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Nanofiltration—a technology that selectively extracts critical materials from streams—can help secure
resources while minimizing wasteful and unsustainable extraction practices. However, next-generation
nanofiltration membranes must be designed with a fit-for-purpose framework in mind to fully harness its
capabilities in resource conservation and minimize trade-offs.
Nanofiltration as potential driver for
circularity
Rapid population and economic growth

require an unprecedented level ofmaterial

supply. This presents a major challenge

that can only be effectively addressed

through sustainable practices, particu-

larly by implementing enhanced circu-

larity. The high consumption rate of crit-

ical materials not only jeopardizes their

supply chains but is also detrimental to

the environment.1 For instance, the rising

demand for batteries has created insta-

bility in the supply of lithium, an essential

element for low-carbon energy technolo-

gies. To meet the long-term material de-

mand, it is crucial to shift away from linear

economic systems that rely on resource

extraction, single-use consumption, and

disposal, which result in pollution and

worsen climate change. Embracing circu-

lar economic systems that prioritize mate-

rial recycling and reuse is crucial to

reduce strain on supply chains, enhance

resource security, and mitigate climate

change by lowering greenhouse gas

emissions. Notably, the United Nations

has recognized sustainable production

and consumption as one of the key sus-

tainable development goals, guiding soci-

eties toward embracing circularity.

The realization of a circular econ-

omy necessitates technological advance-

ments that facilitate precise separations.

Efficient extraction of critical materials

from diverse sources—for example,

ores, minerals, electronic waste, waste-

water, produced water, and brines—is

essential to achieving a circular econ-

omy.2 The variable and complex nature

of these sources, and the plethora of crit-
ical resources that can include water,

metals, rare earth elements, nutrients,

and pharmaceuticals, requires adaptable

and versatile separation technologies.

One such candidate is nanofiltration

(NF), which can achieve energy-efficient,

modular, chemical-free, and customized

separation, provided it is suitably engi-

neered.3 NF technology employs a nano-

porous membrane that serves as a mo-

lecular filter, distinguishing between

various species present in the mixture. In

contrast with reverse osmosis mem-

branes that reject most ions and un-

charged molecules, NF membranes allow

some solutes to pass through the nano-

pores, offering the opportunity to differen-

tiate between them and recover those

that are critical.

Nanofiltration holds significant potential

as a catalyst for promoting circularity

within various industries.3,4 Currently, NF

is utilized for water softening, removal of

organic compounds from surface and

groundwater, wastewater treatment in

the textile, leather, and paper sectors, as

well as in the production of bio-

pharmaceuticals (e.g., purifying antibi-

otics) and food processing (e.g., con-

centrating and demineralizing lactose,

concentrating maple syrup, and dealco-

holizing beer). However, to fully unleash

the potential of NF for a circular economy

and sustainable manufacturing, it is

necessary to optimize the membrane

properties to enhance the differentiation

between similar solutes and increase

membrane stability, especially under the

harsh operational conditions existing in

some streams containing critical mate-

rials. Given the wide array of critical mate-
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rials and streams, relying solely on a sin-

gle type of NF membrane is not a

feasible solution. Even within a target

application (e.g., lithium recovery), there

can be a high variability in terms of the

competing species, mineral scalants, fou-

lants, and pH level present, depending on

the source (e.g., brines and produced wa-

ters from different locations).

Designing fit-for-purpose membranes

is essential to unlock the versatility of NF

for circularity (Figure 1). For instance, suc-

cessful desalination of antibiotics de-

mands an open-structure membrane

with an engineered pore size distribution

that allows salt ions and water molecules

to pass at a high rate and retain valuable

antibiotics. Recovering lithium from un-

conventional sources, on the other hand,

requires precise control over membrane-

ion interactions and confinement to differ-

entiate between lithium ions and other

competing ions. Although both applica-

tions fall under the NF category, the

required membrane features differ signifi-

cantly. To enable next-generation NF

membranes, it is crucial to advance our

understanding of the fundamental princi-

ples underlying the design and fabrication

of single-species selective membranes

and follow a fit-for-purpose strategy

informed by the specific requirements

for the targeted stream.

Fit-for-purpose design of
nanofiltration membranes
The membrane design strategy for up-

coming NF applications can vary signifi-

cantly, depending on the specific applica-

tion at hand. Therefore, to achieve optimal

membrane design that is tailored for each
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Figure 1. Circularity enabled by nanofiltration
Schematic showing the use of nanofiltration to increase the circularity of water (blue) and valuable solutes (red) while minimizing waste (gray). A first nanofiltration
membrane (NF #1) concentrates solutes to recover water from the waste stream and a second nanofiltration membrane (NF #2) separates the valuable solutes
(red) to reuse them and discards the waste (gray). The recoveredwater increases themunicipal water supply, and the valuable solutes are reused in industry. After
being reused some of the water and valuable solutes end up in a waste stream that can be treated again. Some examples of valuable solutes are nutrients and
critical metals.
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specific purpose, it is essential to have

a comprehensive understanding of the

transport mechanisms encompassing

both the target species and the competing

species. Particularly, acquiring a detailed

understanding of how water molecules,

ions, and neutral solutes traverse mem-

brane materials is of utmost significance

for applications aiming to differentiate be-

tween similar species like lithium mining

from brines, nutrient recovery fromwaste-

water, and purification of antibiotics.

Similar to reverse osmosis membranes,

where it has been recently shown that wa-
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ter transport is governed by a pore-flow

mechanism with a pressure gradient as

the driving force,5 the water transport in

NF is also likely to be governed by a

similar mechanism, since NF membranes

have a looser and more porous active

layer structure. On the other hand, ion

and neutral solute transport in NF is gov-

erned by a combined contribution of diffu-

sion, advection, and electromigration,

following the partitioning of ions and

neutral solutes into the membrane.6 How-

ever, unraveling the transport mechanism

of molecules when dealing with complex
streams and membrane designs is not

trivial. For example, in ultra-permeable

NF membranes, advection is likely to

play an important role in neutral solute

and ion transport, and in streams with

similar competing species, coupling

mechanisms can govern the transport.

Overall, an improved understanding

of the transport mechanisms, particu-

larly in the presence of similar competing

species and harsh conditions, is

needed for achieving fit-for-purpose

membrane design and effective optimiza-

tion strategies.



Figure 2. Interfacial polymerization is a versatile, robust technique
for the preparation of NF membranes
(A–C) (A) Schematic representation showing the preparation thin-film com-
posite nanofiltration membranes by interfacial polymerization. In this method,
monomers in the aqueous phase diffuse to the water/organic interface. At this
interface, the amine or hydroxyl functional groups of the monomers react with
the acyl chloride functional groups of the monomers in the organic phase. If
one or more of the monomers possess three or more reactive sites, this
chemical reaction results in the formation of a densely crosslinked polyamide
or polyester film, as depicted in (B). The monomers, additives, and reaction
conditions control the properties of the polyamide selective layer. (C) The
schematic representation showcases three distinct selective layers that can
be generated through interfacial polymerization, each exhibiting unique
characteristics. On the left, a densely packed structure with small pores (or
free volume) is depicted, indicating a barrier that restricts the passage of
solutes. In the middle, an open structure is shown, featuring functional units
that selectively interact with specific solutes, enhancing their separation. On
the right, preferentially aligned cavitands are displayed, forming well-defined
pores across the selective layer, enabling precise control over molecular
transport. These illustrations represent only a glimpse of the diverse range of
structures attainable through interfacial polymerization, denoted by the three
dots, emphasizing the broad scope of possibilities in this technique.
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After selecting a robust

membrane design strategy

based on transport rate and

mechanisms, it is imperative

to conduct a fit-for-purpose

optimization. During the opti-

mization process, it is neces-

sary to identify and prioritize

the key features that signifi-

cantly influence membrane

performance for resource re-

covery from a particular

stream. Key features include

membrane properties, such

as surface charge, average

pore size, cross-linking den-

sity, as well as solution prop-

erties, such as ionic composi-

tion, pH, and temperature.

These properties play a vital

role in determining the sepa-

ration performance of the

membrane for a specific

application. For instance, the

recovery of lithium from

brines necessitates mem-

branes with a specific surface

charge and an optimal

average pore size that selec-

tively facilitate the passage

of Li+ ions while impeding

the transport of Mg2+ ions.

On the other hand, in the

context of mining critical

metals from hydrometallurgi-

cal battery recycling streams,
the utilization of a membrane with excep-

tional stability in highly acidic environ-

ments is of utmost importance. Addition-

ally, such a membrane should possess

tailored properties to facilitate the accu-

rate separation of the target metal ions.

Most studies focus on a limited number

of such features without providing a justi-

fication for their selection, potentially

overlooking other influential factors. To

address this limitation, we propose

embracing machine learning techniques

to guide experimental investigations by

assessing the sensitivity of each feature.

By leveraging machine learning algo-

rithms, the process of discovering opti-

mized membranes can be accelerated

and made more efficient. Further, by sys-

tematically evaluating the impact of

various features, we can gain insights

into their significance and make informed

decisions regarding feature selection for

membrane optimization.7
Addressing the challenge of enabling

NF for resource recovery applications,

which aims to enhance the circularity of

critical materials, necessitates collective

and collaborative efforts. To foster collab-

oration and knowledge sharing within the

nanofiltration membrane community, it is

essential to establish an open and

comprehensive membrane database. A

model similar to the one utilized in reverse

osmosis8 should be implemented, where

researchers can report their findings and

contribute to a centralized repository of

membrane data. This database would

serve as a valuable resource for re-

searchers and practitioners, facilitating

the development of machine learning

models and supporting the advancement

of membrane technology.

Designing NF membranes with tailored

properties for specificapplications requires

advancements in material engineering and

membranesynthesis. Incontrast to reverse
O

osmosis, a universal NF mem-

brane material does not exist.

Implementing NF to improve

the circularity of critical ma-

terials will require a port-

folio of membrane materials.

More challenging applications

requiring resilience inharsh en-

vironments or precise solute-

solute selectivity can benefit

from novel materials and novel

synthesis techniques.

Promising innovations
for fit-for-purpose
designs
Interfacial polymerization,

characterized by the forma-

tion of a film at the interface

of two immiscible solvents

containing mutually reactive

monomers, presents signifi-

cant potential as a synthesis

platform for the efficient and

scalable production of next-

generation NF membranes.

The inherent self-limiting na-

ture of this process yields

continuous thin films that

serve as selective barriers,

with their properties easily

controlled through simple

synthesis parameters and ad-

ditives. Moreover, the exten-

sive use of this technique in

large-scale reverse osmosis
membrane production for over four de-

cades has led to accumulated expertise

that can expedite the upscaling of

customized interfacial polymerization-

based NFmembranes for resource recov-

ery applications. The high tunability of

interfacial polymerization enables the

fabrication of readily scalable, purpose-

specific NF membranes.

Typically, interfacial polymerization

produces thin selective layers by the reac-

tion of two monomers, one with either

amine or hydroxyl groups and one with

acyl chloride groups, at the interface of

two immiscible liquids (Figures 2A and

2B). By fine-tuning the interface during

the reaction and selecting appropriate

monomers, improvements can be made

in water permeance and solute-solute

selectivity (Figure 2C). For instance, sur-

factant molecules can be utilized to

generate crumpled structures with a

larger effective surface area to enhance
ne Earth 6, July 21, 2023 769



Commentary
ll
water transport9 or to increase the unifor-

mity of sub-nanometer pores in the poly-

amide layer for precision separations.10

Alternatively, contorted monomers can

be employed to enhance the micropo-

rosity of the selective layer for high water

flux applications.11 To improve the sus-

tainability of the manufacturing process

and bypass complex synthesis protocols

commonly associated with contorted

molecules, bio-derived alternatives can

be explored.12 Lastly, the use of cavitands

as interfacial polymerization monomers

provides improved control over the

nanopores in the selective layer, thereby

facilitating the permeation of molecules

conducive to the container-shaped mole-

cule’s cavity, while rejecting those that

are not conducive.13 The cavitands

can also be functionalized to promote

their arrangement at the interface to pro-

duce films with aligned pores, further

enhancing their performance.14

There are promising NF membrane ma-

terials beyond interfacial polymerization-

derived selective layers, such as block co-

polymers, metal and covalent organic

frameworks, zeolites, and 2D nanoporous

materials. NF membranes made from

thesematerialsmay offer performance ad-

vantages compared to interfacial polymer-

ization based polymeric membranes, and

their research and development could

lead to significant breakthroughs in NF

technology. For instance, the remarkable

ability to precisely control confinement

and functionalities on crystalline materials

like metal-organic frameworks enables

discrimination between monovalent ions

with selectivities comparable to those ex-

hibited by biological ion channels15—an

achievement unprecedented in polymeric

systems. However, efforts to reduce the

cost and increase the processability of

these materials are needed to show that

they can be manufactured at scale.16 A

recent example is the synthesis of solu-

tion-processable metal-organic frame-

work nanosheets that can be cast using

a doctor blade, similar to polymeric solu-

tions, into large-area (>200 cm2) ultrathin

membranes with remarkable homogeneity

and sufficient flexibility.17

Resource recovery applications typi-

cally involve handling substantial volumes

of materials, making it crucial to consider

the intended scale of the application early

in the material discovery process. Hence,

it is imperative to demonstrate that up-
770 One Earth 6, July 21, 2023
coming fit-for-purpose NF membranes

can be produced at an industrial scale

and a reasonable cost, which can be

determined by techno-economic anal-

ysis.18 This is of paramount importance

for their successful adoption and to

enhance the circularity of critical mate-

rials. While research on materials that

pose uncertainties in scaling up holds

value in unraveling new transport mecha-

nisms and improving the understanding of

existing ones, it is equally important to un-

dertake parallel efforts to demonstrate the

feasibility of processing such materials

into membranes at a scalable level. Col-

laborations between academia and in-

dustry are necessary to take lab-scale ef-

forts demonstrating the scale-up potential

of emerging membrane materials to the

next level, where continuous production

can be achieved.

The future of fit-for-purpose NF
membranes
Our need of circularity for a sustainable

future has opened many opportunities

for NF to become a driver for circularity,

contributing to water management and

to the agricultural, energy, and pharma-

ceutical industries. In the agricultural in-

dustry, NF is expected to play a crucial

role in water management and sustain-

able farming practices. An efficient treat-

ment of agricultural wastewater will

enable the reuse of valuable nutrients

and irrigation water and facilitate the

removal of harmful substances, such as

pesticides and heavy metals, from agri-

cultural runoff. In the energy sector, NF

offers promising solutions for improving

energy efficiency and sourcing critical

materials needed for a wide range of tech-

nologies, such as energy storage. Simi-

larly, in the pharmaceutical industry, NF

can increase circularity by enabling the

recovery and purification of valuable com-

pounds from its wastewaters. However,

additional efforts in both fundamental

and applied research are imperative to

attain optimal customization of NF mem-

branes and processes for their respective

applications, ensuring an optimal fit-for-

purpose performance.

On the fundamental side, a deeper un-

derstanding of the underlying solute and

water transport mechanisms is needed

to inform and guide the design of next-

generation NF membranes, encompass-

ing material selection and membrane
synthesis. Interdisciplinary collaborations

will pave the way for more precise and

targeted strategies to fulfill the require-

ments of emerging separations, such as

achieving enhanced solute-solute selec-

tivity and facilitating improved tunability

and stability of NF membranes. On the

application side, optimization and evalua-

tion within a fit-for-purpose framework,

informed by a techno-economic analysis,

is required to properly guide the develop-

ment of NF processes that reduce energy

consumption in current applications and

enable new ones. Techno-economic

analysis plays a pivotal role in assessing

the economic viability of fit-for-purpose

NFmembranes and should garner greater

attention among membrane scientists—

particularly when designing the next gen-

eration NF membranes. By establishing a

clearly defined research pathway for

fit-for-purpose NF, a future marked by cir-

cular and sustainable manufacturing,

enabled through the adoption of NF tech-

nology, can be anticipated.
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