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Gyorgy Szekely
Membrane science and technology has the potential to considerably contribute to most of the United
Nations' sustainable development goals. This technology has diverse applications, including in mining,
water treatment, healthcare, and space. Membranes directly impact the three pillars of sustainability,
namely, the economy, environment, and society. Membrane materials and processes must be developed
in line with green chemistry and engineering principles. Herein, the 12 principles of green membrane
materials and processes are introduced to encourage and guide scientists, engineers, and practitioners
to design, explore, and implement membranes efficiently and sustainably. Moreover, the membrane

waste management hierarchy is introduced, and the importance of each principle and priorities for
future research are established.

Membranes are widely used in applications such as water purification, petrochemical refining, pharmaceutical manufacturing, mining, construction, warfare,
apparel, electronics, forensics, medical applications, and space exploration. They are at the core of filtration and separation processes and impact various

industries. However, producing membrane materials typically involves high energy consumption, harmful chemicals, generation of substantial waste, and
resource-intensive and environmentally damaging processes, which pose environmental threats and undermine sustainability. Using green chemistry and

engineering principles specifically tailored to membrane materials and processes, sustainable membrane technology can be developed. To address the
aforementioned challenges and align with the United Nations' sustainable development goals (UN-SDGs), I propose the 12 principles of green membrane

materials and processes. These principles provide a strategic framework for fabricating sustainable membrane materials and developing sustainable membrane
processes, thereby fostering a greener future for all. The contribution of the principles to the three pillars of sustainability is explained, particularly how they

contribute to the United Nations' sustainable development goals. Moreover, their importance and research priorities are set, and a membrane waste

management hierarchy is introduced.

1 Introduction

A series of 12 principles of green chemistry and related fields
has been published, which represents pivotal milestones in the
evolution of sustainable practices within the respective fields.
These principles have been devised to address the increasing
environmental concerns and minimize the adverse impacts of
human activities on the planet; they have redefined chemical
processes and technological advancements.

The 12 principles of green chemistry, introduced by Anastas
and Warner," were a notable turning point that laid the
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foundation for the design and synthesis of molecules by prior-
itizing efficiency, safety, and environmental sustainability.
Based on these principles, chemists were encouraged to inno-
vate while minimizing waste, toxicity, and energy consumption.
The initial set of principles was refined and tailored to specific
disciplines. Anastas and Zimmerman outlined the 12 principles
of green engineering in a seminal article,” which was closely
followed by The Sandestin Declaration with 65 chemists and
engineers from the industry, academia, and government.?
These principles established a framework for engineers to
integrate environmental considerations into the design, devel-
opment, and operation of products and processes, demon-
strating the need for sustainability in engineering practice.
Circular chemistry, which encompasses the principles of
designing chemical systems with a focus on recycling, renew-
ability, and minimizing waste, has more recently emerged and
reflects a broader shift toward a circular economy. Circular
chemistry principles have evolved to meet the demands of
resource conservation and sustainable production methods.
This holistic approach to chemistry aims to close the loop on
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materials and chemical processes, ensuring efficient resource
usage and waste minimization. The 12 principles of green
chemistry, green engineering, and circular chemistry were
developed by scientists and engineers to align their practices to
ensure environmental sustainability. These principles continue
to inspire innovation and guide the way toward a more envi-
ronmentally friendly and economically viable future.

Green metrics and health, safety, and environment
pictogram-based semiquantitative comparison analyses for
assessing the relative sustainability of membrane materials and
processes have been developed.*® The obtained values should
be used with a pinch of salt. Nonetheless, they can provide some
comparison between materials and processes and assist in
sustainable decision-making. Notably, the assessment per-
formed on lab-scale membranes cannot be directly extrapolated
to scaled-up membrane modules.

2 The 12 principles of green
membrane materials

Membrane materials are widely used in applications such as water
purification,”  petrochemical  refining,* ~ pharmaceutical
manufacturing,” mining,'® construction,"*> warfare,"* apparel,**
electronics,” forensics,'*” medical applications,” and space
exploration.” They are at the core of filtration and separation
processes and impact various industries. However, producing
these materials typically involves high energy consumption,
harmful chemicals, generation of substantial waste, and resource-
intensive and environmentally damaging processes, which pose
environmental threats and undermine sustainability. Using green
chemistry and engineering principles specifically tailored to
membrane materials, sustainable membrane technology can be
developed. Several studies have reported green membrane mate-
rials.>*** To address the aforementioned challenges and align with
the United Nations' sustainable development goals (UN-SDGs), I
propose the 12 principles of green membrane materials (Fig. 1).
These principles provide a strategic framework for fabricating
sustainable membrane materials, thereby fostering a greener
future for membrane science and technology.

The 12 principles of green membrane materials are briefly
explained below, along with their importance in membrane
science.

2.1 Consider greener compounds

Fossil-based and toxic solvents, monomers, polymers, and
crosslinkers or other additives are used for membrane fabrica-
tion. Renewable and sustainable raw materials should be used
instead to reduce the dependence on finite resources and
minimize ecological impact. Membrane modules are complex
and contain components such as a selective layer, supports,
glues, and spacers. By replacing hazardous solvents with envi-
ronmentally benign alternatives, safe working conditions can
be ensured and ecological impact can be reduced. Designing
membrane materials inspired by natural systems will enable
harnessing the efficiency and sustainability of biological
membranes.
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2.2 Minimize wastewater generation

Large quantities of water are required for immersion precipi-
tation during phase inversion or washing involved in
membrane fabrication. Wastewater generation can be avoided
by controlled evaporation, precipitation from the vapor phase,
and thermally induced phase separation. Wastewater genera-
tion can be minimized using a high membrane area to coagu-
lation bath volume ratio or using high concentrations of dope
solutions.

2.3 Use less hazardous materials

Highly reactive, toxic, bi- or trifunctional monomers or cross-
linkers are used for interfacial polymerization of thin film
composite membranes and crosslinking of integrally skinned
asymmetric membranes. Alternatively, less reactive and natu-
rally sourced chemicals such as biomass-derived raw materials
should be used, and the processing steps from biomass to the
final membrane should be minimized. Environmentally benign
chemicals should be used for surface modification if necessary.
Overall, nontoxic components and additives should be used for
membrane material fabrication to ensure the safety of both
users and the environment.

2.4 Minimize the number of constituents

The number of raw materials and constituents in the final
membrane material must be as low as possible. The use of
chemical additives, such as plasticizers or stabilizers, must be
minimized and those with low environmental impact must be
used when necessary. All the ingredients during membrane
fabrication are required to achieve the desired performance and
effect. Therefore, the effect of all constituents must be decou-
pled. Membrane material synthesis should use minimal
chemicals to promote environmentally friendly and resource-
efficient processes.

2.5 Benign surface modification

After the formation of an initial membrane, surface modifica-
tion is often required to fine-tune its properties or introduce
new functionalities. Surface modifications require additional
raw materials, solvents, processing steps, and purification steps
and are therefore unfavorable from a sustainability perspective.
Thus, this process should be avoided unless necessary to ach-
ieve the desired membrane function. Instead, one-pot alterna-
tives, solventless approaches, and mild conditions, e.g,
blending in dope solutions and cold plasma and performing
ultraviolet treatments, can be considered.

2.6 Reduce complexity and steps

Membrane material fabrication is a complex multistep process.
The number of fabrication steps can vary based on the
membrane material, which should however be minimized by
eliminating or combining them via one-pot approaches.
Processes must be implemented to minimize the release of
volatile organic compounds (VOCs) and other emissions
causing air and water pollution.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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l Consider greener compounds

2 Minimize wastewater generation

Fig. 1
analytical technology; Al = artificial intelligence.

2.7 Ambient conditions

The membrane fabrication processes must be optimized to
minimize energy consumption and the associated greenhouse
gas emissions. The chemistry, dissolution, and formulation
must be performed at room temperature and atmospheric
pressure. If these processes require higher temperatures and
pressures, their deviance from the ambient conditions should
be minimized. Aqueous solutions should not have low or high
pH Dbecause the generated wastewater will require
neutralization.

2.8 Maximize raw material utilization

The loss of valuable raw materials should be avoided, and their
incorporation into the final product should be maximized. The
mass balance of reactions and processing steps must be
assessed for optimization. These strategies will reduce waste
generation, mitigate environmental harm, and enhance
sustainability.

2.9 Ensure reproducibility

The fabrication process should be sufficiently detailed to facil-
itate material reproduction. Based on Murphy's law, possible
misinterpretation of membrane fabrication procedures must be
mitigated. Membrane areas, solvent and antisolvent volumes,
monomer and polymer concentrations, and molar equivalents
should also be reported when applicable. While data reporting
is more straightforward and a consensus has been reached by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The 12 Principles of Green Membrane Processes

inimize processing steps

Interconnectivity of the 12 principles of green membrane materials and the 12 principles of green membrane processes. PAT = process

the community, in other areas, the experiments and reporting
vary considerably. This hinders the direct comparison of
membrane performance and the related development of the
entire field. The reported guidelines® must be collectively
implemented. The lack of data digitalization and their open
access calls for urgent action.

2.10 Design for robust performance

Membranes with extended lifespans and resistance to degra-
dation must be fabricated, thereby reducing the need for
frequent replacements and waste generation. Ecoresponsive
properties can facilitate the effective implementation of
membranes in various applications. Membrane materials with
properties that respond to environmental changes must be
developed, and their performance must be optimized while
reducing resource consumption. Membranes with high selec-
tivity and permeability should be fabricated to maximize their
efficiency and reduce resource consumption in downstream
processes.

2.11 Design for scalability

Innovative designs of new membrane materials and membrane
preparation methods must account for scalability and indus-
trial implementation. Some materials and methods can work
extremely well on a small scale; however, their industrial
implementation can be hindered by the lack of appropriate
equipment at scale, high energy demand, incompatibility with
existing module designs, and safety considerations. All
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materials—membranes, glue, seals, and spacers—must be
compatible with each other and the feed stream of the intended
application. The initial design of both materials and methods
for membrane preparation should be practical; moreover, there
is a need for more efficient module designs.

2.12 Cradle-to-grave mindset

Ecofriendly end-of-life options must be considered for used
membrane materials, such as reuse, upcycling, recycling,
depolymerization, biodegradation, and safe disposal, to mini-
mize their environmental impact. These options are listed in
the order of their importance and promotion of circular
economy practices (Fig. 2). Membrane materials that can be
reused without extensive treatment, easily upcycled to high-
value materials, recycled and repurposed for low-value utiliza-
tion, and can depolymerize the membrane and recover the
monomer fractions must be developed. These materials should
also be biodegradable. If all the above methods fail, then safe
disposal followed by incineration with energy recovery should
be used. Comprehensive life cycle assessments must be con-
ducted to (i) evaluate the environmental impact of membrane
preparation and (ii) identify opportunities for improvement.>*>*
Composite materials enhance the membrane separation
performance. However, the disassembly and recovery of
constituents at the end of the membrane lifetime are cumber-
some. Organocatalysts should be used instead of precious
metal-based catalysts for polymerization and depolymerization.

3 The 12 principles of green
membrane processes

Membrane processes are pivotally used in several industrial
separation processes, showcasing their versatility. In water

treatment, membranes are used for desalination, removing
impurities, and achieving potable water standards. In the

A /\. Most preferable

Reuse

Upcycle
Recycle

Depolymerize

Lower chemical & solvent consumption
Lower environmental burden

Less waste generated

Less process steps

Lower cost

Least preferable

Fig. 2 Ecofriendly end-of-life options for polymer membrane mate-
rials: membrane waste management hierarchy.
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pharmaceutical industry, they are used for the purification and
concentration of drugs and biopharmaceuticals, ensuring the
highest quality and efficacy of the final products. In natural
product extraction, membrane processes enable the isolation
and concentration of the target compounds. Moreover,
membranes are extensively used in the food and beverage
sector, facilitating the concentration and separation of
components such as proteins, enzymes, and flavors. The
petrochemical industry benefits from membranes in gas sepa-
ration, enabling the purification of valuable components from
complex mixtures. Additionally, membrane processes are
employed in the field of environmental protection for air and
gas purification and in the energy sector for hydrogen separa-
tion and carbon capture. This diverse range of applications
underscores the indispensable role of membrane processes
across various industrial sectors, contributing considerably to
efficiency, sustainability, and advancement. The following are
the 12 principles of green membrane processes, which are
briefly described, highlighting their importance in membrane
technology.

3.1 Minimize processing steps

Minimizing processing steps in membrane separations is
crucial for enhancing efficiency, reducing operational costs,
and promoting sustainability in industrial processes. Stream-
lining the separation processes accelerates the overall produc-
tion timeline and minimizes energy consumption, contributing
to a more ecofriendly operation. By reducing the number of
processing steps, manufacturers can optimize resource utiliza-
tion and reduce waste generation, aligning with environmen-
tally conscious practices. Moreover, a simplified membrane
separation process enhances system reliability, as fewer steps
mean less maintenance and fewer opportunities for technical
complications, failures, or errors. This efficiency translates into
economic benefits and ensures consistent and high-quality
outputs. Before membrane application, information on
pretreatment and conditioning must be provided, and
membranes should not be excessively washed and conditioned.
Appropriate membrane materials and configurations (e.g.,
ultrafiltration, nanofiltration, reverse osmosis, and cascades)
must be chosen based on the application requirements
considering factors such as chemical compatibility, tempera-
ture resistance, and fouling propensity. Process integration and
utilization of membrane rigs must be ensured across different
production lines.

3.2 Minimize buffer tanks and auxiliaries

Minimizing buffer tanks and auxiliaries in membrane tech-
nology is essential for both economical and sustainable
reasons. The elimination of buffer tanks facilitates the
production line, resulting in a resource-efficient and cost-
effective operation. By eliminating excess storage capacity,
tanks between cascade stages, and auxiliary equipment,
manufacturers can considerably reduce capital and operational
expenses. This streamlined approach improves the overall effi-

ciency of the entire plant and reduces the environmental

© 2024 The Author(s). Published by the Royal Society of Chemistry
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footprint. The conservation of space and resources aligns with
sustainable practices, promoting a more responsible use of
equipment, materials, and energy. Additionally, fewer buffer
tanks and auxiliaries contribute to a leaner and more agile
manufacturing setup, enabling quicker response times and
interventions via in-line analytics. The total gas or liquid
volume in the separation stage is also reduced, thereby
enhancing safety.

3.3 Reduce solvent consumption

Membrane design optimization is essential for maximizing the
recovery of valuable resources (e.g., water, organic solvents, and
solutes) from feed streams and reducing waste and resource
consumption. The use of closed-loop systems must be enforced
to recycle and reuse process water and minimize the release of
pollutants into the environment. Manufacturers can decrease
the discharge of harmful chemicals into water bodies, pre-
venting aquatic pollution and safeguarding ecosystems. In
pharmaceutical manufacturing, where solvents are crucial in
drug synthesis, adopting solvent use minimization and recy-
cling principles reduces environmental impact and enhances
the safety of workers in production facilities. Moreover,
reducing solvent consumption reduces VOC emissions and
aligns with global efforts to combat climate change. Membrane-
based solvent recovery systems can help companies comply with
regulations and policies by offering a cleaner and more
sustainable approach.

3.4 Minimize energy consumption

Membrane processes that require the least amount of energy for
operation, such as using low-pressure membranes, should be
designed and process conditions must be optimized. Using
lower-pressure differentials across the membrane is ideal
because more energy is used at higher pressures. Membranes
must be regularly cleaned and maintained to prevent fouling,
scaling, or degradation, which can increase resistance and
energy consumption. Effective cleaning protocols must be
implemented based on the nature of the feed solution and
fouling mechanisms. Renewable energy sources, such as solar
or wind power, should be used for membrane separation
processes to reduce greenhouse gas emissions. Solar-powered
membrane separation systems can find applications in rural
and isolated communities for water, agriculture, and other
sectors where decentralized and sustainable solutions are
required. Options for energy recovery within the production line
must be explored, such as using pressure exchangers, which
transfer energy from a high-pressure fluid stream to a low-
pressure one, and can save considerable input energy.

3.5 Maximize concentration

Working at high feed concentrations offers many advantages
that greatly contribute to efficiency and sustainability. Reducing
the use of solvents and carrier gases can reduce the production
cost and minimize the environmental impact associated with
solvent and gas production, transportation, and disposal. Using
high concentrations of solvents and carrier gases will result in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a more compact manufacturing process and less space and
energy requirements, particularly for storage. Membranes can
concentrate feed streams, and the decreased volume facilitates
easier handling, storage, and transportation of products. Using
high concentrations of solvents will ensure a more sustainable
and efficient approach to chemical production, aligning with
the global shift toward greener practices in the industry. Thus,
using high concentrations of solvents is economically advan-
tageous and positively impacts the ecological footprint and
overall efficiency of chemical manufacturing processes.
However, high concentrations pose several challenges such as
(i) increased membrane fouling, which necessitates frequent
cleaning and maintenance, resulting in operational downtime
and (ii) increased energy consumption. Feed concentrations
must be carefully selected as they may offset the general bene-
fits of membrane application.

3.6 Minimize the footprint

A smaller physical footprint of a process can be more efficient
and sustainable for several reasons. A compact manufacturing
process often enables the implementation of just-in-time
production methods. Minimizing the process footprint
enables more efficient overall use of the product site and ulti-
mately reduces the need for large inventories, lowers storage
requirements and transportation costs, and preserves natural
habitats. The compact and modular design of membrane
systems minimizes the potential impact on surrounding envi-
ronments and reduces the need for large-scale infrastructure,
which can contribute to safety and environmental concerns.
The layout and size of the membrane modules and the overall
system must be determined by considering the number of
stages, flow direction (e.g., crossflow or dead-end), and
pretreatment requirements. A system that minimizes fouling,
scaling, and maintenance requirements must be ensured, and
in situ solvent recycling and a fewer number of buffer tanks and
auxiliaries must be used.

3.7 Design for safety

While most membrane processes are generally undertaken
close to ambient temperature and pressure, some have specific
requirements and safety considerations. The membrane
process can be performed at low and high temperatures and
pressures. Compliance with relevant safety standards and
regulations specific to the industry and location must be
ensured. Membrane processes are often conducted in closed
systems, which reduce the risk of exposure to hazardous
materials. Closed systems help prevent leaks and spills,
enhancing both safety and environmental protection. Environ-
mental regulations for waste stream discharge or disposal
should also be duly considered. Membrane processes typically
operate with minimal noise and vibration, contributing to
a safer working environment for personnel. This is in contrast
to some other industrial processes that may involve loud
machinery or high levels of vibration. The safe operation of
membrane processes must be ensured by implementing
appropriate safety measures and risk assessments.

RSC Sustainability, 2024, 2, 871-880 | 875
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3.8 Monitor with PAT

Membrane processes can be easily monitored and controlled,
allowing for real-time adjustments of operational parameters.
This enhances the ability of personnel to respond promptly to
any issues, preventing potential safety hazards. Additionally,
operating conditions such as pressure, temperature, and flow
rates must be optimized to maximize membrane performance.
A robust monitoring and control system must be implemented
to track system performance, ensure consistent operation and
product quality control, detect issues, and make process
adjustments in real time. In-line or on-line analytical instru-
ments must be used to monitor feed stream quality and system
parameters for fault detection and prevention. Process analyt-
ical technology (PAT) can be used to minimize downtime, plan
maintenance, and avoid failed batches with out of specification
products during production. The data generated by PAT can be
used for data-driven decision-making, allowing operators to
make informed choices about process adjustments, mainte-
nance schedules, and overall system optimization.

3.9 Integrate automation

Automation allows for real-time monitoring and control of
various parameters in a membrane separation process. This
ensures that the process operates under optimal conditions,
thereby minimizing energy consumption and reducing waste
generation. Automated systems can perform tasks with a high
level of precision and accuracy, reducing errors and minimizing
product losses. This contributes to higher overall yield and less
waste in the manufacturing process. The integration of auto-
mation systems in membrane separation processes can opti-
mize energy usage as it allows for adjusting parameters such as
temperature, pressure, and flow rates based on real-time data.
Such an integration will minimize energy consumption and
reduce the environmental impact of the separation process.
Automation can enhance continuous membrane processes by
reducing the need for frequent startups and shutdowns.
Continuous processes are generally more energy-efficient and
provide better control over product quality, leading to improved
efficiency and sustainability. Automation allows for remote
monitoring and control, which enables operators to oversee the
process from a central location, thereby reducing the need for
on-site personnel and tasks that are hazardous for humans.
This can include handling of toxic substances, high-pressure
operations, sampling, and performing repetitive tasks result-
ing in human error. Thus, detailed records of system design,
operation, maintenance, and performance must be maintained
for future reference and compliance.

3.10 Exploit artificial intelligence

Machine learning can be leveraged in various ways to enhance
and optimize membrane separation processes. Machine
learning models can be trained to predict membrane separation
performance, i.e., permeability, rejection, selectivity, and energy
consumption. This helps in understanding and optimizing
membrane processes and in designing more efficient
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membrane materials. Machine learning algorithms can be used
to find optimal operating conditions such as pressure,
temperature, process configurations, and flow rates which
maximize separation efficiency and minimize energy
consumption. Energy consumption must be optimized by using
operating conditions that balance separation efficiency and
energy usage. The models can be trained to identify anomalies
during membrane processes, enabling the early detection of
membrane failure and fouling and thereby preventing failed
batches. Moreover, such models can assist in diagnosing the
root causes of performance degradation and continuously learn
from operational data to adapt and improve control strategies
over time. Machine learning can also be used to analyze large
datasets generated during membrane separation processes to
extract valuable insights, patterns, and correlations that may
not be apparent using traditional analysis methods. Their
implementation can predict the remaining useful life of
membranes and other components, enabling proactive main-
tenance and minimizing downtime as well as determining the
most cost-effective timing for membrane replacement based on
performance degradation trends. The successful implementa-
tion of machine learning requires access to high-quality data,
appropriate feature selection, and thorough validation of the
models under real-world conditions. Specific information on
data-driven membrane technology for instance can be found in
the literature.>**

3.11 Promote closed-loop systems

Closed-loop systems minimize waste generation by optimizing
the use of raw materials and reducing the disposal of byprod-
ucts. Closed loops allow for the efficient recovery and recycling
of valuable resources, mitigating the impact of resource scarcity
and, in turn, promoting a circular economy. The use of closed-
loop systems must be encouraged to recycle and reuse process
solvents and water and minimize the release of pollutants into
the environment. Reduced waste generation will also lower the
costs associated with waste treatment, disposal, and environ-
mental remediation. Such systems enhance resource utiliza-
tion, leading to cost savings by minimizing the need for
additional raw materials. Consequently, they decrease depen-
dency on external suppliers for certain raw materials,
enhancing the security and stability of the supply chain.
Moreover, closed-loop systems align with increasingly stringent
environmental regulations, helping companies stay compliant
with waste disposal management. To this end, membrane-
based closed-loop separation processes such as in situ solvent,
reagent, and catalyst recycling units must be integrated. Addi-
tionally, green metric analysis can be used to quantify the
potential improvements in sustainability, e.g., wastewater
intensity, solvent intensity, E factor, and mass productivity.
Methods for the valorization of byproducts generated during
the membrane separation process must be developed. Optimi-
zation of processes and finding alternative uses for waste
materials will help minimize waste or lead to zero waste
generation. A life cycle assessment of membrane processes
must be conducted to identify environmental hotspots and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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areas for improvement, and strategies must be developed for
the end-of-life phase of membranes,***° including recycling and
responsible disposal.

3.12 Employ renewable energy sources

Traditional energy sources, such as fossil fuels, contribute
considerably to greenhouse gas emissions. Using renewable
energy sources, such as bioenergy, biomass, salinity gradient
power, and solar, wind, or hydropower, for membrane separa-
tion processes will reduce greenhouse gas emissions. While
fossil fuels are finite resources and their extraction and
consumption lead to resource depletion, renewable energy
sources are sustainable. This ensures a more stable and long-
term energy supply for industrial processes as well as
membrane separation processes. Research and development
efforts have focused on designing membranes with lower
energy requirements, allowing the exploitation of renewable
energy. The integration of energy recovery devices, such as
pressure exchangers or turbines, helps capture and reuse energy
within membrane systems, making them more energy-efficient.
Recent efforts in membrane-based gas and water separations
combined with renewable energy systems have been
reviewed.** Note that membrane processes can be either
powered by renewable energy or used to extract renewable
energy (hydrogen from biomass gasification, biogas generation
or upgrading, bioalcohol purification and recovery, and salinity
gradient power).

A survey was conducted to identify the extent of study and
importance of each green membrane material (Fig. 3a) and
green membrane process (Fig. 3b) principle. The obtained data
revealed that all principles were important, with scores of 3.55-
4.87 for materials and 3.53-4.53 for processes, where 5 repre-
sents the highest score. Regarding the extent of the membrane
literature covering each principle, the scores were considerably
lower. The least studied area was the “cradle-to-grave mindset”,
with a score of 1.97, whereas the most studied area with the
highest score of 3.34 was the “reduce complexity and steps”.
Further research in all areas is required to bridge the gap
between the extent of the study and the importance of each
principle. The high ratios of importance to the extent of the
study indicate the principles that require immediate attention
(Fig. 3c). The top three most-important areas highlighted for
membrane materials are “cradle-to-grave mindset”, “minimize
wastewater generation”, and “ensure reproducibility” and those
for membrane processes are “integrate automation”, “monitor
with PAT”, and “exploit AI”. Refer to the ESIj for the details of
the survey.

4 Key membrane contributions to
a sustainable future

According to the Brundtland report,* sustainability has three
main pillars: social, environmental, and economic. Membrane
science and technology considerably contributes to these pillars
(Fig. 4). The UN-SDGs also support these pillars by addressing
global challenges for a sustainable, conscious world by 2030.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Extent of study in the literature versus the importance of each
principle for green membrane materials (a) and processes (b) based on
142 responses in an anonymized survey. The higher the importance
over extent ratio (c), the more research is required for the principle.
Gridlines from the center to the outside correspond to the lowest
(least important or least studied) to highest (most important or most
studied) scores. The numbers 1-12 represent the 12 principles of green
membrane materials and processes. Refer to the ESI} for the details of
the survey.

The UN-SDGs provide a comprehensive framework to tackle
interconnected issues, and membranes have a pivotal role in
addressing many of these issues.

4.1 Contributions to the social pillar

Membranes play a crucial role in providing access to clean
water, which is a fundamental human right, by facilitating
water purification and desalination processes. This ensures that
communities have a sustainable and reliable source of safe
drinking water and improves public health and well-being.
Owing to the ambient operating conditions and use of closed-
loop systems, membrane processes are often associated with
improved safety for workers in the chemical sector. Membrane
purification processes yield safer chemical products without
toxic or hazardous impurities for end users. Membranes are
widely used in forensic and law enforcement processes such as
extracorporeal membrane oxygenation, fingerprint analysis,
and synthetic skins. They separate, concentrate, and analyze
biological samples, including DNA and proteins, thereby
contributing to the investigation and resolution of criminal
cases. Membranes play a crucial role in food and water security
and support the growing population. Membranes with antiviral
and antimicrobial properties are used in masks and for water
and air filtration. Artificial kidneys and lungs are both special-
ized membranes that save lives. Current research directions
also include membrane-based life support systems for space
applications.
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Fig. 4 Mapping the potential contribution and benefits of green membrane science and technology to the United Nations' sustainable
development goals, which are categorized based on the three pillars of sustainability: social, environmental, and economic.

4.2 Contributions to the environmental pillar

Membrane-based technologies reduce the environmental foot-
print by offering more energy-efficient and environmentally
friendly separation processes compared to traditional methods.
Membrane filtration helps reduce pollution, protect ecosystems,
and conserve resources by enabling the efficient recovery of
valuable materials from industrial processes. They hold promise
in minimizing global warming via carbon capture from industrial
flue gases or even through direct air capture. Membranes are
becoming integral parts of fuel cell and solar cell technologies.
Moreover, they reduce environmental burden by recycling spent
water, organic solvents, reagents, and catalysts.

4.3 Contributions to the economic pillar

Membrane technology promotes sustainable development by
enhancing resource efficiency, reducing operational costs and
waste generation, and fostering innovation in various indus-
tries. It offers lower process or treatment costs and a reduced
manufacturing footprint. By maximizing the efficiency and
integration of renewable energy systems, membranes can
reduce dependence on fossil-based resources. Although the
research and development phase for membrane science and
technology is cumbersome, it can offer improved competitive-
ness for end users, while promoting collaborations.

878 | RSC Sustainability, 2024, 2, 871-880

The interconnectivity of the key membrane contributions to
the three pillars of sustainability with the UN-SDGs is shown in
Fig. 4. Membrane science and technology offers diverse tools to
address these global challenges. This innovative technology,
with its ability to harness the power of selective permeability,
can address pressing global issues. Membranes have immense
potential to revolutionize industries and mitigate the impact of
climate change. Embracing these advancements not only
signifies a commitment to environmental stewardship but also
represents an investment in a brighter, more sustainable future
for generations to come. Through the lens of membranes, we
glimpse a world where challenges transform into opportunities
and where innovation paves the way for a sustainable future.
This is my call to action, urging scientists, engineers, and
practitioners to embark on a journey of discovery, ingenuity,
and collaboration—a journey that promises a sustainable and
thriving planet(s) for the next generations.

5 Conclusions and future directions

The 12 principles of green membrane materials and processes
offer a targeted and strategic approach for enhancing sustain-
ability in the field of membrane science and technology and its
application areas from underwater to space. These newly
introduced principles have their limitations. These are not set

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in stone but were crafted to encourage researchers, engineers,
and industry leaders to adopt sustainably responsible practices
in membrane material and process development. By adhering
to these principles, we can drive innovation, protect the envi-
ronment, and contribute to a sustainable future where
membrane materials play a pivotal role in mitigating global
challenges. We can revolutionize membrane science and tech-
nology and propel it toward a greener and more eco-conscious
era. Herein, the end-of-life scenarios for membranes were dis-
cussed and a membrane waste management hierarchy system
was proposed. The spectra of potential contributions and
benefits of green membrane science and technology to the UN-
SDGs were discussed. These contributions were categorized
based on the three pillars of sustainability. A survey revealed
that the three top most-important areas of research for
membrane materials are end-of-life treatments, wastewater
generation minimization, and reproducibility assurance, and
those for membrane processes are automation, in-line
analytics, and machine learning.
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