™’
while decreasing the p-xylene/o-xylene selectivity from 38.9 to
18.8 (Fig. 10F).

Amorphous carbon with diamond-like-carbon (DLC) struc-
tures have also been studied for organic solvent separation due
to their tunable functional chemistries and pore sizes by
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adjusting processing conditions, such as the power and time of
plasma treatment or chemical vapor deposition (CVD) and
types of monomers/precursors.'>*** For example, ultrathin
~35 nm films with Young’s modulus as high as 90-170 GPa
were prepared using calcium hydroxide as a sacrificial layer and
various monomers (such as methane, acetylene, butadiene, and
pyrene).>*>?3¢ For example, the DLC prepared from acetylene
showed ethanol permeance of 55.75 LMH per bar and a rejec-
tion of almost 100% for protoporphyrin-IX (PPh-IX, 562.7 g
mol ™', 1.47 nm), better than state-of-art commercial mem-
branes (Table 2).

4590 | Mater. Adv, 2021, 2, 4574-4603

4.4. Creating microchannels in polymers

Porous fillers with desirable pore size and porosity can be
incorporated into polymers to form MMMs to fine-tune the
free volumes and separation properties without significantly
sacrificing mechanical properties and processability.'*” These
fillers can be multiwall carbon nanotubes (MWCNTs),'>*'>*
graphene oxides (GO),""* silanes,®> molybdenum disulphide,"*°
boron nitride,"*® metal oxide,'***” MOFs,****" cyclodextrins,**>
and zeolites.>***** Moreover, porous organic cages (POC) and
CMPs have recently emerged. These fillers can be dissolved in
coating solutions or introduced during the IP process.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4.4.1. TFN membranes prepared by IP. IP-based TFN mem-
branes have been extensively investigated due to the flexible
platform (with both aqueous and organic solutions) and maturity
in producing on a large scale."* Various fillers have been incorpo-
rated, including cyclodextrins,'*”'*> MOFs,>137:138,143,144,245-248
inorganic halides,>® metal oxides,” GO,"”>"*° quantum
dots,'3*141251252 polysiloxane,"** porphyrin,'** and ZIFs."*”**
Several examples are summarized in Table 3. There are two
strategies by which porous fillers can be added to polymers to
form TFN membranes.

(1) Fillers are dispersed into the organic or aqueous solution
before IP to create highly entangled PA/fillers networks. For
example, the inclusion of sulfothiacalix[4]arene (STCAss) and
sulfocalix[4]arene (SCA) as porous ionic structures into the PA
selective layer increased the ethanol permeance by ~100% and
salt rejection.>>?

(2) Fillers can be distributed uniformly on the support
before the IP to preclude defects and achieve good polymer-
filler interaction (Fig. 12A). Fig. 12B shows SEM images of
MIL-101 (Cr) uniformly distributed on the P84 support prepared
using Langmuir Schaefer (LS) method followed by the IP to form 3
distinct layers: (a) a bottom layer of cross-linked support, (b) a
middle layer of the MOFs creating distinct channels for solvent
transport, and (c) a top layer of PA. The obtained LS-TFN mem-
branes showed crumpled structures (imparting higher surface area)
and enhanced methanol permeance of 10.1 LMH per bar, higher
than conventional TFN membranes (7.7 LMH per bar), as shown in
Fig. 12C-E. The addition of the fillers also retained the rejection of
small dyes (Fig. 12F)."*® This approach uses fewer nanofillers
than the first approach, where fillers are dispersed throughout

© 2021 The Author(s). Published by the Royal Society of Chemistry

the whole selective layer. However, it is faced with several
challenges: (a) incompatibility between the support and PA layer
with the nano-fillers due to the absence of the strong bonding,
(b) leaching of the fillers under high pressures, (c) agglomeration of
the fillers at high loadings leading to non-selective pathways, and
(d) non-uniform distribution of the fillers.

4.4.2. MMMs by blending. Nanofillers can be directly dis-
persed in polymers to create highways for the solvent to cross
while rejecting solutes, surpassing the permeability/selectivity
trade-off. MOFs are frequently studied due to their excellent
compatibility with polymers. For example, homochiral MOFs
were first synthesized by post-modification of MIL-53-NH, with
t-histidine or r-glutamic and then dispersed in polyether-
sulfone (PES). The MMMs demonstrated enantioselectivity for
racemic 1-phenylethanol with the enantiomeric excess value up
to 100.*® Nevertheless, it is challenging to obtain a uniform
distribution of MOFs in polymers, particularly for high loadings.
To eliminate the aggregation of nanoparticles, the MOFs can be
fabricated by in situ growth in polymers.'*®**2%8 For example,
HKUST-1 was fabricated in situ in carboxyl-functionalized PI to
create a uniform pore size of ~0.82 nm, achieving an improved
rejection of PS oligomers in organic solvents."*®

4.4.3. POC. POCs have excellent compatibility with poly-
mers and thus have been used to fabricate MMMs.”*® POCs
differentiate from COFs and MOFs as they do not require any
additional crosslinkers for cage-cage or cage-polymer intermolecular
interactions. Moreover, POCs can often be dissolved in solvents and
thus can be solution-processed with other materials.”® Fig. 13A and
B shows the incorporation of 2,2',7,7'-tetra(carbazol-9-y1)-9,9'-
spirobifluorene (porous cavities) into PDA/CNT fibers by electro-
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polymerization, which led to superhydrophobic structures (Fig. 13C
and D). Fig. 13E and F shows that the membranes were stable in
various solvents and exhibited methanol permeance of 28 LMH per
bar and low MWCO of 550-700 g mol"."*" One major challenge is
that the POCs can aggregate due to the strong cage-cage inter-
actions, leading to defects. To overcome this issue, POCs (CC3) were
created from ethylenediamne (EDA) and cyclohexanediamine
(CHDA) with a precise ratio (4:2 instead of 1:5) to reduce cage-
cage (non-polar) interactions and avoid the cage precipitation in the
polymer, resulting in high POC loadings (20 wt%) in Matrimid."*”

4.4.4. CMP. CMPs are a new class of polymers with n-n
conjugated skeleton forming continuous, interconnected nano-
pores. CMPs differentiate from other nanoporous materials
(which are often non-conjugated) and conventional conjugated
structures (which are non-porous).>*> They are amorphous and
robust due to the highly conjugated networks.>*®* The chemical
functionality and structures can be tuned based on the types of
chemical reactions, building blocks, and synthetic routes used
for their preparation.”®* CMPs were first prepared in 2007 using
various alkynes and halogen monomers and had high surface
areas of 500-850 m> g ' and well-controlled pore sizes.’®®

4592 | Mater. Adv, 2021, 2, 4574-4603

These promising results instigated great interest in studying
these materials for organic solvent separations.

Highly conjugated CMPs were synthesized using 1,3,5-tri-
ethynylbenzene (1,3,5-TEB) and three di-halobenzenes (1,4-di-
bromobenzene, 1,3-dibromobenzene, and 1,2-dibromobenzene)
to form p-CMP, m-CMP and 0-CMP, respectively.”®* The p-CMP,
m-CMP, and o-CMP showed BET surface areas of 513, 383, and
593 m® g~ ', respectively. The p-CMP and m-CMP exhibited pore
sizes less than 1.5 nm, and o-CMP had a pore size of 2.2 nm. The
p-CMP of ~50 nm showed excellent methanol permeance of
22 LMH per bar with complete rejection of small dyes (PPh-IX,
562.7 g mol ). The CMPs can be further tuned by chemical post-
treatment to improve pore sizes and size-sieving ability. For
instance, a thiophene-based CMP (TTB-CMP) was oxidized using
m-CPBA to form TTB-CMPO, which decreased the pore sizes from
1.73 and 1.47 nm to 1.48 and 1.18 nm, respectively, as shown in
Fig. 13G and H.**' Consistently, the post-modification reduced
the MWCO from 800 to 500 ¢ mol ' and methanol permeance
from 32 to 21 LMH per bar. Fig. 131 presents that both TTB-CMP
and TTB-CMPO membranes (50 nm) showed an inverse relation-
ship between solvent permeance and viscosity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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5. 2D materials

2D nanosheets, such as graphene and its derivatives, MXene,
and MoS,, have atomic thickness and lateral dimensions up to
micrometer-scale. These 2D nanosheets can be assembled in
parallel and explored for OSN applications,>*®%® such as
graphene-derivatives,”®”?* transition-metal dichalcogenides,'®
boron nitride,"*® and layer double hydroxide.>’° Lamellar mem-
branes are often prepared using filtration,>”* evaporation-assisted
method,””® and spin-coating.>”®> The interconnected sub-
nanometer channels with a narrow pore size distribution can
provide fast and selective molecular transport.>’* Generally, 2D
material-based membranes have better resistance to chemicals
and physical aging than polymeric membranes, and they have

© 2021 The Author(s). Published by the Royal Society of Chemistry

lower costs and better mechanical properties than conventional
ceramic membranes.”””

5.1. GO membranes

GO is the most studied graphene derivatives for membrane
applications because of its excellent processability, film-
forming ability, and versatility for modification. Particularly,
it has great resistance towards organic solvents. The separation
properties are primarily governed by two aspects: (a) the length
of the mass transport pathway (nanochannels) and (b) the
interlayer spacing between the adjacent nanosheets. Two meth-
ods are used to tune the GO lamellar structures to achieve
desirable solvent permeance and solute rejection: (a) reducing
the tortuosity or length of the pathway to enhance the

Mater. Adv, 2021, 2, 4574-4603 | 4593
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permeance and (b) applying spacers or cross-linkers between
adjacent nanosheets to tune the size of nanochannels and size-
sieving ability.

5.1.1. Adjusting the length of the pathway. By mani-
pulating the size of GO nanosheets, the layer alignment and
length of the tortuous pathway for molecular transport can be
tuned.”’**”” Fig. 14A and B show that larger nanosheets lead to
a more tortuous pathway. On the other hand, larger nanosheets
make it easier to form a highly laminated structure and achieve
an ultrathin defect-free membrane, which in turn decreases the
length of the pathway.

Ultrathin high laminate GO (HLGO) membranes with only
8 nm thickness were fabricated from large flake GO solutions
without further modification (Fig. 14C).>’® The large flakes
(10-20 pm) were obtained from Hummer’s GO suspension by
the specific duration of ultrasonic exfoliation and stepwise
centrifugal separation process. Then the suspension was
vacuum-filtered to form the membranes. Fig. 14D displays a
narrow peak in the XRD pattern of the obtained GO mem-
branes, suggesting a laminar structure.>”” The high laminated
alignment benefited from large overlapping areas between
large nanoflakes.””® For laminar membranes, the defects are
inevitable if only a few 2D nanoflakes randomly stacking on the
substrate and are often eliminated by increasing the number of
the GO layers, which, however, would decrease the permeance.
By contrast, due to the high laminated structure, the minimum
thickness required for a defect-free GO membrane was success-
fully reduced to 8 nm (inset of Fig. 14D). Therefore, the HLGO
membrane showed excellent permeance for all tested solvents
and nearly 100% rejection of the dyes in methanol, including
Chrysoidine G, Brilliant Blue, and Rose Bengal at pressures up
to 2 bar.

Small flake GOs (SFGO) were used to reduce the tortuosity
of the pathway.””” SFGO membranes had higher methanol
permeance (~100 LMH per bar by dead-end filtration at
1 bar) than HLGO membranes made from large flakes
(~8 LMH per bar). SFGO membranes also showed relatively
high rejection of the dyes, such as >95.03% for acid fuchsin,
>95.73% for acid red 94, and >99.9% for alcian blue. How-
ever, the SFGO membranes were not easy to form uniform and
homogeneous laminates (Fig. 14E) because of the weak inter-
layer interaction between the small overlapping areas.””® Therefore,
La®*" cations were added as a cross-linker and spacer (Fig. 14F)
during the fabrication, and thicker selective layers (>70 nm) were
needed (Fig. 14G). A large porous flake GO membrane,*”® used for
gas separation”®® and water treatment,*®" might be a way to solve
the dilemma to achieve an ultrathin membrane with reduced
tortuous pathways.

5.1.2. Adjusting the interlayer spacing to improve per-
meance and selectivity. The interlayer spacing and chemistry
of the GO membranes can be manipulated via intercalation or
cross-linking. Original GO membranes have small interlay gaps
and thus low diffusion coefficients for solvents, while inter-
calation can enlarge the interlayer spacing to achieve desired
selectivity and permeance. For example, the interlayer spacing
of the GO membranes was increased by exposure to organic

4594 | Mater. Adv., 2021, 2, 4574-4603

View Article Online

Review

Large flake GO

Small flake GO

c Interlayer distance (A)
74 s

Intensity (au)

Fig. 14 Schematic of the size-dependent laminar structure of GO mem-
branes formed with (A) large nanosheets and (B) small nanosheets. The
interspace of adjacent GO sheets allows the permeation of organic
solvents (yellow sphere) while rejecting solute molecules (green sphere).
(C) SEM image of HLGO membrane deposited on an anodic aluminum
oxide (AAO) support (scale bar, 1 um) and the bare AAO membrane (inset
with the scale bar of 500 nm). (D) XRD patterns for HLGO membrane
(black line) and conventional GO (CGO) membrane (red line); AMF image
(inset on the left corner with the scale bar of 500 nm) and height profiles
(inset on right corner) of HLGO membrane on a silicon wafer.2’® Copyright
2017, Nature Publishing Group. SEM images of (E) SFGO membranes
(made from small nanosheets) and (F) the SFGO-La** membrane (scale
bar, 1 um). Insets are the underlying nylon substrates (scale bars, 1 pm). The
yellow arrow in (E) indicates that it is difficult for SFGO to fully cover the
substrate. (G) Cross-section SEM image of the SFGO-La** membrane
(scale bar, 200 nm).2”” Copyright 2020, the American Association for the
Advancement of Science.

solvents and reduced by thermal reduction.”®®***> Fig. 15A
shows that the solvated membranes exhibited large interlayer
d-spacing, high acetone permeance (215 LMH per bar at
pressures up to 5 bar), and high rejection to negative-charged
molecules (larger than 3.4 nm). However, the membranes
needed to be kept in solvents, and the drying would make the
nanosheets re-stack irreversibly.

The intercalation of planar molecules with the high con-
jugated system, such as porphyrin*** and MXene,'*® was success-
fully used to noncovalently modify the size of nanochannels.
Fig. 15B displays that TMPyP (5,10,15,20-tetrakis(1-methyl-4-
pyridinio)porphyrin) with positive charges and porphyrin rings
was assembled between the GO flakes via electrostatic inter-
action and n—n stacking. By adjusting the loading level of TMPyP,
the interlayer spacing was varied from 0.64 to 1.03 nm. The best
TMPyP-intercalated membranes exhibited better rejection for
negative-charged dyes and three times higher permeance than
the GO membrane. They also showed a linear relationship

© 2021 The Author(s). Published by the Royal Society of Chemistry
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between the methanol permeance and the transmembrane
pressure up to 4.0 bar. More importantly, the TMPyP-
intercalated membranes remained stable in the dry state. The
membrane also showed the potentials to remove VB12 from
methanol, an important application in pharmaceutical indus-
tries. MXene was also used to intercalate GO membranes."*® Due
to the 2D structure and hydrophilic property, MXene nanosheets
increased the interlayer spacings, long-term stability, and solvent
wettability of the GO membranes. When the weight content of
the MXene was 70%, the membranes achieved high flux for
acetone (48.32 LMH), ethanol (10.76 LMH), and isopropanol
(6.18 LMH) while the rejection rate of MB dye remained over
90% at 0.5 bar. Also, they remained stable after 48 h of water or
ethanol filtration using a cross-flow device.

The intercalated membranes face the challenge of permeance-
rejection trade-off for OSN applications. Very recently, a 2D-dual-
spacing channel GO membrane was reported to achieve high
methanol permeance of 290 LMH per bar and 90% rejection of
dyes larger than 1.5 nm.”®* The intercalation of SiO, was formed
in situ from the precursors between adjacent GO nanolayers. The

© 2021 The Author(s). Published by the Royal Society of Chemistry

microenvironments provided by the SiO, nanoparticles increased
the interlayer spacings and hydrophilicity, and thus solvent
permeance. Meanwhile, the microenvironments free of SiO,
nanoparticles retained the narrow channels and high rejection
for the solutes. Fig. 15C shows that the intercalation with SiO,
precursors increased the d-spacing from 0.85 nm to 1.03 nm, and
the formation of the SiO, nanoparticles led to dual spacings of
1.31 and 0.89 nm. Hierarchically nanostructured GO membranes
were also synthesized by intercalating COF nanoparticles.>*®
Combining with the nanopores from COF, the GO membranes
demonstrated methanol permeance of 60 LMH per bar and a
rejection of higher than 99% for methylene blue (MB).
Multivalent cations,?®”?%®  diamines,*®****° urea,**
thiourea®”> have been used as cross-linkers to modify the physical
and chemical microenvironments inside the GO membranes to
realize specific functions, such as modulation of the interlayer
spacing, inhibition of the swelling, and enhancement of the
long-term stability. Multivalent cations, such as Mg>" and La*",
have been applied to form a controllable stacked GO structure
for OSN applications.>”**”” Fig. 15D shows the GO membrane
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cross-linked by ethylenediamine (EDA) to control the nano-
channel size and enhance the strength.>®® The XRD pattern
indicated that the nanochannel size increased by the cross-
linker from 0.88 nm to 1.02 nm, leading to acetone permeance
of 30 LMH per bar at a transmembrane pressure of 1 bar. The
cross-linking also increased the membrane’s stability in aqueous
tests, which was important for industrial applications since water
is unavoidable in many OSN processes.

5.2. Other 2D materials-based membranes

Boron nitride (BN) exists in multiple forms, including amor-
phous form (a-BN) and crystal form consisting of the cubic
form (c-BN), wurtzite form (w-BN), and hexagonal form (h-BN).
Single h-BN layers can be exfoliated from the bulk and have a
structure similar to graphene and outstanding chemical
stability.>®®> H-BN has been considered as an alternative mate-
rial to build high-performance OSN membranes. However, it is
challenging to prepare BN membranes due to the poor disper-
sibility of h-BN layers. A one-step mechano-chemical process
was developed to prepare water-dispersible functionalized few-
layered h-BN flakes, which were then fabricated into mem-
branes via vacuum filtration.>** The BN membranes exhibited
good stability in harsh chemical environments (after soaking in
basic, acidic, and oxidative solutions for one month) and a
broad range of solvents at high temperatures.”*® A 2 pm thick
membrane showed an ethanol flux of 330 LMH and a 99%
rejection for Congo red at 1 bar.™

Transition metal dichalcogenides (TMDs) have a formula of
MX,, where M is transition metal from group 4-7 (i.e., Mo or W)
and X is a chalcogen (such as S or Se). TMDs can be exfoliated
into nanosheets by chemical or hydrothermal exfoliation and
assembled into layered membranes. One of the key concerns is
the stability and durability of the membranes when exposed to
liquids. The membranes made from chemically exfoliated MoS,
are less stable than those made from the hydrothermally
prepared MoS,.%?®> The structure of the laminates can also be
manipulated using a glycerol-supported drying process. WS,
can also be exfoliated in liquid solvents.'” The membranes
exhibited ethanol permeance of 44.38 LMH per bar and rejec-
tion of 99% for Evans blue using a dead-end cell at 1 bar.'®
Solvated MoS, membranes (S-MoS,) were also prepared and
showed acetonitrile permeance of 5207 LMH per bar, ~20 times
higher than that reported for GO membranes. S-MoS, mem-
branes also exhibited a rejection rate higher than 99% for dyes
larger than 1.5 nm and isopropanol permeance of as high
as 707 LMH per bar under a cross-flow mode.>*® However,
the stability of the membranes in organic solvents still needs
further investigation.

Layered double hydroxides (LDH) consist of regularly
arranged, positively charged brucite-like 2D layers and charge-
compensating anions located in interlayer galleries.>*”*°® They
can be fabricated into membranes for OSN applications. For
example, LDH with different divalent cations were fabricated
into membranes and evaluated for OSN applications.””° LDH
nanosheets can also be used as intercalation agent in TMD
laminates to achieve ultrafast solvent permeation.?
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MXene is another alternative 2D material showing potential
application for OSN.?°®*°° MXene is transition metal (e.g.,
Ti and Mo) carbides, nitrides, or carbonitrides (formula,
M,.+1X,, T, n = 1-4), which can be exploited from the MAX phase
using hydrofluoric.*® For example, double-layered Ti;C,Tx
MXenes membranes showed acetone and acetonitrile per-
meance as high as 5000 LMH per bar and rejection up to
96% for the dye molecules larger than 2.0 nm, such as reactive
black (RB) in isopropanol. The superior solvent separation
properties were ascribed to the regular and straight interlayer
channels built up by rigid MXene blocks, compared with GO
membranes with flexible GO sheets and irregular wrinkles.**>
Additionally, crumpled 2D MXene lamellar membranes were
prepared by filtering cryo-dried Ti;C,T, nanosheets and
exhibited larger interlayer spacing, higher acetone permeance
(3745 LMH per bar), and better rejection to dye molecules
smaller than 2 nm than the non-crumbled membranes when
tested using a vacuum filtration device.**®

5.3. Nanoporous single-layer 2D membranes

Different from the layer-stacked membranes with interlayer
channels achieving molecular sieving ability, single-layer 2D
membranes achieve molecular separation via nanopores on the
nanosheets. These membranes can be as thin as a monolayer of
the nanosheet, and thus they exhibit high permeance. The
uniform pore size can perform precise molecular sieving.””**%*

An important example of a 2D nanosheet membrane is a
nanoporous single-layer graphene membrane. Graphene is
impermeable to molecules, but drilled graphenes with sub-
nanometer pores have proven to be efficient for molecular
separations.®®® It usually takes three steps to obtain a nano-
porous graphene membrane, including fabrication of a large-
area graphene nanosheet, drilling nanopores, and transferring
to a porous substrate. These steps are time-consuming and
hard to be used for large-scale fabrication.”" Efforts are ongoing
to simplify the fabrication process.?°¢3%”

In conclusion, membranes based on 2D materials have
achieved significant progress for OSN applications, and their
promise for practical applications can be realized if the following
issues can be addressed.

(1) The transport mechanism for the molecules confined in
nano-capillaries is not well understood but needed to guide the
design of membranes for OSN. For example, the relationship
between the viscosity and permeance of different solvents was
often explained using Hagen-Poiseuille equation. This may be
valid for a limited amount of solvents, and it should be
evaluated for a broad range of solvents. Additionally, it is hard
to define the exact states of the solvents inside a nanosized
confined space.**®

(2) The production of the 2D materials and membranes on a
large scale needs to be demonstrated. The consistency in
fabricating single-layer or few-nanometer nanosheets and the
associated defect-free membranes in a low-cost manner would
be critical for their practical use.’**?*°

(3) Long-term stability (6 months or longer) of 2D material-
based membranes needs to be demonstrated, as well as their

© 2021 The Author(s). Published by the Royal Society of Chemistry
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cleaning with typical acid or base solutions at desired
temperatures.

6. Conclusion

This review provides a timely update on the tremendous pro-
gress made in the membrane material development for organic
solvent separations. We first present the key challenges for
membranes to be practiced for organic solvent separations,
i.e., instability caused by the solvents and harsh operating
conditions, permeability/selectivity tradeoff, and fabrication
of defect-free TFC membranes on a large scale. Then we high-
light novel molecular architectures and strategies demon-
strated to achieve superior permeability, selectivity, and
stability, including polymers, porous materials (PIMs, MOFs,
COFs, POCs, and CMS), 2D materials, and MMMs, as well as
their fabrication into TFC or TFN membranes with thin selec-
tive layers and high permeance. This review sheds light on the
structure/property relationship for OSN membranes and on a
variety of strategies to control structures at the nano- and sub-
nano-scales, which should be of interest to a broad audience in
the membranes, materials, and nanotechnology fields.
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