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Researchers have made a significant breakthrough by merging the energy-saving attribute of organic
solvent nanofiltration (OSN) with the remarkable solvent permeance and solute rejection of two-dimen-
sional (2D) laminated membranes. This innovative approach brings forth a new era of sustainable and
cost-effective separation techniques, presenting a promising solution to the issue of industrial solvents
contaminating the environment. This development paves the way for new opportunities in building a sus-
tainable future. Specifically, our mini-review has cast a spotlight on the separation and recovery of metha-
nol—a solvent abundantly used in industrial processes. We systematically evaluated a diverse array of free-
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standing 2D nanolaminate OSN membranes. The analysis encompasses the assessment of pure methanol
permeance, solute rejection capabilities, and the simultaneous evaluation of methanol permeance and
solute rejection performance. Notably, this study sheds light on the considerable potential of 2D lami-
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1. Introduction

Organic solvents are a fundamental ingredient of organic syn-
thesis in various industries. The separation of the final pro-
ducts from these solvents is crucial. In industries such as
chemicals, paints, fuels, textiles, food, and pharmaceuticals
(Fig. 1a), solvent separation processes comprise a significant
portion (40-70%) of the industry’s capital and operational
costs.! Unfortunately, conventional separation methods, such
as distillation, evaporation, extraction, adsorption, crystalliza-
tion, and chromatography, are all energy-intensive and econ-
omically challenging due to their high capital and operational
costs.”
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nated OSN membranes in revolutionizing separation processes for the industrial use of methanol.

The Environmental Protection Agency (EPA) has reported
that in 2019, approximately 73 million tons of solvents were
utilized in waste management operations, including recycling,
treatment, combustion, and disposal in the United States
(Fig. 1b). Notably, nearly 3 million tons of these solvents were
released into the environment without undergoing purifi-
cation, implying the inefficiency of conventional separation
techniques.? On a global scale, this situation poses an increas-
ingly significant threat as waste levels continue to increase
steadily. Furthermore, the release of organic solvents into the
environment endangers the health of all living organisms.*

Methanol is one of the most widely used solvents in indus-
trial applications, followed closely by cumene, toluene, di-
chloromethane, and n-hexane. Unfortunately, a significant
amount of methanol is released into the environment as
waste. For example, in the United States alone, around
14 million tons of methanol were used for waste management
in 2019 (Fig. 1b), with 818258 tons being released without
proper purification (EPA, 2019). It is inevitable that the total
will exceed this value, considering the number of countries
around the world. Therefore, it is crucial to reuse, recover, and
recycle large amounts of methanol for both economic and
environmental sustainability. Interestingly, in many industries
today, the costs associated with recycling and disposing of sol-
vents are nearly equivalent to the costs of purchasing new sol-
vents." Considering the detrimental effects of organic solvents
on the economy, environment, and human health, the devel-
opment of an efficient method is required to separate and
recover these substantial waste volumes.
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Fig. 1 (a) Solvent use arranged by sector,® and (b) solvents released and waste-managed in USA, 2019 (total amount: 72 594 759 tons per year).®

Organic solvent nanofiltration (OSN) is a revolutionary sep-
aration process that promises to replace traditional methods.
Unlike thermal methods, OSN requires minimal energy and
can separate even the most temperature-sensitive compounds
at ambient conditions. This makes OSN an economically
viable option for large-scale industrial applications, as it sig-
nificantly reduces energy consumption while maintaining
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high yields. Moreover, OSN is easy to install and operate, with
low capital and operational costs. By effectively separating
solutes based on either their size and molecular weight (a
pore-flow mechanism) or their sorption and diffusion capacity
(solution-diffusion mechanism), OSN proves to be a cost-
effective and environmentally friendly solution with a lower
carbon footprint than other separation processes.®
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OSN technology has continuously advanced with research
efforts focusing on innovative materials that aim at achieving
high separation performance with good solute rejection, high
solvent permeance, and long-term stability. Contrary to the
limitations of conventional polymeric materials, break-
throughs in nanotechnology have prompted the design of
novel membrane materials with abundant, uniform, and
narrow pores in addition to low tortuosity. So far, various
nanomaterials have been utilized in OSN, including 0D (gra-
phene quantum dot, metal-based chalcogenide, nano-aggre-
gate, etc.),’® 1D (carbon nanotube, etc.), 2D nanomaterials
(graphene, graphene oxide (GO), metal-organic framework
(MOF), covalent organic framework (COF), hexagonal boron
nitride (hBN), MoS,, MXene, etc.),'"°'® and 3D nanomaterials
(MOF, zeolite, metal oxide, etc.).'””'® Fortunately, the develop-
ment of 2D nanomaterials has stimulated the fabrication of
ultra-thin membranes with uniform nanopores/nanochannels.'***
Additionally, they have shown great potential for the separation
and recovery of different solvents due to tailorability with func-
tional groups and building blocks. The integration of these
nanomaterials into membrane technology as either free-stand-
ing or nanocomposite membranes promises to provide
enhanced performance that surpasses the existing permeability-
selectivity trade-off of current commercial membranes. With
these advancements, researchers have paved the way for the next
generation of membranes, providing new opportunities for more
efficient and sustainable separation technologies.

Our analysis will focus on the identification of notable free-
standing 2D nanolaminate membranes, rather than hybrid or
mixed matrix membranes, and examine their advantages in
methanol separation. After providing a detailed explanation of
the fundamental need for methanol separation and a compre-
hensive discussion of the general significance, benefits, and
challenges of OSN and 2D membranes; elucidation of the sep-
aration mechanism of OSN membranes will be evaluated bene-
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fiting from both polymeric and nanomaterial-based membranes.
This review will aid in contextualizing the significance of 2D
membranes and will serve as a basis for further understanding
of the importance of methanol separation. Since there are
different studies focused on different aspects of the 2D nano-
laminate membrane’s properties when compiling the literature,
we ended up with three separate sections: one for paired para-
meters (solute rejection-methanol permeance) and two for
unpaired parameters. To provide a comprehensive overview, we
have divided the unpaired parameters into two separate sections.
Collectively, this review aims to provide an elaborate analysis of
2D membranes in methanol separation and put 2D nano-
materials into perspective for niche separation applications.

2. The significance of methanol
separation

Methanol, a significantly utilized compound with substantial
environmental emissions (Fig. 1b), is a protic and highly polar
alcohol. It falls within the polarity group of 2, as indicated by
its Reichardt index of 0.762. Predominantly derived from
natural gas, its annual production volume in 2020 reached
approximately 157 million tons.* Its production is expected to
double in 2030, with an anticipated output of 311 million
tons, owing to the establishment of 131 new methanol
plants.*> Methanol exhibits pronounced toxicity upon inges-
tion and can induce poisoning through skin exposure above
the specified concentration or inhalation of its vapor.
Furthermore, its metabolic breakdown yields compounds such
as formaldehyde, formic acid, and formate, which have severe
effects on human health.*** Given the numerous factors
impacting the solvent selection, including their effects on
health, environmental considerations, physical and chemical
properties, production costs, and safety aspects (e.g., explosion
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risk and flammability), solvents are typically categorized into
four principal groups: recommended, problematic, hazardous,
and highly hazardous. Despite the adverse health effects
associated with methanol, it is classified within the rec-
ommended solvent category, considering its all attributes.>*
Methanol is a compound that can be produced industrially
through catalytic reactions of CO and H,, or via fermentation
of biomass. Its versatility makes it useful as a solvent, anti-
freeze, fuel, and as a key raw material for the production of
various chemicals and materials. It finds extensive appli-
cations in multiple industries such as construction, automo-
tive, electronics, appliances, paints and coatings, insulation,
pharmaceuticals, and packaging. However, due to its high util-
ization, it is often released in significant amounts into the
environment, causing pollution. According to the EPA report,
methanol is the highly utilized solvent in waste management
practices, with substantial release into the environment
(Fig. 2).* Fig. 2a and c present a detailed breakdown of the per-
centages of methanol employed for waste management across
various industrial sectors and the cumulative methanol waste
generated in the USA for the years 1995 and 2019, respectively.
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Notably, over the course of nearly a quarter-century, the quan-
tity of methanol allocated for waste management witnessed a
remarkable two-order-of-magnitude increase, altering from
149 252 tons to approximately 13 million tons. Unfortunately,
a large amount of waste methanol remains unutilized and is
discharged. Specifically, Fig. 2b and d display the quantities of
methanol released by various industries within the United
States in 1995 and 2019, respectively. The expansion of indus-
tries that incorporate methanol in their processes, driven by
technological advancements, has contributed to a substantial
increase in the volume of released waste methanol over the
years. The amount of methanol released to the environment
increased from 93965 tons (1995) to 818258 tons (2019).
Unfortunately, it is discharged into diverse environments,
including air, water, underground, and land, with increasing
discharged amounts to the air (Fig. 2e and f).* However, this
rise in methanol release highlights the lack of efficient and
cost-effective methanol separation processes.

It is worth noting that Fig. 2 exclusively illustrates the quan-
tities of methanol utilized in waste management or discharged
into the environment only in the United States for a particular
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Fig. 2 The percentage of methanol (a) transferred for treatment and disposal, and (b) released from various industries within the USA in 1995. The
percentage of methanol (c) transferred for treatment and disposal, and (d) released from various industries within the USA in 2019. The percentage
of methanol released to different environments in the USA in (e) 1993 and (f) 2016.*
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year. On a global scale, the cumulative volume of methanol
released, and waste managed assumes excessive proportions.
The necessity for the efficient recovery, recycling, and reuse of
such substantial methanol quantities becomes evident, not
only from an economic standpoint but also due to its pro-
found environmental significance.

3. Organic solvent nanofiltration
(OSN) technology

Conventional solvent separation methods, including distilla-
tion, evaporation, extraction, adsorption, crystallization, and
chromatography, have a vital role in various industries. However,
they involve significant costs, amounting to 40-70% of an
industry’s capital and operational expenses." However, organic
solvent nanofiltration (OSN) is a highly promising separation
process that has emerged as a viable alternative to these tra-
ditional separation methods. OSN utilizes a membrane to selec-
tively separate and concentrate components in organic solvents,
operating under a pressure of 5 to 40 bar." With the ability to
retain 0.1 to 2 nanometer-sized solutes, OSN has found wide-
spread application in various industries, including pharmaceu-
ticals, fine chemicals, petrochemicals, dyes, food and beverages,
and cosmetics. Its usage is diverse, ranging from purifying and
isolating pharmaceutical intermediates and active pharma-
ceutical ingredients (APIs) to removing dyes and recovering valu-
able solvents in the dye industry. OSN is also utilized in the con-
centration of flavors, fragrances, and natural extracts in the food
industry.”® The potential for isomer separation with OSN is also
considered an area of future development in chemical engineer-
ing and polymer science.>® With its versatility, OSN is quickly
becoming a popular choice for industries seeking to optimize
their separation processes.

The main reason for preferring OSN in many separation
processes is its ability to allow for selective separation of
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specific components and precise concentration of target mole-
cules by tailoring the membrane surface. This capability
enables efficient recovery and recycling of valuable solvents,
leading to reduced waste generation and improved sustainabil-
ity. OSN, whose performance evaluation is performed based
on solvent permeance and solute rejection, offers a consider-
able separation efficiency. Additionally, OSN stands out with
its remarkable energy efficiency, which is generally related to
economic costs. Operating at lower temperatures, it requires
less energy compared to traditional distillation processes as
illustrated in Fig. 3 where OSN seems to require only pump
energy to operate, while distillation requires high heating
energy for phase transformation and separation. This obvious
difference in energy requirements (3 MJ for OSN versus 1750
M]J for distillation) further highlights the energy efficiency of
OSN." Similarly, Kim et al.>” compared the energy required to
recover solvent by distillation and OSN. The study revealed a
substantial difference in energy requirements, reaching as
high as four orders of magnitude and being particularly
evident in methanol recovery (150 kW h for distillation com-
pared to 0.023 kW h for OSN). On the other hand, the cost of
the process is also related to the loss of high-value-added pro-
ducts. Purification of active pharmaceutical ingredients (APIs),
one of the highest value-added products in the pharmaceutical
industry, is only one of the important applications that draws
attention to the advantages of OSN. Székely et al.*® compared
OSN with recrystallization and flash chromatography, which
are commonly used for the purification of APIs in the pharma-
ceutical industry. The removal of two toxic impurities from
one API species in dichloromethane (DCM) was targeted using
three different processes. Székely et al.®® reported that OSN
met the standards for the removal of both toxic impurities
with ~6% API loss. Over 99.7% toxic impurity removal was
achieved by chromatography. However, API loss increases to
12%, twice that of OSN. When recrystallization is used, the API
loss is even higher for both toxic impurities (~16%). According

. Condenser

Evaporator

Permeate out

Fig. 3 Comparison of consumed energy by (a) distillation and (b) OSN processes to concentrate 1 m* of a dilute solution in methanol by a factor of
10. This figure has been reproduced from ref. 1 with permission from American Chemical Society, Copyright 2014.
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to this study, the main factor affecting the cost of processes
was API loss. Furthermore, OSN is particularly advantageous
for separating temperature-sensitive compounds, making it a
valuable tool in various industries."*

This innovative procedure was eventually applied in manu-
facturing, addressing a  significant revenue loss.
Sereewatthanawut et al?® collaborated with Johnson &
Johnson to investigate DuraMem membranes for extracting
five distinct APIs from tetrahydrofuran (THF) and two different
dyes, Solvent Yellow 7 (SY7, M,, 198.2 g mol™") and Brilliant
Blue R (BBR, M,, 826.0 g mol™") from N,N-dimethylformamide
(DMF). They achieved a final product having a purity of 99.7%
with a 90% recovery of SY7. Moreover, 99% of the large oligo-
meric impurities (such as tetramer and higher) were success-
fully removed from the API-intermediate (API-INT) of a new
drug candidate. This resulted in 99% API-INT recovery and
reduction of oligomeric impurities in the synthesis solution
from 6.8 to 2.4 wt%, which is below the allowed limit of 3 wt%
for oligomeric impurities. OSN process led to a significant
200-fold decrease in energy usage when compared to distilla-
tion. Similarly, Rundquist et al.>° investigated the OSN process
on both lab- and pilot-scale for the recovery of API from
mother liquors supplied by GlaxoSmithKlein Jurong R&D pilot
plant. They reported an approximately 90% recovery rate in
five different solvents for StarMem and PuraMem commercial
membranes. Additionally, energy calculations revealed that
OSN requires 25 times less energy per liter of solvent com-
pared with distillation for solvent recovery.

For the successful operation of the OSN process, several
factors need specific attention (Table 1). The first and most
important factor is the OSN membrane material, which forms
the heart of the OSN processes since the study of OSN mem-
branes presents a complex and challenging effort. Membranes
must have high solvent permeance and solute rejection as well

Table 1 Parameters affecting OSN performance’!
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as good mechanical, thermal, and chemical stability. The
second factor is the production of high-packing density
modules to observe a larger membrane surface area per unit
volume for the improvement in the productivity of the process.
The final factor is the process design, which includes optimiz-
ation of operating conditions, development of new membrane
configurations, and integration of the membrane process with
other unit operations. Since this review involves the evaluation
of the effectiveness of 2D laminated membranes in the separ-
ation of methanol, we have only concentrated on the first
factor in the OSN process. Specifically, solvent separation in
the OSN process is predominantly governed by the intricate
interplay of triple interactions among the solute, solvent, and
membrane. These interactions are rooted in the collective
influence of multiple parameters, as tabulated in Table 1.
Consequently, any changes in the properties of the membrane,
solute, or solvent components will inherently impact the
overall performance of the separation process.*

4. 2D nanolaminate OSN membranes

The membrane industry employs a diverse range of materials
for the fabrication of OSN membranes, encompassing both
rigid and flexible polymers such as polyvinylidene fluoride,
polysulfone, and polyacrylonitrile. In addition, 3D nano-
materials like zeolites, Al,03, SiO,, TiO,, and ZrO,, as well as
2D nanomaterials like graphene, GO, COF, hexagonal boron
nitride (hBN), MoS,, and MXene, have found applications in
OSN membrane design.®'*?%3> Table 2 provides a brief over-
view of the advantages and drawbacks associated with each
membrane material. Polymeric membranes are favored for
their cost-effectiveness, ease of fabrication, and suitability for
large-scale production. However, they exhibit certain stability

Process properties Solvent properties

Solute properties

Membrane properties

Molar volume
Polarity
Viscosity
Surface tension

Feed concentration
Applied pressure
Feed temperature
Fluid dynamics

Table 2 The pros and cons of each membrane material

Solvated radii
Molecular weight

Charge

Pore/channel size
Pore/channel size distribution

Molecular geometry Porosity
Solubility in solvent Tortuosity
Solubility in membrane Hydrophilicity

Surface energy

Polymeric membranes 3D membranes

2D membranes

» Low material price
stability
- Ease of fabrication
pores
» Stability problems (swelling, aging, and - High material cost
plasticization)

+ Low permeance « Difficulty in upscaling

- High thermal, chemical, and mechanical

- High perm-selectivity due to uniform

« Ultrathin membranes allow rapid solvent
transportation due to low mass transfer resistance
« Precise control over interlayer spacing or
channels improves size-sieving ability

- High material cost

« Difficulty in upscaling

« High mass transfer resistance
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Table 3 Various intercalants and their effect on the d-spacing and separation performance
d-Spacing

Intercalant name 2D material enhancement” (A) Performance enhancement Ref.
Iminodi(methyl phosphonic acid) TizCoTy 12.2-13.1 2-Fold increase in water flux 36
Nitrilotri(methyl phosphonic acid) TizCoTy 12.2-13.5 2.5-Fold increase in water flux 36
Phytic Asit Tiz;C,Ty 12.2-16.5 5-Fold increase in water flux 36
Fe(OH); TizCyTy 13.71-14.47 10.6% increase in dye rejection 37
SO;H Tiz;C,Ty 9.30-14.30 426.5% increase in dye adsorption 40
K MoS, 3.00-6.25° 125% increase in water flux 41
Na* MoS, 3.00-6.63" 122% increase in water flux 41
Li* MoS, 3.00-7.25" 169% increase in water flux 41
Mg” MoS, 3.00-8.48" 229% increase in water flux 41
AI’* TizC,Ty 13.50-14.70 17.1%-86.2% increase for K*, Na*, Ca®", Mg>" ion rejections 35
Nano-Al,O3 Tiz;C,Ty 13.70-14.90 408% increase in water flux 42
STB GO 7.67-13.47 56.6% increase in water flux 43

“To define d-space enhancement, d-spacing values before and after intercalation are given. ” Interlayer distance.

issues over time. These issues include aging under high
pressure, swelling in organic media, and plasticization due to
the dissolution of penetrants. These complications can signifi-
cantly impact the separation performance in terms of solvent
permeance and solute rejection.**® Therefore, nanomaterial-
based membranes have emerged due to their robust mechanical,
thermal, and chemical stability, as well as high separation
efficiency. However, their manufacture has been limited by their
high material cost, difficult processability, and inherent fragility.
Within the nanomaterial family, 2D nanomaterial-based mem-
branes are promising due to reducing mass transfer resistance
and consequently enhancing permeance. They hold significant
promise, offering a balance of elevated solute rejection due to
their uniform nanopores/nanochannels."®?® Additionally, their
performance is significantly impacted by their nanoscale size,
rich chemistry, hydrophilicity, and electric charge.>*

Recently, researchers have dominantly concentrated on tai-
loring the interlayer distance between 2D nanoplates.
Specifically, they focused on exploring the use of various inter-
calants, such as K", AI**, and toluidine blue O (TBO), to
enhance the performance of 2D OSN membranes.?®> These
intercalants vary in size, shape, charge, and functionality,
which alter the membrane properties. For instance, Yi et al.>®
employed organic phosphonic acids (OPAs) and phytic acid
(PA), each containing various phosphonic acid groups, to
expand the interlayer spacing of MXene. These active phospho-
nic acid groups effectively bonded with MXene layers through
nucleophilic addition and condensation reactions, forming
covalent Ti-O-P bonds at the interface. Membranes derived
from this nanomaterial featured highly regular nanochannels
and exceptional stability. In comparison to pure MXene mem-
branes, the PA-modified MXene membrane exhibited a five-
fold increase in solvent permeance without compromising dye
rejection performance. Moreover, the PA-modified MXene
membrane demonstrated remarkable stability, remaining
structurally intact after immersion in both alkaline and acidic
environments for approximately 24 days.

Not only solvent permeance improvement is achieved, but
also solute rejection performance can be altered via intercala-

This journal is © The Royal Society of Chemistry 2024

tion in 2D laminated membranes. For instance, Ding et al.*”
investigated the removal of dyes by adjusting the nanochannel
width of 2D MXene OSN membranes with the introduction of
Fe(OH); nanoparticles. The modified membrane exhibited a
remarkable water permeance of 1084 LMH bar™" and achieved
an approximate 90% rejection performance for dyes with a
molecular weight (M,,) of 961 g mol™'. When tested with dyes
of higher molecular weight (M,: 1364 ¢ mol™"), the membrane
maintained its high separation potential, with water per-
meance measured at 921 LMH bar™"' and a 93% dye rejection.
Similarly, Wang et al®® utilized TBO as an intercalant to
modify the interlayer distance of GO. Surprisingly, despite the
increased interlayer spacing, they achieved an impressive rejec-
tion performance of 99.9%, even for solutes with small mole-
cular weights. This exceptional rejection was attributed to the
presence of intercalants within the interlayer spacing, creating
a diffusion barrier that effectively blocked solute passage.
Although intercalants have primarily been used to improve
solvent permeance, their ability to inhibit solute transport is
also extremely encouraging and motivating. Table 3 provides
an overview of different intercalant types, their effects on inter-
layer spacing, and their impact on separation performance.
Additionally, it is noteworthy that intercalants have contribu-
ted significantly to the colloidal stability of 2D membranes,
persisting between nanolayers even after extensive washing.”

5. Elucidating the separation
mechanism of OSN membranes
5.1. Triple interactions between membrane-solvent-solute

Defining the precise transport mechanisms within OSN mem-
branes remains a subject of ongoing research. The behavior of
OSN membranes appears to exhibit dual characteristics, with
some observations aligning with the solution-diffusion model,
while others conform to the pore-flow model. Additionally, a
thorough understanding of solute-solvent-membrane inter-
action is required to propose a reliable separation mechanism.
However, the complexity of the triple interactions involving the
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membrane, solute, and solvent poses a considerable challenge
in accurately pinpointing these mechanisms. Addressing these
complexities is vital for advancing our knowledge in the realm
of OSN membranes.

In recent years, the assessment of solubility parameters (61)
has emerged as a valuable tool for evaluating the interactions
between solvents, solutes, and membranes in solvent separ-
ation processes. In line with experimental research, theoretical
studies, namely group contribution, molecular simulation,
and machine learning approaches, have proven to be valuable
and time-efficient methods for the calculation of solubility
parameters. A noteworthy example of these approaches can be
found in the work of Bastin et al,** who employed a group
contribution method to calculate the Hansen solubility para-
meters of polymeric membranes. The solubility parameters for
solvents were taken from existing literature, while the solubi-
lity parameters for solutes (dyes) were determined using
Fedors group contribution method,* particularly suitable for
smaller molecules. The resulting solubility parameter values
are detailed in Table 4. Of particular significance is the proxi-
mity of total solubility parameter values (5), which offers
insights into the strength of intermolecular interactions.
Notably, in the case of acetonitrile (ACN) as the solvent, a high
affinity was observed with all polymeric membranes.
Consequently, the membranes experienced swelling and failed
to demonstrate satisfactory separation performance. On the
other hand, a close value of |Ssote — Sacn| Was expected to
yield lower solute rejection performance. Because the increase
in solvent-solute interactions enhances the drag effect of the
solvent on solutes through the membranes, ultimately result-
ing in lower rejection performance.*® This demonstrates the
interplay between solubility parameters and membrane per-
formance in the context of separation.

Mostly, it is not possible to accurately estimate the solubi-
lity parameters in cases where specific membrane materials
are not accounted for in the group contribution database.'
Alternatively, molecular simulation approaches offer a direct
and robust pathway for the quantification of interaction ener-
gies among the membrane, solvent, and solute components.
Moreover, these simulation techniques provide valuable infor-
mation on the influence of these interactions on the overall
separation performance of novel or unrepresented membrane

Table 4 Solubility parameters for the solutes, solvent (ACN), and polymeric membranes used in the study of Bastin et a
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materials like recently emerging 2D nanomaterials. A study
conducted by Li et al®” provides an illustrative example in
which they engineered membranes with varying pore sizes and
two different pore structures utilizing a MoS, membrane (see
Fig. 4a). When utilizing a membrane characterized by pores
lined with S edge atoms and featuring a pore width of 0.6 nm
(coded as S_0.6), the methanol flux measured 3.5 x 10°> kg m™>
h™". In contrast, the employment of a membrane characterized
by pores lined with Mo edge atoms and having a 0.7 nm pore
width (coded as Mo_0.7) resulted in a decreased methanol flux
to 2.1 x 10° kg m~> h™" (Fig. 4b). This decline in methanol flux
was attributed to the strong attraction of methanol by S atoms
on the membrane pore edges and repulsion with Mo atoms as
a result of the combined effect of vdW and Coulomb inter-
actions (see Fig. 4c). These findings emphasize the critical role
of repulsive or attractive interactions between the pore edges
and the solvent, particularly in cases involving smaller pore
dimensions. With further increase in pore diameter, methanol
flux exhibited a linear relationship, irrespective of the pore
structure. This behavior can be attributed to the diminished
energy barrier between the solvent and the pore edge atoms at
larger pore diameters, a phenomenon substantiated by the
analysis of the potential of mean force (PMF). As a result, the
energy barrier that methanol encountered while passing the
pores of the membrane was proposed, and its effect on metha-
nol transport was evaluated vie molecular simulation
methods. On the other hand, it has been clarified by mole-
cular simulation studies that when considering transport
through nanochannels in a 2D nanomaterial-based membrane
(e.g. MXene, GO), the flow of solvents is affected by the
arrangement of the solvents in the membrane with a low
d-spacing value.*®*° If the solvents are arranged in an ordered
orientation, such as a single or bimolecular layer, the inter-
action energies between the solvent and the membrane
surface increase, resulting in a higher flux. However, if the
d-spacing increases, the interaction between the solvent and
the membrane weakens, causing a random arrangement of sol-
vents to occur. In this case, the properties of the solvent, such
as its viscosity, play a more dominant role in determining the
flux.

More recently, machine learning studies have begun to be
employed to understand the interplay between membrane,

1'44

Solutes (dyES) §total “ |5solute - 5ACN| |5solute - 5TBPEEK| |5solute - 5PA| |5solute - 5PSf|
Disperse red 25.0 0.6 0.8 0.1 2.0
Methyl orange 28.1 3.7 4.0 3.0 5.2
Safranin O 26.4 2.0 2.2 1.3 3.4
Crystal violet 20.4 4.0 3.7 4.7 2.5
Acid fuchsine 31.7 7.3 7.6 6.6 8.8
Rose bengal 32.8 8.4 8.6 7.7 9.8
|5ACN - 6membrane| 0.3 0.7 1.5

“The unit of solubility parameters are given in the unit of MPa*?

. In the last row of the table, the solubility difference between ACN and mem-

brane, |Sacx — Smembrane|, iS given where the relevant membrane type is represented in the corresponding column, namely TBPEEK, PA, and PSf,
respectively. TBPEEK: poly(ether ether ketone); PA: polyamide; PSf: polysulfone.
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Fig. 4 (a) Schematic representation of MoS, membranes with two different pore sizes and two different pore structures, (b) simulated flux of
methanol through MoS, membranes, and (c) the PMFs of methanol in the MoS, pores (in b and ¢, red, blue, green, and purple lines and bars rep-
resent the data of S_0.6, Mo_0.7, S_1.3, and Mo_1.4 membranes, respectively).*’ This figure has been reproduced from ref. 47 with permission from

The Royal Society of Chemistry, Copyright 2022.

solvent, and solute in OSN as an alternative to molecular simu-
lation approaches. To illustrate, Ignacz et al.*° used a machine
learning study to predict solute rejection performance by
using solvent properties (dipole moment, logP (partition
coefficient), and the electronic state of the solvent) and
solvent-solute structural information. For this purpose, the
rejection of 407 solutes in 11 common and green solvents was
determined via a medium-throughput cross-flow nanofiltration
system using a polyimide (PI) membrane. The resulting model
exhibited remarkable robustness across various solvents,
notably methanol, and achieved an impressive root mean
square error (RMSE) score of 0.123 and an R® value of 71.4
when evaluated against 311 literature data points. This demon-
strated the model’s strong generalization capabilities beyond
the OSN database.

Concerning ML studies, it is worth noting that the existing
OSN literature contains limited data, and the results have been
generated under varying conditions. Consequently, this data is
often not suitable for utilization by ML approaches.
Furthermore, publications in this field frequently concentrate
solely on specific types of membranes, solvents, or solutes.
Hence, there is an urgent need for an increased number of
data to enhance data quality and consequently, improve model
performance generated by ML approaches. Instead, ML studies
are expected to advance the OSN field and open new avenues
for research and development.

5.2. Quantitative evaluation of OSN performance

Upon a thorough examination of experimental OSN studies, it
becomes evident that solvent viscosity (ns, ) stands as the
primary solvent property influencing solvent permeance (Pg).
In general, there exists an inverse relationship between Pg and
ns (Fig. 5a), which adheres to the Hagen-Poiseuille equation
(eqn (1) or (2))."* However, it is essential to note that this
equation is typically applied to membranes with uniform

This journal is © The Royal Society of Chemistry 2024

cylindrical nanopores, where no substantial concentration gra-
dient through the membrane is present. In the case of 2D
nanolaminate membranes, eqn (2) is predominantly pre-
ferred.”" Based on the Hagen-Poiseuille equations, the fluxes
of different solvents can be qualitatively compared, initially
considering the solvent viscosity. Another crucial factor to con-
sider is the total Hansen solubility parameter (§), which was
initially used in polymeric membranes due to their potential
for significant swelling during operation. However, since
ceramic or GO membranes are resistant to swelling, it is
deemed more appropriate to employ equations that exclude
the parameter 6.

_enr’AP

— 1
J sor (1)
h*AP
T 12029A (2)
n X

Here, J represents the membrane flux, and parameters of ¢,
r, AP, n, 7, h, L, and Ax denote the porosity of the membrane
surface, average pore radius, transmembrane pressure, solvent
viscosity, membrane tortuosity, interlayer spacing between
adjacent laminates, average lateral dimension of the
nanosheets, and thickness of the membrane, respectively.

Recent studies have revealed the existence of additional
parameters significantly affecting solvent permeance. Notably,
the solubility (8), dielectric constant (¢), and molecular dia-
meter (ds) of the solvents emerge as crucial contributors to per-
meance. For instance, despite having comparable viscosities,
acetonitrile typically exhibits higher permeance than acetone,
owing to its smaller kinetic diameter.”® It is noteworthy that
all equations employed to calculate solvent permeance in
recent studies include the combinations of these fundamental
properties (Fig. 5b-e). The separation performance of 2D mem-
branes is intricately linked to the ordered or disordered align-
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Fig. 5 Solvent permeances against the combined solvent properties for (a) TizC,T,-CgHs and TizC,T,-CioHzs membranes,>® (b) TizC,T, and TizC,T,-
NH, membranes,>® reproduced from ref. 53 with permission from the Wiley Online Library, Copyright 2019. (c) MXene-230 and MXene-470 mem-
branes,>* reproduced from ref. 54 with permission from the Wiley Online Library, Copyright 2018. (d) Hydrophilic COF (TpPa-AM3) membrane,>®
reproduced from ref. 55 with permission from the American Chemical Society, Copyright 2019 and (e) COF-rGO membrane.>® Reproduced from ref.

56 with permission from Elsevier, Copyright 2021.

ment of solvents within nanochannels.”® This alignment pri-
marily results from the interactions between the channels and
the solvent molecules. Wu et al.>* observed that polar solvents
tend to orderly align within hydrophilic membranes, and their
transport obeys the model equation of P, = §y/5s-ds> (Fig. 5b).
In contrast, solvents with disordered configurations within the
nanochannels of hydrophobic membranes follow a Hagen-
Poiseuille equation of P; = 1/, (Fig. 5a). On the other hand, an
inverse-proportional relationship between P, and &5 was
observed for hydrophilic MXene membranes, so the equation
was revised as Ps = 1/5,nsds” (Fig. 5¢).>* However, for hydro-
philic COF membranes, the equation of P = 1/,-ds> was intro-
duced, as the low solvent-membrane interaction in these
membranes makes the solubility parameter insignificant for
permeance (Fig. 5d).>°

Rather than these highly combined parameters, in a study
carried out by Sui et al.,>® the Hagen-Poiseuille equation was
extended to include the dielectric constant parameter. This
extension was made since the dielectric constant of the
solvent has a significant impact on the swelling and changes
in the interlayer spacing of 2D membranes, which, in turn,
greatly influences membrane performance. However, the con-
tribution of the dielectric constant was found to be relatively
weak, particularly with non-polar solvents like hexane, which
exhibit weak interactions with the nanosheets. Nevertheless,
the suitability of this parameter for polar solvents is demon-
strated for the COF-rGO nanocomposite membrane in
Fig. 5e.

3402 | Nanoscale, 2024, 16, 3393-3416

Upon an examination of the equations designed for per-
meance assessment, it becomes evident that these equations
exhibit variations depending on the specific characteristics of
the solvent and membrane under consideration. In generalized
research, it is reasonable to explore the development of an
equation that contains the interaction energies between the
membrane and solvent. To support this suggestion, the study
of Liu et al.*>” can be given as an example. They conducted a
series of measurements using two distinct COF membranes
displaying high and low polarities. Remarkably, their investi-
gations revealed that the high-polarity COF membrane exhibi-
ted high permeance in polar solvents, whereas the low-polarity
COF membrane demonstrated lower permeance for the same
polar solvents although it has a larger pore window. In con-
trast, this trend reversed when considering nonpolar solvents.
In this case, the low-polarity COF membrane exhibited
approximately five times higher permeance for non-polar sol-
vents compared to its high-polarity counterpart. Similarly, Wu
et al> fabricated hydrophilic Ti;C,T, and hydrophobic
Ti;C,T,-C1,H,5 membranes. Notably, the hydrophilic MXene
membrane exhibited a permeance to polar solvents at least 3.8
times greater than that of its hydrophobic counterpart, despite
the latter having a larger interlayer spacing. This significant
difference in permeance can be attributed to the robust inter-
action energy observed between the hydrophilic MXene mem-
brane and polar solvents. This interaction induces an ordered
configuration of polar solvents within the Ti;C,T, channels,
resulting in enhanced permeance (see Fig. 6a and b). In the
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Fig. 6 (a) Comparison of hydrophilic TizC,T, and hydrophobic TizC,T,-C;,H, membrane permeabilities, and (b) interaction energies between mem-

brane and solvent.>®

context of non-polar solvent permeation, it is noteworthy that
there were notable similarities in permeances between the two
distinct membranes under investigation. The observed consist-
ency in performance can be ascribed to the analogous dis-
ordered structural arrangement of non-polar solvents within
the nanochannels of both membranes, a phenomenon
expounded upon through the utilization of molecular
dynamics simulations. Collectively, the interaction energies
between solvent and membrane defined from the molecular
simulation studies would also be correlated with the perform-
ance of an OSN membrane. However, when it is desired to
create an equation that includes solute molecules, it requires
special attention since the equation becomes even more
complex due to membrane-solute and solvent-solute interactions.

5.3. Standardized measurement conditions and evaluation of
membrane stability

As highlighted earlier, the absence of standardized measure-
ment conditions for the OSN process in laboratory tests
hinders the safe comparison of OSN membranes as well as the
elucidation of the exact separation mechanism. This concern
is extensively discussed in a study conducted by Le Phuong
et al®® Due to the variations in experimental conditions
during OSN measurements, encompassing factors like temp-
erature, pressure, solution and solvent concentration, and
membrane thickness, among others, comparing results from
different studies becomes a difficult task. For example, typical
process parameters of OSN membranes range over 0.01-300 g
L™ solute concentration, 0.1-800 h measurement time, 1-10
bar operation pressure, and 20-40 °C operating temperature.
Additionally, as for solvent recovery measurements, alcohols
represent the most favored solvent type, followed by polar apro-
tics and hydrocarbons. Regarding solute diversity, dyes are the
most commonly used, followed by polystyrene, PEG, and phar-
maceuticals, respectively. This complexity enhances the chal-
lenges within the already sophisticated OSN process.
Therefore, it is crucial for researchers to follow the standar-

This journal is © The Royal Society of Chemistry 2024

This figure has been reproduced from ref. 53 with permission from the Wiley Online Library, Copyright 2019.

dized experimental conditions established by Le Phuong
et al.’® to safely compare the performance of OSN membranes
while considering the collective insights of the research community.

The other standardized procedure may be the incorporation
of long-term stability tests, which may serve as an important
indicator of the suitability of OSN membranes for industrial
separation applications. It is desired that an ideal membrane
should consistently maintain peak performance over a long
period without any performance loss. However, stability tests
conducted in the literature thus far have been relatively short,
often lasting no more than 7 days. Regrettably, these short-
term assessments may not provide a comprehensive and realis-
tic representation of a membrane’s long-term stability.

The main reason for conducting short-term stability tests is
that many well-established polymers are susceptible to swell-
ing, dissolution, or degradation when exposed to organic sol-
vents. Other challenges that polymeric OSN membranes face
are physical aging caused by prolonged membrane lifespan,
and membrane compaction under elevated operating
pressure.”® As a result, a dramatic loss in solvent separation
performance of polymeric OSN membranes is observed. For
instance, Kappert et al.®® examined the swelling behavior of
nine polymeric OSN membranes and reported how the swell-
ing changes over a short-term period (0-8 hours) when
exposed to 10 common solvents and evaluated the stability
over a long-term period (up to 2 months) using spectroscopic
ellipsometry. Accordingly, the overall conclusion was that there
was no strict relation between swelling degree and solvent
polarity or the structural similarity of polymers, and most of
the polymers exhibited a swelling degree greater than 50%.%°
To offer a solution for the swelling of polymeric OSN mem-
branes, common methods including crosslinking, surface
modification, and the incorporation of nanofillers are identi-
fied.>® In contrast, 2D or 3D nanomaterial-based membranes
are generally recognized as more resistant to solvents com-
pared to polymers. Short-term performance tests have shown
that many 2D laminated membranes maintain their stability
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reproduced from ref. 61 with permission from the Royal Society of

Chemistry, Copyright 2019. (b) Five-day isopropanol permeance and rejection to rose bengal of the chem-MoS, membrane,®* (c) seven-day isopro-
panol permeance and rejection to rose bengal of the hydro-MoS, membrane,®* (d) photographic evidence depicting the integrity of MoS,, GO, and
MXene membranes in various solvents,®* reproduced from ref. 64 with permission from the American Chemical Society, Copyright 2019 and (e)

digital images illustrating the condition of GO and GO/polymeric nanowire (PW) membranes following immersion in methanol for one mont

Reproduced from ref. 68 with permission from Elsevier, Copyright 2022.

for up to 80 hours, with no significant loss in solvent per-
meance or solute rejection performance (see example in
Fig. 7a).>”°*%1"% However, in long-term performance tests, the
presence of functional groups in 2D laminated membranes can
render them susceptible to oxidation, leading to a decline in
performance over time. For instance, Guo et al.®* demonstrated
that MoS, membranes produced through chemical exfoliation
(chem-MoS,) exhibited instability and oxidation when exposed
to ambient air for a long time. In long-term stability testing, a
significant decline in the solute rejection performance of the
chem-MoS, membrane was observed within just 5 days
(Fig. 7b). To enhance membrane stability, MoS, membranes
were synthesized using the hydrothermal method (hydro-MoS,),
which offered advantages such as a reduced unstable metallic
1T phase content, larger lateral size, and shorter preparation
duration. These hydro-MoS, membranes underwent a drying
process with glycerol pretreatment to ensure selective solute
rejection. Remarkably, the hydro-MoS, membranes sustained
their performance with minimal compromise throughout the
7-day performance assessment (Fig. 7c). Contrary to oxidation
phenomena, the presence of functional groups in 2D lami-
nated membranes can increase the stability of a membrane
by the strong interaction between functional groups or their
crosslinking ability at high temperatures.®®®”

In addition to the performance stability test, a structural
stability test of the membrane should be included in the stan-
dardized measurement procedure. Hopefully, in lab-scale
measurements, contrary to the performance stability test, it has
been carried out lasting up to 30 days by immersing a mem-
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brane in a solvent under static conditions. Changes in mor-
phology are monitored using scanning electron microscopy
(SEM), while the membrane’s structural resistance to swelling is
comprehensively examined by X-ray diffraction (XRD) analysis.
These tests revealed that pure polymeric membranes were
unable to maintain their structural integrity as they swelled,*®
while 2D nanomaterial-based membranes maintained their
structural stability against many solvents even after 30 days."*
However, it is noteworthy that two widely utilized 2D nano-
materials, GO and MXene, exhibited disintegration after only
two weeks of exposure to isopropanol solvent. This can be
attributed to the abundance of side groups in both GO and
MXene, which readily interact with the hydroxyl groups present
in isopropanol through intermolecular forces, rendering them
relatively dispersible in the solvent. In contrast, the absence of
such side groups in MoS, makes it a more suitable candidate
for applications involving isopropanol solvent (Fig. 7d). Recent
studies have aimed to address this structural stability issue in
free-standing laminated membranes through methods like
intercalation, the production of composite membranes, and the
utilization of various cross-linking agents. These efforts have
yielded promising results (Fig. 7e).

6. Performance metrics of 2D
laminated membranes

The objective of this study is to elucidate the profound signifi-
cance and functional role of free-standing 2D nanolaminate
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membranes in the context of their performance for methanol
separation. To realize this goal, we compiled the performance
metrics of a diverse array of 2D nanomaterials, including
carbon-based nanomaterials (such as graphene, GO, and rGO),
COF, MXene, MoS,, boron nitride (BN), and a variety of other
2D nanomaterials (HNb3Og, zeolite-templated carbons
(0-2DZTC), vermiculite (VMT), nickel hydroxide (NH), tungsten
disulfide (WS,), and diamond-like carbon nanosheets (DLC)).
Furthermore, our study extends to encompass hybrid micro-
structures, which involve evaluations of 2D-0D, 2D-1D, 2D-
2D, and 2D-3D nanocomposites. Our evaluation included an
extensive set of over 45 solutes, characterized by a wide spec-
trum of molecular weights ranging from 98.1 to 1422 g mol ",
covering diverse categories of solutes such as dyes, antibiotics,
and food additives. However, it is important to note that this
comparative analysis does not contain such factors as mem-
brane thickness, structural attributes, pore dimensions, inter-
layer spacings, the concentration gradient within hybrid 2D
membranes, or the functionalization status of the membranes.
The following figures given in this section present the com-
piled data for our review study, which draws upon various
sources to determine the methanol recovery and solute enrich-
ment performance of free-standing 2D nanolaminate mem-
branes in OSN applications. Table S1 of the ESIf contains
more detailed information and performance data for each
specific study presented in these figures, facilitating readers to
locate relevant papers or materials of interest. Given the
inherent variability and complexities introduced by these
numerous parameters, we avoided making direct quantitative
comparisons among the diverse 2D membranes. Finally, we
aimed to establish the performance boundaries—both upper
and lower limits—that any 2D membrane can achieve regard-
ing pure methanol permeance and solute rejection proficiency.
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6.1. Pure methanol permeance

Permeance represents the quantity of solvent that can pass
through the membrane. For simplicity, it is generally
measured without any solute addition to the feed stream.=*?
To emphasize the exceptional methanol separation perform-
ance of free-standing 2D OSN membranes, we have initially
compiled data on their pure methanol permeance, drawing
from different sources in the existing literature, as presented
in Fig. 8a and b. The total number of studies examined for
each type of 2D OSN membrane is given by the numbers at the
top of the figure. Considering the compiled literature, it can
be deduced that the scientific community has shown consider-
able interest in carbon-based (graphene/GO/rGO) and COF
membranes, respectively, as prominent 2D membrane
materials for methanol separation, with a total of 18 and 15
distinct studies, respectively. This substantial interest may be
attributed to their earlier discovery relative to other 2D nano-
materials (COF in 2005 and GO in 1859 ’°) and their econ-
omic viability, combined with the ability to modulate pore size
and interlayer spacing. The following highly investigated nano-
materials for the OSN membrane are Ti;C,T, (member of the
MXene family), MoS,, and BN. Recently, other 2D nano-
materials, including WS,, NH, HNb;Ogz, VMT, 0-2DZTC, and
DLC, are undergoing extensive investigation to assess their
potential in methanol separation. This trend underscores the
ongoing expansion and progression of the 2D nanomaterial
family for membrane application.

Comparing free-standing 2D nanolaminate OSN mem-
branes given in Fig. 8a, carbon-based ones exhibited restricted
and comparatively low pure methanol permeance across
various studies, except for one exceptional case. These reduced
methanol permeances in carbon-based membranes primarily
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Fig. 8 The pure methanol permeance of (a) 2D nanomaterials and carbon-based nanocomposites, and (b) mixed-dimensional nanocomposites
based free-standing membranes (the numbers at the top of the figures represent the number of studies that examined 2D membranes, not the total
data for each 2D membrane). Mixed-dimensional nanocomposite membranes in (b) are composed of carbon-based composite membranes and

three other nanocomposite membranes.
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result from the compaction of a one-atom-thick structure,
occurring under high pressure. The application of pressure
transforms the initially disordered nanosheets into a more
ordered arrangement. Given the limited available space and
the average interlayer spacing of approximately 1 nm between
nanosheets, methanol permeance is significantly hindered.”
An additional factor contributing to the low solvent permeance
is the development of tortuous and extended pathways
between the nanolayers in carbon-based membranes, which
substantially increases flow resistance.”

Diverse strategies have been proposed to tackle these chal-
lenges, which include pore formation, flake size management,
and composite membrane production. These methods have
demonstrated promising outcomes by effectively reducing tor-
tuosity and enhancing nanochannel size.'* For instance, the
development of nanoporous graphene membranes, commonly
referred to as holey graphene (HG), has yielded promising
results. Additional pores within the membrane were created by
either ion irradiation, chemical etching, or nanoimprint
lithography.'*”>7* A noteworthy example is the work of Kang
et al,'* who fabricated nanoporous graphene membranes
through a sequential process involving thermal pore activation
and microwave-assisted reduction of GO (Fig. 9a). These mem-
branes exhibited the highest pure methanol permeance
among all the examined 2D membranes, with an outstanding
methanol permeance of 5800 LMH bar™'. Although it was
directly attributed to the resulting reduced friction on the gra-
phene surface due to the lower oxygen groups in the original
paper, a closer look at the compiled data presented in Fig. 8a
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reveals that the primary factor responsible for this effect is
actually the formation of nanopores.

In addition to pristine carbon-based nanomaterials,
carbon-based nanocomposites have also garnered substantial
attention in OSN membranes, aimed at enhancing solvent per-
meance. To illustrate, Guo et al.”® fabricated a GO-BN hybrid
membrane to improve solvent permeance. This novel hybrid
structure enables the creation of a more complex nanochannel
structure characterized by diverse flake sizes and interlayer dis-
tances (Fig. 9b). The study yielded impressive results, with a
methanol permeance of 1110 LMH bar ™", representing nearly
a six-fold enhancement compared to pure GO OSN membranes.

Comparing free-standing 2D nanolaminate OSN membranes
given in Fig. 8a, COF nanomaterials are ranked as the second
most extensively studied 2D OSN membranes. They are crystal-
line, nanoporous 2D materials characterized by pore dimen-
sions typically falling within the range of 0.5 to 4.7 nm.”® These
frameworks are constructed through the covalent bonding of
organic linkers, a feature that allows for precise adjustment of
pore sizes. This adjustment can be achieved by employing
organic linkers of varying lengths or by introducing functional
groups to these organic linkers. However, it is important to note
that while such modification offers versatility, there is a limit-
ation on the number of stable organic linkers available.””””®
Instead, their comparable crystallinity and high porosity make
them potential as a membrane material.”

COF OSN membranes exhibited a broad distribution of
pure methanol permeances as illustrated in Fig. 8a, consistent
with their large range of nanopore and nanochannel size
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Fig. 9 Schematic representation of (a) nanoporous multilayer graphene membrane,** (reproduced from ref. 14 with permission from the Springer
Nature, Copyright 2023) and (b) GO-BN membrane,”® (reproduced from ref. 75 with permission from the Springer Nature, Copyright 2023). (c)
Cross-sectional SEM image of a FBN-0.4 membrane,’® (reproduced from ref. 16 with permission from the Springer Nature, Copyright 2018). (d)
MXene membrane preparation and the corresponding cross-sectional SEM image, and surface AFM image,>* (reproduced from ref. 54 with per-
mission from the Royal Society of Chemistry, Copyright 2018) and (e) preparation process and schematic representation of the TizC,T, and crumpled
membranes (c-TizC,T,).2> Reproduced from ref. 15 with permission from the American Chemical Society, Copyright 2020.
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ensuring the solvent transport. Among them, a carboxylated
COF (c-COF) membrane with a pore size of roughly 2.62 nm in
a neutral environment was found to have the highest methanol
permeance of 2785 LMH bar™'.%° The objective of this particu-
lar study was to investigate the impact of solution pH, recog-
nizing that solutions from industries such as food, chemical,
petrochemical, and pharmaceutical may contain a variety of
impurities, including acidic and basic components. The
researchers observed a remarkable influence of pH variations
on methanol permeance. Specifically, when subjected to low
and high pH conditions, methanol permeance reduced to
2535 and 1780 LMH bar™", respectively. Simulation outcomes
indicated that the solvated pore size of c-COF was minimally
affected by changes in the pH of a solution, while methanol
diffusion was notably influenced by the solvated solute radii.
In essence, they displayed that c-COF OSN membrane can
maintain its performance in the altering pH of the feed solu-
tion, without changing its pore size.

Among all membranes compiled in Fig. 8a, amino-functio-
nalized BN (FBN) membranes'® seem to have the second-
highest pure methanol permeance. This superior performance
was primarily ascribed to their significantly reduced mem-
brane thickness (Fig. 9c). However, it is crucial to note that the
FBN membrane with a thickness of 400 nm had numerous
defects and, as a result, was unsuitable for any solute separ-
ation application. Therefore, this exceptionally high methanol
permeance could be misleading, given the presence of defects
within the membrane structure. With the increase in thickness
of the FBN membrane from 0.4 to 8 um, additional nanolayers
were added to mask the existing defects. This resulted in a
substantial one-order-of-magnitude decrease in pure methanol
permeance, reducing it from 5005 to 456 LMH bar™'. This
clearly reveals the necessity of production of defect-free ultra-
thin membranes, and ongoing research should be dedicated
to this target.

Metal-containing structures like MXene®*”* and MosS, '**!
membranes revealed large variations in pure methanol per-
meance. This can be attributed predominantly to the strength
of interactions between the metal-containing surface of a
membrane and solvent as well as adjustable interlayer spacing
and structural morphology.'>®3*3%81 Maximum methanol
permeance for MXene membranes was reported as 3563 LMH
bar™'.>* This remarkable performance is attributed to MXene’s
strong interaction with polar molecules like methanol, driven
by its hydrophilic properties. Additionally, its rigid structure
arising from the metal layer leads to regular and robust inter-
layer spacing (Fig. 9d). As a result, methanol tends to form reg-
ularly aligned clusters either on the surface or within the nano-
channels of the MXene membrane, facilitating ultrafast
solvent permeation. In contrast to MXene nanoplates, gra-
phene or GO nanoplates are highly flexible, making it challen-
ging to achieve uniform spacing between nanolayers. During
the transport of methanol within GO nanochannels, collisions
among methanol occur, leading to a reduction in permeance.
In a recent study, the wrinkles and corrugations in GO were
minimized by producing GO with larger flake sizes ranging

This journal is © The Royal Society of Chemistry 2024
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from 10 to 20 pm. The strong interlayer interactions between
these larger overlapping areas resulted in the formation of
slightly laminated nanochannels.®” However, despite the GO
membrane being much thinner (8 nm in thickness) compared
to the MXene membrane (230 nm in thickness), its methanol
permeance remains significantly lower than that of MXene (9.6
vs. 3563 LMH bar™"). The observed low methanol permeance
of GO membranes, despite larger flake sizes, is indicative of
non-uniform and reduced interlayer spacing between the
nanolayers due to the lack of nanosheet rigidity. Additionally,
it likely arises from the increased tortuosity for methanol
transport towards the nanochannels of large GO nanoflakes,
which emphasizes the necessity of the shift to the use of GO
membranes with smaller flake sizes.®® Collectively, metal-con-
taining nanomaterials like MXene emerge as potential mem-
brane materials over GO membranes.

Contrary to previous assertions put forth for GO, Xing
et al.'® demonstrated that crumpled MXene outperforms its
flat counterpart with well-ordered structures (Fig. 9¢). For com-
parison, they produced flat MXene membranes with a
common vacuum filtration method and to induce crumpling
in the MXene structure, MXene flakes underwent a freeze-
drying process before the vacuum filtration. The resulting
crumpled MXene exhibited remarkable permeance, reaching
2484 LMH bar ' with a mass loading of 0.1 mg cm™>
However, the numerous voids within the crumpled MXene led
to a noticeable decrease in solute rejection performance. In
response, the researchers increased the thickness of the
crumpled MXene at the cost of reduced permeance, achieving
a comparable permeance of 1089 LMH bar™" at a mass loading
of 0.25 mg cm™~> while maintaining acceptable solute rejection
levels. Conversely, the highly ordered MXene structure demon-
strated a methanol permeance of 121 LMH bar™' at a mass
loading of 0.1 mg cm™2, which further declined to 32 LMH
bar™" at a mass loading of 0.25 mg cm™>. This study serves as
a compelling illustration of how the same structural modifi-
cations in different nanomaterials can yield a different altera-
tion in methanol transport due to the inherent rigidity of
nanolaminate.

The utilization of various types of 2D nanomaterials as OSN
membranes is steadily increasing due to their exceptional per-
formances. The competence of new types of 2D membranes
such as WS,,* NH,* HNb;04,%¢ VMT,®” 0-2DZTC,*® and
DLC,?® in this field has begun to be explored. Their perform-
ances are labeled as “others” in Fig. 8a. The DLC membrane
exhibited the highest methanol permeance within this cat-
egory, reaching 1764 LMH bar™'. This remarkable perform-
ance is attributed to its ultra-thin thickness of 10 nm, achieved
through plasma chemical vapor deposition using acetylene
precursors, resulting in reduced mass transfer resistance.
When the membrane thickness was increased to 35 nm,
methanol permeance decreased to 218 LMH bar .%° Pure
methanol permeance of the DLC membrane is followed by the
0-2DZTC, WS,, NH, VMT, and HNb;Og 2D membranes,
respectively. It is worth noting that the limited studies on the
OSN separation performance of these membranes do not fully
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reflect their true OSN potential. It is anticipated that as
research progresses, their separation potentials will be clearly
recognized.

Hybrid nanostructures, initially emerging to enhance the
solvent permeance and its stability, particularly carbon-based
nanocomposites, have evolved over time (see Fig. 8b). They
have expanded to encompass a wide range of possibilities for
membrane production, enabled by various nanostructure com-
binations. The aim here is to combine the superior properties
of different nanostructures to achieve better performance. To
illustrate, Zhang et al.®® developed nanocomposite mem-
branes, combining 2D rGO nanosheets and 1D nickel phos-
phate nanotubes (NPTs-rGO). Compared to a 1 pm-thick rGO
membrane with a permeance of approximately 1.35 LMH
bar™", the NPTs-tTGO composite membrane achieved a signifi-
cantly higher methanol permeance of 670 LMH bar™'. This
marked improvement in permeance can be attributed to
several factors. Firstly, the incorporation of 1D NPTs estab-
lishes additional pathways for solvent transport. Secondly,
NPTs serve as intercalants, effectively increasing the interlayer
spacing of rGO nanosheets, thereby reducing methanol trans-
port resistance and improving permeance. Additionally, the
robust covalent bonding between nanosheets and nanotubes
increases the overall stability of the membrane and provides
long-term performance.

Comparing the dimension alteration in the accompanying
nanomaterial to 2D nanolaminates, a considerable change is
figured out in Fig. 8b. Wu et al.®* produced a WS,-ZIF-8 (2D-
3D nanocomposite) membrane, having the highest methanol
permeance of 1150 LMH bar™' among the investigated hybrid
nanocomposite membranes. In this case, 3D ZIF-8 increased
the interlayer spacing within the WS, nanolaminate, providing
a stable interlayer spacing through coordination bridges
between ZIF-8 and WS,. As a result, the ZIF-8-WS, membrane
demonstrated exceptional resistance to methanol swelling be-
havior and stable nanochannel formation leading to high
methanol permeance. Upon careful examination of Fig. 8b, it
is evident that the performance ranking is as follows: 2D-3D
nanocomposite > 2D-2D nanocomposite > 2D-1D nano-
composite > 2D-0D nanocomposite. The increase in the
dimension of the accompanying nanomaterial results in the
formation of more interconnected and open structures, which
in turn creates a more effective permeation pathway for metha-
nol transport. Therefore, given the bulkier structure of metha-
nol relative to water molecules, its transport is enhanced due
to the availability of a regular nanochannel opening in the
membrane structure. Additionally, the increased surface area
of the resulting membrane provides more active sites for
methanol interactions, facilitating diffusion and consequently,
increasing permeance. Therefore, similar to water molecules,
the polar nature of methanol strengthens the interaction with
negatively charged 2D OSN membranes, yielding a regular
orientation of methanol molecules within nanochannels
during transport.

Pure methanol permeance (PMP) is undoubtedly a crucial
performance indicator for applications where methanol re-
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cycling and/or solute retention from methanol are aspired.
Most of the membranes presented in Fig. 8a and b utilize the
advantages of 2D laminated membranes by reducing the mem-
brane thickness, increasing porosity and/or enlarging the
interlayer spacing in order to boost the solvent permeance.
Nevertheless, permeance-enhancing modifications carry the
risk of low solute rejection, and it is unfortunate that the
solute rejection in methanol is not consistently reported for
highly permeable membranes, thereby overlooking the impact
of these modifications on methanol/solute selectivity. At this
point, it is useful to discuss permeance-enhancing modifi-
cations that can be beneficial for increasing PMP over other
solvents. Since it is an extensively studied solvent, water is
selected for comparison. Fig. 10 illustrates the ratio of PMP to
pure water permeance (PWP, if accessible) for free-standing 2D
nanolaminate membranes given in Fig. 8a and b. The dashed
line represents the inverse relationship between the viscosity
of methanol and water, which can be considered as an upper
bound. Although PMP is usually limited in carbon-based
membranes (see Fig. 8), maximizing the formation of
additional transport pathways seems to increase the selective
transport of methanol. To illustrate, Nie et al.®* obtained a con-
siderably higher PMP/PWP when they utilized small-flake GO
(with a mode area of 0.03 um?*) compared with large-flake GO
(with a mode area of 0.43-0.51 pm?), benefiting from more
straightforward transport pathways. On the contrary, Yang
et al® achieved a similar result by using large-flake GO
(10-20 pm) but reducing the membrane thickness down to
~10 nm. Unlike the thicker nanolaminates, solvent passage
through nanometer-size pinholes within the flakes contributed
to fast permeation in the case of ultrathin GO membranes.
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Fig. 10 The ratio of pure methanol permeance (PMP) over pure water
permeance (PWP) of free-standing 2D nanolaminate membranes. The
dashed line represents the inverse relationship between the viscosity of
methanol (0.54 mPa s) and water (0.916 mPa s). Raw data was given in
Table S2.1
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Another effective strategy to enhance PMP/PWP is the utiliz-
ation of nanoporous graphene membranes. Kang et al'*
showed that swelling behavior and separation performance of
nanoporous graphene membranes fabricated by microwave-
assisted reduction of graphene was “switchable” in response to
solvent type, favoring the alcohol transport. Similarly, nano-
porous multilayer GO membranes fabricated by Kim et al.*
using slot-die coating and confined thermal treatment
methods resulted in high PMP/PWP. Among carbon-based
nanocomposites, intercalating multiwalled carbon nanotubes
within lanthanum(m) (La**)-cross-linked small-flake GO
nanosheets, thereby introducing low resistance transport path-
ways, was found to improve PMP/PWP in the work of Nie
et al®® COF membranes were found to exceed the viscosity
upper bound when a positive charge was introduced®® or the
pore size cut-off was adjusted to around 2.7 nm through slow
annealing of the organic linkers.”> On the other hand, the
effect of tuning hydrophilicity or rigidity in MXene nanochan-
nels on methanol transport is more evident compared with
water transport. Wu et al.”® demonstrated that highly hydro-
philic neat and amine-functionalized Ti;C,T, nanolaminates
promoted the alignment of polar solvents as ordered mole-
cular chains which facilitates fast methanol permeation.
Harnessing the double-layered Ti;C,T, nanosheets as rigid
building blocks, uniform and rigid nanochannels of MXene
membrane fabricated by Wang et al.>* also surpassed the vis-
cosity upper bound. Unlike the other 2D laminates in which
ordered nanochannels enabled the solvent transport, loosely
stacked MoS, flakes in the work of Cui et al.** formed hierarch-
ical, branching nanochannels where large cavities among the
stacked flakes contributed to PMP while narrow gaps at the
flake edges retained solute rejection. Lastly, utilizing charged
BN nanosheets was found to have a positive effect on PMP/
PWP compared with neat BN.”* To generalize, it is possible to
assert that discussed approaches such as introducing
additional low-resistance transport pathways or expediting the
inner-channel permeation through channel-solvent inter-
actions may apply to all solvents. However, we illustrated that
their effect is more apparent in terms of methanol permeance
compared with water permeance. This can be attributed, in
part, to the relatively low viscosity of methanol, which enables
more effective utilization of the additional pathways.
Furthermore, despite its high polarity, the limited number of
hydrogen-bonding sites in methanol reduces the possibility of
being retained by the nanochannel in case of favorable
channel-solvent interactions. Ultimately, these strategies may
be key to improve selective transport of methanol in free-stand-
ing 2D nanolaminate membranes.

6.2. Solute rejection on the basis of molecular weight

Rejection (R%), a critical parameter quantifying the retention
of valuable solutes by OSN membranes, significantly impacts
their performance."”> To emphasize the efficacy of various
free-standing 2D nanolaminate OSN membranes in terms of
solute rejection, we initially demonstrated this data as a func-
tion of the molecular weight (M) of solute in Fig. 11. Because
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the corresponding study did not provide the relevant methanol
permeance when the feed contains solutes. This figure offers a
comprehensive insight into the solute rejection capabilities of
diverse free-standing 2D nanolaminate membranes, including
carbon-based membranes (graphane/GO/rGO), carbon-based
nanocomposites, COF, MoS,, BN, and other 2D membranes. It
encompasses data from 45 distinct solutes, each characterized
by a unique M,, spanning from 98.1 to 1422 g mol ™", represent-
ing a wide spectrum of industrial applications, from dyes to
antibiotics and food additives.

In OSN, two key rejection mechanisms in solute rejection
are at play: Donnan exclusion and size exclusion.’® Yet, upon
closer examination of 2D membrane rejection performance, it
becomes clear that for R% > 40%, size exclusion predomi-
nantly governs solute rejection since the variation in solute
rejection narrows with the increase in solute M,, However,
focusing on the region of R% < 40% in Fig. 11, it is obvious
that complex triple interactions among the solute, solvent, and
membrane significantly impact the overall separation process.

Wu et al.”® conducted a comprehensive study to investigate
how 2D OSN membranes reject dyes of varying sizes and
charges. This research unveiled the intricate interplay of size,
charge, and structural characteristics in shaping the separ-
ation efficiency of 2D membranes. The amine-functionalized
MXene (Ti;C,T,-NH,) membrane, positively charged and fea-
turing an interlayer spacing of 1.28 nm, achieved impressive
rejection rates exceeding 92% for dyes larger than 1.28 nm,
irrespective of their charge (Fig. 12a). Hydrophobic Ti;C,T,
C,,H,5s membrane, with a negative surface charge and an inter-
layer spacing of 1.66 nm, achieved rejection rates exceeding
99% for dyes larger than 1.66 nm, similarly regardless of
charge (Fig. 12a). On the other hand, as expected, in addition
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Fig. 12 (a) Dye rejection of T;zC,T,-NH, (green) and TisC,T,-CgHs (pink) membranes,>® (reproduced from ref. 53 with permission from the Wiley
Online Library, Copyright 2019). (b) GO-Si2 membranes,®* (reproduced from ref. 61 with permission from the Royal Society of Chemistry, Copyright
2019) where dyes are dissolved in methanol. The dyes used are methyl orange (MO), indigo carmine (IC), congo red (CR), brilliant blue R250 (BB),
rose bengal (RB), chrysoidine G (CG), methylene blue (MB), and crystal violet (CV). The corresponding sizes (in nm) are mentioned either under or on
their abbreviations. (c) Rejection performance of 0i-COF membrane towards anionic and cationic dyes with varied molecular weights.** Anionic
dyes: methyl orange (MO), orange G (OG), amido blue (AB), congo red (CR), reactive red 24 (RR24), evans blue (EB). Cationic dyes: methylene blue
(MB), rhodamine B (RB), and alcian blue 8GX (AB 8GX). Reproduced from ref. 11 with permission from the Wiley Online Library, Copyright 2023. (d)
Schematic illustration of the synthesis 2D lamellar VMT membrane.?” Cross-sectional morphology of (e) pristine VMT, and (f) Fe(OH)z/VMT hybrid
membrane.?” Reproduced from ref. 87 with permission from the American Chemical Society, Copyright 2022. (g—i) Surface and (j—l) cross-sectional
morphologies of GOpmso, GOnmr, and GOpmr membranes, respectively.96 Reproduced from ref. 96 with permission from the American Chemical

Society, Copyright 2021.

to its size (1.4 nm) effect, for positively charged methylene
blue (MB), the rejection was considerably low, 40% due to the
attractive interactions between the membrane surface and the
nature of MB. In contrast, the positively charged reactive red
24 (RR24) displayed an impressive rejection performance of
90%. In this case, the interplay between triple interactions
starts to dominate. The findings of the simulation analysis of
the current study indicate that the interaction between metha-
nol and the membrane is relatively weak in comparison to the
substantial interaction between methanol and the dye.
Consequently, methanol induces a change in the configuration
of the dye, leading to a more spread-out structure. This struc-
tural modification ultimately causes the membrane to exhibit
improved rejection performance.>® These findings emphasize
that size exclusion primarily governs the rejection mechanism
in 2D membranes, with Donnan exclusion playing a comp-
lementary role in dye separation.>*°"%>

Depending on the membrane material type, the strength
of solute-membrane interaction may play a dominating role
in solute rejection, especially when the solute size is smaller

3410 | Nanoscale, 2024, 16, 3393-3416

than the size of nanopore or nanochannel of a membrane.
For instance, Wang et al.®" suggested that a negatively
charged GO-Si2 membrane displayed significant solute rejec-
tion for negatively charged dyes and considerably lower per-
formance with positively charged dyes (Fig. 12b). To investi-
gate the effect of electrostatic interaction more comprehen-
sively on dye rejection, rose bengal (RB) was compared to
similarly sized, positively charged crystal violet (CV). RB
achieved a rejection rate of 91.9% due to strong electrostatic
repulsion, while CV had a 70% rejection rate, highlighting
the role of electrostatic interactions. In a similar manner,
Yuan et al!
COF (0i-COF). The solute rejection analysis revealed a promi-
nent role of size exclusion, with higher M, solutes being
efficiently rejected. However, when comparing the rejection
of negatively and positively charged dyes with smaller M,,, the
former exhibited significantly higher rejection rates
(Fig. 12c). For example, orange G had a rejection rate of
78.7%, almost twice that of rhodamine B (42.4%), despite
having a lower M, (452 vs. 479 Da). In summary, these

synthesized negatively charged oriented ionic
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studies support the idea that for solutes with smaller M,
electrostatic repulsion is the dominating factor for superior
solute rejection.

Hopefully, the majority of 2D membranes in Fig. 11
exhibit remarkable performance in rejecting solutes with
even small M,,. The rejection of solutes in 2D OSN mem-
branes significantly improves as not only the size of dye mole-
cules increases but also the size of nanochannel/nanopore
decreases. This observation is particularly unsurprising for
carbon-based 2D membranes, which display a very narrow
interlayer spacing due to the compaction issues under
pressure. This achievement of a narrow interlayer distance or
small pore size can be observed in other 2D nanomaterials
through membrane functionalization or intercalation pro-
cedures. For example, Shinde and colleagues®” synthesized
three distinct COFs, namely TFP-DPF, TFP-DNF, and TFP-
DHF, with varying carbon chain lengths while sharing a
similar structure. This led to COF membranes with different
pore sizes: 1.22 nm for TFP-DNF, 1.41 nm for TFP-DHF, and
1.72 nm for TFP-DPF. Remarkably, the molecular weight cut-
off (MWCO) of these COF membranes decreased from 1200 to
800 g mol ™" as the pore size reduced from 1.72 to 1.22 nm.
This highlights the potential for enhancing solute rejection,
especially for small-molecular-weight solutes. This opportu-
nity has resulted in the proposal of numerous COF structures
in the literature. On the other hand, a range of intercalants,
including carbon nanotubes, inorganic nanoparticles, and
nanowires, are employed to tailor the distance of nanochan-
nels in 2D membranes. However, the utilization of these
intercalants is more appropriate when the M,, of the solute is
high. To illustrate, Tian et al,*” conducted a study in which
they intercalated Fe(OH); nanoparticles within VMT
nanosheets, comparing them to a pristine VMT membrane
(Fig. 12d-f). The results were striking, with methanol per-
meance experiencing a remarkable 16-fold increase, rising
from approximately ~30 to ~490 LMH bar™" without sacrifi-
cing the EB dye rejection performance, 99.7%.

Membrane preparation procedure also significantly plays a
role in the final performance of a membrane. For instance,
Zhang et al®® produced various GO membranes using
different solvents: DMSO, NMF, and DMF, yielding GOpuso,
GOnmr, and GOpyr membranes with varying interlayer dis-
tances. Residual solvent trapped within the GO nanosheets
acted as intercalant and led to a change in interaction energy
and hence transition in the GO nanosheet conformation from
a flat extended state to a wrinkled collapsed state (Fig. 12g-1).
The rejection order for MB in methanol was GOpyr > GOnmr >
GOpwmso, With rejection rates of 93, 89, and 86%, corres-
ponding to d-spacing values of approximately 8.3 A, 8.8 A, and
9.1 A, respectively. As anticipated, an increase in d-spacing
corresponds to a reduction in dye rejection performance. This
demonstrates that the membrane preparation procedure,
specifically the choice of dispersive solvent acts as an interca-
lant and plays a critical role in solute rejection.

Considerations beyond adjusting the size of nanopore/
nanochannel include accounting for changes in solute size

This journal is © The Royal Society of Chemistry 2024
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within the solvent, particularly taking into consideration the
solvated solute radius. As previously discussed in section 5.1,
Duong et al.,®® investigated the effect of solution pH on the
separation performance of c-COF membranes. They observed
that the rejection of alcian blue (AB) from a methanol solution
increased from 23 to 98% as the pH increased from 2.2 to
10.1. This advanced rejection performance was attributed by
the outcome of simulations analysis to the variations in solute
size at different pH levels. This conclusion can be also drawn
from the knowledge that the solute solvated size undergoes a
change when shifting between solvents, leading to varying
rates of rejection for the same solute. This observation can be
supported by the information observed from polymeric mem-
branes, where a higher degree of chemical similarity between
two solute molecules corresponds to closer rejection rates in a
methanol solvent.>°

6.3. Methanol permeance combined with solute rejection

Methanol separation is simultaneously governed by metha-
nol permeance and solute rejection in the OSN process.
Fig. 13 depicts the solute rejection versus methanol per-
meance of various free-standing 2D nanolaminate mem-
branes collected from several studies. It is worth noting that
a comprehensive comparison between 2D nanolaminate
membranes remains elusive since in many studies the
solvent permeance in the presence of a solute is not reported.
Researchers engaged in OSN-related investigations are urged
to emphasize the importance of addressing this issue.
Concerning Fig. 13, the MoS, and COF membranes exhibit
exceptional separation performance, characterized by both
high methanol permeance and solute rejection. However, the
methanol separation performance of the majority of 2D OSN
membranes is populated above a rejection rate of 90% and in
the range of 10-100 LMH bar™' methanol permeance.
Unfortunately, it is worth emphasizing that this grouped data
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Fig. 13 Solute rejection as a function of methanol permeance of

various free-standing 2D nanolaminate OSN membranes. Colors indi-
cate the molecular weight scale of solutes.
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is produced using high M, solutes (dominantly symbols with COFs, shown in Fig. 13, rank second in separation perform-
green color). With the decrease in M,, of solutes, rejection ance, offering high solute rejection and relatively high methanol
performance is hindered (see symbols with red colors on the permeance. In a theoretical study performed by Wei et al,>
lower part of the figure). Therefore, further improvements are  seven 2D COFs were systematically designed, varying functional
necessary for free-standing 2D nanolaminate OSN mem- groups, and adjusting aperture sizes (5.17 to 7.64 A). Solute
branes to effectively separate methanol, despite outperform- rejection in a methanol environment was evaluated using four
ing polymeric membranes. solutes: 2,5-furan diamine (FDA), paracetamol (PRM), a-methyl

If we are to offer an elaborate examination of each individ- styrene dimer (MSD), and nile red (NRD). The outcomes
ual study that yields the most efficient membranes, one of the revealed that solute rejection was intricately affected by several
data in the right top corner of Fig. 12 belongs to the MoS, variables, encompassing solute size, solute polarity, aperture
membranes. This research, conducted by Cui et al.,** focused size, and membrane functionality (hydrophobic or hydrophilic).
on the creation of hierarchical transferable nanochannels Generally, solute rejection decreased with larger COF apertures
through the disordered stacking of irregular MoS, flakes. or smaller solutes, but solute polarity played a significant role.
These nanochannels featured narrow gaps (approximately For example, despite a lower M, the highly polar PRM (M,,:
1.8 nm) at the contact edges of the flakes and large voids 151.16 g mol™") outperformed the less polar MSD (M,,: 236.35 g
(about 8.3 nm) between the stacked flakes (Fig. 14a). Utilizing mol™") (Fig. 14b). Moreover, it has been observed that while
molecular dynamics simulations, they found that flow resis- hydrophobic COF membranes had high solvent permeance,
tance in the large voids was lower than in the regularly struc- their solute rejection performance was comparatively low or
tured voids, resulting in ultrafast methanol permeation at 3790 equal in comparison to their hydrophilic counterparts (Fig. 14b
LMH bar™'. Simultaneously, the narrow gaps facilitated out- and c). Additionally, the presence of solutes led to a reduction
standing rejection rates of over 90% for solutes with kinetic in solvent permeance compared to tests conducted with pure
diameters larger than 1.9 nm. However, as the solute size solvents. This is primarily attributed to pore clogging. For
decreased, rejection performance decreased to approximately example, a hydrophilic COF’s methanol permeance dropped
50%. The hierarchical structure of the MoS, membrane played from 1076 to 931 LMH bar " in the presence of PRM solute,
a pivotal role in achieving this remarkable separation perform- while that of hydrophobic COF decreased from 1356 to 1095
ance, offering high methanol permeance while maintaining LMH bar™". This study highlights the multifaceted factors influ-
comparable dye rejection. encing OSN membrane performance.
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Fig. 14 (a) Schematic representation of the hierarchical channels in the loosely stacked MoS, membrane,*? (reproduced from ref. 12 with per-
mission from the Royal Society of Chemistry, Copyright 2019). (b) Solute rejection of hydrophobic TpPa-OBn and hydrophilic TpPa-
AMC2NH2 membranes in methanol,>® solutes: 2,5-furan diamine (FDA), paracetamol (PRM), a-methyl styrene dimer (MSD) and nile red (NRD). (c)
Solvent fluxes through the COF membranes as a function of aperture size, d,>° (reproduced from ref. 55 with permission from the American
Chemical Society, Copyright 2019). (d) The rejection efficiency of the EB-COF:Br membrane for different dyes,®? (anionic dyes: methyl orange (MO),
fluorescein sodium salt (FSs) and potassium permanganate (PP); neutral dyes: nile red (NR), calcein (CA) and p-nitroaniline (NA), and cationic dyes:
rhodamine B (RB), methylene blue (MB) and N,N-dimethyl-p-phenylenediamine dihydrochloride (DMPD)). (e) Water permeation flux of the EB-COF:
Br membrane and GO membrane as a function of time,®? (reproduced from ref. 92 with permission from the Royal Society of Chemistry, Copyright
2018) and (f) separation performance of FBN membrane versus molecular size of dyes in methanol solution® (methylene blue (MB), acid fuchsin
(ACF), congo red (CR), evans blue (EB)) reproduced from ref. 16 with permission from the Springer Nature, Copyright 2018.
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The other top-performing membrane was achieved through
the surface modification of the COF membrane. Zhang et al.**
synthesized a 2D cationic COF (EB-COF:Br) membrane
through a Schiff base reaction, combining a cationic ethidium
bromide (EB) monomer with 1,3,5-triformylphloroglucinol.
Cationic dyes were effectively rejected by more than 85% due
to electrostatic repulsion between the solute and membrane
(Fig. 14d). Conversely, anionic dyes were immobilized within
the membrane’s pores, replacing them with Br ions through
strong electrostatic attractive interactions between the posi-
tively charged pore walls of the membrane and anionic dye
molecules. However, the immobilized solutes were not recover-
able and led to reduced permeance by blocking the membrane
pores. In cases where the electrostatic interaction between
neutral dye molecules and the EB-COF:Br membrane was
weak, rejection efficiency was controlled by the solute and
membrane pore sizes. As the solute diameter increased (from
4.32 to 8.82 A), solute rejection performance improved (from
15% to 74%) (Fig. 14d).%* Similar observation is present for the
other top-performing 2D OSN membrane, a 2 pm thick FBN
membrane.'® Solute separation follows the molecular size
effect, with rejection rates of 60% for methylene blue (MB),
88.7% for amido black (ACF), over 99% for congo red (CR), and
over 99% for evans blue (EB). Moreover, it maintained high
solvent permeance in the presence of solute, ranging from
240-740 LMH bar™" (Fig. 14f).

Data presented in Fig. 13 does not represent the perform-
ance stability of free-standing 2D nanolaminate OSN mem-
branes, which is crucial in the application of membranes to an
industrial scale. It is well-known that the swelling effect of
organic solvents presents a major challenge for 2D mem-
branes, causing a gradual reduction in solute rejection per-
formance and a fast increase in solvent permeance over
time.°® Unfortunately, the reported permeances do not accu-
rately reflect the actual performance since they were observed
before the membrane reached a stable state. Additionally, few
studies reported the membrane performance stabilities by car-
rying out measurements ranging from a few hours to a
maximum of 7 days. For instance, GO and silver nanoparticles-
based nanocomposite (GO-Ag) membranes significantly
enhanced membrane stability.”® Additionally, this nano-
composite membrane maintained its structural integrity over
an extended 70-day period, even when exposed to various
environments, including aqueous, acidic, and basic con-
ditions. Additionally, the composite membrane achieves excep-
tional dye rejection rates, exceeding 97%, while preserving a
high methanol permeance of 530 LMH bar".°> On the other
hand, some membranes do not preserve their stabilities. For
example, EB-COF:Br membrane lost its permeance dramati-
cally and eventually reached equilibrium (Fig. 14e).°> This
decrease in permeance may be attributed to the slipping of
COF layers, which, in the case of slipping, could lead to pore
blockage and increased resistance against flow, resulting in
reduced permeance.'® Unfortunately, the permeances
reported before the membrane reaches a stable state do not
accurately reflect its actual performance. Therefore, research-
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ers should pay close attention to reporting solvent permeance
for 2D nanomaterial-based membranes that are able to
compact (GO) or slip (COF).

7. Conclusion

Implementation of free-standing 2D nanolaminate nano-
materials to OSN membranes has led to a significant break-
through in the field of separation techniques. This innovative
approach offers a sustainable and cost-effective solution to the
problem of industrial solvents contaminating the environ-
ment. Our mini-review study specifically focuses on the separ-
ation and recovery of methanol, a widely used solvent in indus-
trial processes. Through the evaluation of various free-stand-
ing 2D nanolaminate OSN membranes, we have highlighted
their potential to revolutionize separation processes in the
industrial use of methanol. The various 2D OSN membranes
are compared and discussed considering diverse parameters to
emphasize their impact on different aspects.

Regarding the free-standing 2D nanolaminate OSN mem-
branes, the performance of BN in terms of pure methanol per-
meance is impressive, exceeding 5000 LMH bar™'. However, we
must be cautious, as the presence of defects or large pores
could lead to a low solute rejection. On the other hand, COF,
MXene, and MoS, membranes should be potentially evaluated
as they offer a promising solution for fast methanol transport.
These cutting-edge membranes are highly versatile, with the
ability to be functionalized to alter the size of nanopore/nano-
channel or to intercalate with specific molecules. Remarkable
methanol permeances of a maximum of 3790 LMH bar " were
achieved. Contrarily, with a few exceptions, carbon-based
membranes (graphene, GO, rGO) revealed restricted methanol
permeance due to their ultrathin, flexible nanolayer. This can
lead to compaction problems when subjected to high pressure.
To overcome this issue, the researchers have proposed a prom-
ising strategy involving the production of hybrid nano-
structures with carbon-based 2D nanomaterial and other
nanomaterials having diverse dimensionality ranging from 0D
to 3D. This results in a reduction in tortuosity and an increase
in the size of nanopores/nanochannels, thus improving the
methanol permeance from 120 LMH bar " for the pristine
carbon-based membrane to 1150 LMH bar™' for the hybrid
membrane (WS,-ZIF8) when maximum values are concerned.
It is imperative to note that the comparisons presented herein
have not been made in accordance with any established
measurement standard. In order to ensure accurate compari-
sons, it is essential to adhere to standardized test procedures
(filtration time, solute concentration, pressure, temperature,
etc.), particularly with respect to methanol measurements. As
such, laboratory studies may be reliably integrated into indus-
trial practices.

In order to evaluate the solute rejection performance of
free-standing 2D nanolaminate OSN membranes, a diverse
group of 45 solutes with molecular weights ranging from 98.1
to 1422 g mol~" was assessed. These solutes represent a broad
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array of industrial applications, including dyes, antibiotics,
and food additives. The data obtained from this assessment
indicates that size exclusion is the dominant factor governing
solute rejection, as the deviations in solute rejection diminish
with an increase in molecular weight. Furthermore, the inter-
play of triple interactions among the membrane, methanol,
and solute also plays a significant role in solute rejection,
which is distinguished especially for the low molecular weight
solutes. Based on the data of 2D OSN membranes, COF, MoS,,
and carbon-based membranes appear to be highly viable can-
didates for separating solutes with low molecular weights. This
observation is not surprising for carbon-based 2D membranes
since they provide a very narrow interlayer spacing due to the
compaction under pressure. Exhibiting both high methanol
permeance and solute rejection, COF and MoS, membranes
can be proposed as candidates for methanol separation. Apart
from the ability of COF to vary in its pore size, the excellent
performance of both COF and MoS, membranes is due to
their electrostatic interaction with solutes. With a rejection of
over 90% for a diverse group of solutes and a methanol per-
meance range of 10-100 LMH bar™", the performance of 2D
OSN membranes for methanol separation is impressive. It is
expected that the ongoing studies on free-standing 2D nano-
laminate membranes will lead to even better results in the
future.

This study highlights the potential benefits of using
advanced membrane materials such as 2D nanomaterials in
improving the recovery of methanol and solute enrichment.
However, to ensure the effectiveness of 2D nanolaminate OSN
membranes, it would be advantageous for future research to
consider conducting characterizations, performance tests, and
computational studies that go beyond water and explore the
solvents of interest. As we demonstrate using methanol as an
example, the performance of free-standing 2D OSN mem-
branes is closely related to the properties of the solvent. In
many cases, interlayer spacing and swelling behavior of lami-
nates vary from solvent to solvent, having a significant impact
on the methanol permeance and solute rejection of the result-
ing membranes. This varying interlayer spacing, in combi-
nation with nanomaterial-solvent interactions, also modifies
the orientation of methanol molecules within the confined
space, further affecting the transport of methanol. Moreover,
solvated solute radii, solvent-induced conformation of the
solute molecule, and the Donnan exclusion mechanism,
which is closely related to electrostatic interactions, lead to
solute rejections varying from other solvents to methanol.
Ilustrated by our comparison of methanol with water, the
effect of different modifications such as introducing
additional transport pathways or expediting the inner-channel
permeation through nanomaterial-solvent interactions can be
more evident in terms of methanol permeance. To achieve
optimal results with these innovative membranes, it is essen-
tial to maintain control over the size of nanopores, gain a com-
prehensive understanding of the selective mass transport
mechanism that occurs within nanochannels, and realize a 2D
membrane design specific to the solvent of interest.
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On the other hand, although high performance has been
achieved by free-standing 2D nanolaminate OSN membranes
for methanol recovery, there is still a need to improve their
long-term stabilities. Therefore, to enhance the reliability and
durability of these membranes, it would be beneficial for
future research to concentrate on investigating methods to
improve their long-term structural and performance stabilities.
Finally, another future direction should be to achieve practical
applications of free-standing 2D OSN membranes. Therefore,
it is crucial to focus on their large-scale production and ensure
their successful transition from lab-scale to industrial-scale
production.
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