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Evaluating the path to sustainability: SWOT analysis of safe and
sustainable by design approaches for metal-organic frameworks

Metal-Organic Frameworks (MOFs) are next-generation materials
with exceptional tunability and functionality. This review applies a
SWOT analysis through a Safe and Sustainable by Design (SSbD)
lens, exploring greener synthesis, improved stability, and responsible
scaling. We highlight MOFs’ potential in catalysis, environmental
remediation, and circular economy applications while addressing
lifecycle safety challenges and competition from emerging
materials. By integrating SSbD framework, MOFs can become
sustainable solutions for industrial and environmental challenges,
shaping a cleaner, safer future.

Image reproduced by permission of Pankti Dhumal and Swaroop
Chakraborty, Green Chem., 2025, 27, 3815.

Image created in BioRender. Chakraborty, S. (2025)
https://BioRender.com/r48i861

' ROYAL SOCIETY
PPN OF CHEMISTRY

-

As featured in:

Green,
Chemistry

socEn
OF CHEMISTRY

~
-

See Swaroop Chakraborty et al.,
Green Chem., 2025, 27, 3815.

¥

)

rsc.li/greenchem

Registered charity number: 207890



Open Access Article. Published on 06 March 2025. Downloaded on 4/8/2026 2:27:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

W) Check for updates

Cite this: Green Chem., 2025, 27,
3815

Received 23rd January 2025,
Accepted 5th March 2025

DOI: 10.1039/d5gc00424a

rsc.li/greenchem

Green foundation

™ COYAL SOCIETY
ap OF CHEMISTRY
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approaches for metal—organic frameworks
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Swaroop Chakraborty (2 *3

In this review, we conduct a comprehensive SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis
of Metal-Organic Frameworks (MOFs) through the lens of Safe and Sustainable by Design (SSbD) guidelines,
evaluating their potential to meet environmental, industrial, and societal needs. Renowned for their structural
tunability, high surface area, and versatile applications—from gas storage to catalysis and environmental
remediation—MOFs offer the strength of customisability through the selection of diverse metal nodes and
organic linkers, allowing tailored functionalities that align with SSbD framework. This adaptability supports the
development of MOFs with enhanced stability, selectivity, and safety, catering to a broad spectrum of appli-
cations. However, concerns remain about their environmental and health impacts across the material life-
cycle. This review highlights the adaptability of MOFs, enabled by the strategic selection of metal nodes and
organic linkers, allowing tailored functionalities that align with SSbD framework. The weaknesses section
addresses the high environmental cost and limited stability associated with traditional MOF synthesis, empha-
sising the need for greener, scalable methods using benign solvents and renewable resources. The opportu-
nities section explores advances in biocompatible and recyclable MOFs, aligning these materials with circular
economy goals and sustainable material cycles that support the Sustainable Development Goals (SDGs). In
assessing potential threats, we discuss the emergence of alternative materials, such as carbon nanomaterials
and Covalent Organic Frameworks (COFs), which underline the urgency for SSbD-driven innovation within
MOFs research. By advocating for a balanced SSbD approach, this review outlines strategies to reduce the
environmental footprint of MOFs and enhance their industrial viability, providing a roadmap for the respon-
sible large-scale adoption of MOFs that aligns with global sustainability objectives.

1. Advances in Green Chemistry: this tutorial review showcases transformative progress in Metal-Organic Frameworks
(MOFs) through green synthesis innovations such as water-based methods, solvent-free approaches etc. These advance-
ments, grounded in the Safe and Sustainable by Design (SSbD) framework, significantly reduce environmental footprints
and integrate circular economy ideals.

2. Significant Wider Interest: the immense versatility of MOFs in water purification, pollutant capture, and drug delivery
positions them as vital tools to address pressing global challenges. This review identifies and addresses critical gaps,
including toxicological data, life cycle assessments, and scalability, ensuring MOFs can transition from lab to impactful

real-world applications.

3. Future Outlook: by employing a novel SWOT analysis, this review sets a forward-looking agenda for integrating SSbD
into MOF research. It envisions a future where green chemistry drives the development of scalable, safe, and environmen-
tally responsible materials to meet industrial and societal needs.

“School of Geography, Earth & Environmental Sciences, University of Birmingham,
Edgbaston, B15 2TT, UK. E-mail: s.chakraborty@bham.ac.uk

1. Introduction

Metal-Organic Frameworks (MOFs) are emerging as versatile
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mental remediation due to their tuneable structures, high
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surface areas, and porosity.' However, the environmental
and health impacts of MOFs across their life cycle remain
poorly understood. “Safe and Sustainable by Design” (SSbD) is
an approach that integrates safety, environmental sustainabil-
ity, and functionality throughout the entire lifecycle of chemi-
cals and materials, from conception to disposal. In the context
of MOFs, applying SSbD framework ensures that these
materials are developed with minimal environmental impact
and maximum safety. This is crucial for large-scale adoption,
as it addresses potential regulatory concerns and enhances
public trust. By adhering to SSbD guidelines, MOFs manufac-
turers can meet stringent safety and sustainability standards,
facilitating broader acceptance and application across various
industries.* The SSbD framework offers a pathway to address
these gaps, focusing on materials designed to be safe and sus-
tainable throughout their life cycle. While previous studies pri-
marily explore MOFs synthesis and specific applications,® few
have comprehensively assessed MOFs from an SSbD perspec-
tive.> This review uniquely applies a SWOT (Strengths,
Weaknesses, Opportunities, Threats) analysis to evaluate
MOFs within the SSbD framework, providing a holistic view
that guides the development of MOFs meeting environmental,
industrial, and societal standards.

Our approach goes beyond traditional reviews, which typically
limit their scope to applications or synthesis methods, by identi-
fying both the strengths and challenges of integrating SSbD
framework into MOFs research. Such a framework is crucial for
balancing MOFs high performance with the demands for
environmental responsibility, safety, and economic viability,
especially as applications of these materials expand across
sectors. Importantly, this SWOT analysis aligns with sustainable
development goals (SDGs), as it evaluates MOFs not only on
functionality but also on their broader implications for safety,
environmental impact, economic feasibility, and social value.

In the Strengths section, this review highlights the adapta-
bility of MOFs, which can be customised through different
metal nodes and organic linkers to improve stability, function-
ality, and safety. Modifications like doping and post-synthetic
transformations enable MOFs to perform reliably in challen-
ging conditions, supporting SSbD by reducing replacement fre-
quency and minimising environmental impact.®”” This adap-
tability facilitates MOFs application in diverse fields, from
water purification to controlled drug delivery, while adhering
to sustainable design principles. In Weaknesses, we examine
the significant resource demands and environmental impacts
associated with traditional MOFs and MOFs composite syn-
thesis for different applications. Inadequate performance,
high-temperature processes and hazardous solvents, such as
dimethylformamide (DMF), contribute to pollution and energy
consumption.®* ' These limitations emphasise the urgent
need for greener synthesis methods, including low-energy
alternatives, safer solvents, and post-synthetic modifications.
Aligning synthesis and applications with SSbD framework can
reduce pollution and energy demands, allowing for scalable,
less environmentally damaging production that meets regulat-
ory and sustainability standards.

3816 | Green Chem., 2025, 27, 3815-3850

View Article Online

Green Chemistry

The Opportunities section explores advancements in bio-
compatible and recyclable MOFs that support circular
economy goals. Recent progress in biocompatible MOFs offers
promise for medical applications, while recyclable composites
incorporating polymers or carbon materials enhance durability
and reusability.""™® Such innovations are crucial to aligning
MOFs with SSbD values, reducing environmental toxicity and
advancing sustainable material cycles that support SDGs. The
potential for MOFs to bridge sustainability with advanced
applications makes this field ripe for future-focused develop-
ment. In threats, we discuss competitive materials like carbon
based nanomaterials {Graphene Oxide (GO), reduced graphene
oxide (rGO) etc.}, Covalent Organic Frameworks (COFs) and
MXenes, which offer enhanced thermal stability and conduc-
tivity, making them suitable for high-stress applications."®™°
This competition highlights the importance of SSbD-based
innovation within the MOFs field, ensuring that MOFs remain
viable by prioritising safety, durability, and reduced environ-
mental impact to meet evolving market and environmental
demands.

This review stands out for its comprehensive evaluation of
MOFs through the SSbD framework, spotlighting areas of
improvement and promoting sustainable development path-
ways (Fig. 1). By addressing the safety, environmental, econ-
omic, and social aspects of MOFs, this SWOT analysis provides
a structured approach to SSbD that aligns with next-generation
industry standards and SDGs. It highlights the importance of
MOFs’ evolution towards safety and sustainability, offering
insights to drive their responsible adoption at scale and sup-
porting their role in a sustainable future.

2. SWOT analysis

SWOT analysis is a strategic planning tool that assesses the
strengths, weaknesses, opportunities, and threats related to a
project or business venture. Applying SWOT in the context of
SSbD of MOFs allows researchers and industries to evaluate
how well these materials meet safety and sustainability criteria
while identifying areas for innovation and potential chal-
lenges. It helps in balancing performance with eco-friendli-
ness, anticipating regulatory challenges, and exploiting new
applications and markets. This analysis is crucial for enhan-
cing the design, application, and lifecycle management of
MOFs to align with environmental and health safety standards.
A similar SWOT analysis was performed by our group on the
“Green Synthesis” approaches of carbon nanodots.”® The
summary of SWOT analysis of SSbD approaches for MOFs is
presented in Table 1.

2.1. Strengths

2.1.1 High customisability through component selection.
MOFs can be designed with tailored functionalities through
the selection of metal nodes and organic linkers. These are
highly porous materials with large surface areas that combine
metal ions or clusters (nodes) and organic ligands (linkers) to

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 A visionary lifecycle of Safe and Sustainable by Design MOFs: this figure illustrates the comprehensive approach to MOFs development, from
funding and research through design, production, and use, to end-of-life considerations. It highlights key aspects such as the application of life
cycle assessment (LCA), adherence to the 3R principles (Reduce, Reuse, Recycle), and integration into the circular economy, ensuring that MOFs are
designed and used in a manner that minimises environmental impact while maximising functionality and safety. (Prepared using Biorender Software).

form highly structured crystalline networks.?® Their defining
feature is their customisability which arises from the ability to
choose from a variety of metal nodes {transition metals** as
well as rare earth elements (REEs)*> and organic linkers>®}.
This allows the design of MOFs with tuneable properties, such
as adjustable pore sizes, surface areas, and functional groups,
making them adaptable to diverse applications. For instance,
hydrolytic stability of MOFs like HKUST-1 is a critical factor
when it comes to applications that involve exposure to water or
humid environments. Goyal et al>' doped HKUST-1 with
varying concentrations of Fe (5-20 mol%) and observed an
increase in the hydrolytic stability with concentrations as low
as 5 and 10 mol%. After 2 hours of water exposure, pristine
HKUST-1 MOFS retained only 33.4% crystallinity and lost
93.3% of its surface area whereas 5 mol% Fe H-KUST-1 MOFs
retained 86% crystallinity and 89% of surface area (with only
11% loss). The SEM images (Fig. 2A) further showed the hydro-
lytic stability of HKUST-1 MOFs and how it can be used for
designing MOFs for water purification and environmental
applications. Alternatively, Ding, Meili, and Hai-Long Jiang®’
employed a postsynthetic polymerization approach, where a
hydrophobic polymer layer was formed on HKUST-1 through

This journal is © The Royal Society of Chemistry 2025

radical copolymerization of TFEMA and MAPTMS, yielding
HKUST-1-P. This polymer coating provided long-term water
stability, maintaining the MOF’s crystalline structure and mor-
phology even after 3 days of water exposure, without signifi-
cantly altering its pore characteristics. While Fe doping
enhances intrinsic stability by modifying the MOF framework,
polymer coatings act as external barriers against moisture
degradation, offering complementary strategies for improving
MOF durability in aqueous environments. These studies
demonstrate how modifications during the synthesis or post
synthesis of MOFs can improve their stability in water and
makes them more resilient to different pH conditions, extend-
ing their potential for water-based applications for industrial
and environmental uses. This adaptability and customisability
are a key strength for integrating SSbD framework, as MOFs
can be tuned for safer, more sustainable uses.

MOFs exhibit remarkable structural versatility due to the
diverse combinations of metal nodes and organic ligands,
allowing for the development of customized functionalities for
environmental remediation and energy storage applications.”®
The choice of metal centers is pivotal in determining the
electrochemical performance of MOFs, as different metals con-

Green Chem., 2025, 27, 3815-3850 | 3817
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Table 1 Summary of SWOT analysis of safe and sustainable by design for metal-organic frameworks

Sr.
no SWOT Key points Highlights
1 Strength (S) High customisability through  Customisability and stability: MOFs can be tailored for specific functions through

component selection

Versatility of MOFs in SSbD
applications

Advances in Green synthesis
techniques

2 Weakness (W)  Synthesis and stability MOFs
and MOFs composites under
varied environments

Insufficient toxicological, Life
Cycle Assessment (LCA),
Environmental Footprint Data

3818 | Green Chem., 2025, 27, 3815-3850

selective use of metal nodes and linkers, and doping with elements like Fe and Ni
significantly improves hydrolytic stability, making them suitable for water and
environmental applications

Enhanced hydrophobicity via modifications: post-synthetic modifications, including
fluorinated or alkyl linkers, increase hydrophobicity and durability, aligning MOFs with
SSbD framework by reducing degradation and environmental impact

Effective heavy metal adsorption and reusability: MOFs demonstrate high heavy metal
adsorption efficiency with minimal leaching and regeneration capabilities, supporting
long-term, sustainable water purification solutions

Environmental remediation and SSbD: MOFs are used in applications like oil-water
separation, pesticide degradation, and dye removal, utilising SSbD approaches to reduce
environmental impact.

Scalable and sustainable production: green synthesis methods, such as water-based
production, enable large-scale manufacturing of MOFs without compromising their
performance, making them suitable for applications like water harvesting and pollutant
capture

Agricultural and biomedical potential: MOFs composites show promise in agriculture
for soil improvement and heavy metal removal, and in biomedicine for applications like
sepsis treatment, emphasising reusability and low environmental impact

Green synthesis methods: researchers are advancing sustainable MOFs production
using water-based and renewable solvents, bio-based ligands, and recyclable materials
like PET waste. Notably, Yang et al.’s work on CAU-17-CTAB synthesis in water
demonstrates significant environmental advantages, achieving an 86.29% yield, a faster
reaction time, and potential applications in targeted drug delivery

Waste-to-MOFs strategy: Li H. et al. demonstrated a sustainable approach to MOFs
production by upcycling PET waste, providing an affordable and scalable alternative to
traditional synthesis using expensive ligands. This strategy not only reduces plastic
pollution but also supports the development of high-performance, functional materials
from waste

Environmentally friendly techniques: innovative techniques like ball milling and the
use of DES are emerging as green alternatives to conventional, chemical-intensive
methods. Zhang et al.’s study highlights ball milling for synthesising graphene@Cu-
MOFs hybrids, reducing environmental impact by eliminating toxic reagents and
leveraging mechanical forces for synthesis.

Stability vs. functionality trade-offs: achieving stability in MOFs, especially in aqueous
and reactive environments, often compromises adsorption efficiency. Stable frameworks
like UiO-66 lack the adsorption capacity needed for environmental applications
compared to less stable MOFs (e.g., ZIF-8 or Cu-BTC), which offer more active sites and
higher pore volume. This stability-functionality trade-off is a major challenge in using
MOFs for environmental applications

Impact of structural modifications: strategies to enhance MOFs stability—such as
functionalisation, core-shell structures, and composite formations—sometimes reduce
adsorption efficiency and add preparation complexity. While modifications can shield
MOFs from degradation, they may also lower the performance required for real-world
applications, with notable declines in adsorption capacity and reusability

Need for SSbD integration: MOFs synthesis processes are often resource-intensive and
environmentally taxing, involving high temperatures, pressures, and toxic solvents.
Integrating SSbD framework is essential to produce MOFs that balance stability,
functionality, and environmental compatibility, meeting practical demands without
ecological harm

Toxicological data gaps and need for standardisation: comprehensive toxicological data
on MOFs are lacking, especially concerning their transformations in real-world
conditions. This gap hinders accurate risk assessment, as MOFs can degrade and
release Reactive oxygen species (ROS) and metal ions, causing oxidative stress and
toxicity. Standardised toxicity testing is crucial to establishing safe exposure limits and
supporting (SSbD) practices in MOFs synthesis

Environmental impact of solvents: limited life cycle assessments (LCA) data shows
significant environmental impacts of MOFs synthesis, especially from solvothermal
methods, affecting ozone and ecotoxicity. Solvents like DMSO and DMF are concerning
for health, as residual molecules can remain in MOFs pores, releasing toxic byproducts.
Addressing solvent-related toxicity is vital, particularly for biomedical and
environmental uses

Need for proactive LCA approaches: despite rapid MOFs development, comprehensive
LCA covering the full environmental footprint from synthesis to disposal are rare.
Standardising LCA and prioritising representative assessments for key MOF types could
support sustainable production and regulatory approval, advancing SSbD integration in
MOFs development

This journal is © The Royal Society of Chemistry 2025
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Sr.

no SWOT Key points

Highlights

Cost, scalability and
reproducibility constraints

Complexity of balancing
safety with performance

3 Opportunities  Advancements in
(0) biocompatible and
degradable MOFs

Emerging MOFs applications
through machine learning-
driven innovation

Circular economy potential

This journal is © The Royal Society of Chemistry 2025

Economic and material constraints: high costs associated with eco-friendly materials,
organic linkers, and energy-intensive synthesis are major barriers to SSbD for MOFs.
Approaches like low-cost linker sources, mechanochemistry, and flow chemistry are
being explored to lower costs

Reproducibility challenges: consistency in MOFs production is difficult due to factors
like solvent purity and reaction vessel choice. Variability in yield, particle size, and
crystallinity across labs highlights the need for standardised protocols to improve
reproducibility

Scalability and sustainability: scaling up MOFs production is challenged by resource
inefficiencies and quality control at industrial scales. Advances in continuous
production and reactor design are underway, but achieving uniformity, purity, and
crystallinity requires further innovation for sustainable, scalable manufacturing
Innovative green synthesis: researchers are adopting sustainable methods for MOFs
production, such as using industrial wastewater for Cr(m) ions and recycled PET as
linkers. These methods reuse waste and avoid toxic solvents, aligning with SSbD
framework, while achieving high performance—like MIL-101(Cr)’s notable adsorption
capacity for acid blue dye

Performance vs. safety trade-offs: green synthesis can enhance MOFs functionality but
introduces challenges in consistency, reproducibility, and cost-effectiveness. Additional
purification steps may be necessary, raising production costs. Multi-layered composites,
like Fe;0,@Si0,@HKUST-1, face challenges in structural stability after reuse and main-
taining eco-friendly qualities

Assessing metal ion release: a critical but often overlooked aspect of SSbD MOFs is
evaluating metal ion release during adsorption. For instance, introducing defects (as in
UiO-66) enhances adsorption but may increase metal ion leaching, impacting safety.
Testing for ion release is essential to ensure performance improvements don’t
compromise environmental or human safety

Safe and sustainable drug delivery with BioMOFs: advances in BioMOFs, particularly
those with benign metals like Zn, Mg, and Ca, emphasise biocompatibility and
degradability for safe biomedical use. A Cu-based BioMOFs using protocatechuic acid as
a linker showed high drug loading capacity, proving effective for TB treatment and
highlighting BioMOFs’ potential for targeted, low-toxicity drug delivery

Cancer treatment innovations with SSbD BioMOFs: SSbD BioMOFs offer novel cancer
treatments by combining low systemic toxicity, specific targeting, and multifunctional
features. Examples include Fe-based BioMOFs, coated with PEG and functionalised with
aptamers for colorectal cancer, that enable drug delivery, imaging, and minimal
toxicity, aligning with sustainable cancer therapy solutions

MOF-based scaffolds in regenerative medicine: BioMOFs also support regenerative
medicine applications, such as bone repair, by releasing metal ions to stimulate
osteogenesis and angiogenesis. This aligns with health-focused sustainability goals,
addressing challenges like stability, degradation, and controlled release for more
effective and targeted therapies

Predictive design in environmental and biomedical applications: ML enhances MOFs
applications by predicting adsorption efficiencies, cytotoxicity, and stability. For
instance, Random Forest models identify effective MOFs for water purification (e.g.,
Pb** removal) and predict biocompatibility for drug delivery, supporting SSbD.
Hydrogen storage optimization: ML, combined with topological data analysis, enables
high-throughput screening for hydrogen storage by rapidly assessing MOFs with high
hydrogen affinity, reducing costly simulations and improving accuracy for optimal
storage capacities

Untapped potential in agriculture: ML’s integration into agricultural MOFs research
remains limited. However, it could optimise MOFs formulations for micronutrient
delivery and pollutant remediation, enhancing crop resilience and promoting
sustainable agricultural practices

Eco-Friendly MOFs synthesis via circular economy principles: Sustainable synthesis
methods, like reusable PA@MOFs catalysts and DES, cut reliance on toxic chemicals
and reduce waste. DES functions as both solvent and catalyst, aligning with the circular
economy’s “Reduce” principle

Reusability in pollution remediation: MOFs materials, such as the graphene oxide-
ZIF-67 composite, maintain high adsorption efficiency over multiple cycles, reducing
material waste and costs. This reusability supports resource efficiency, essential for
large-scale pollutant removal

Transformative MOFs recycling processes: converting used MOFs, like MIL-100(Fe), into
high-value materials (e.g., graphene/Fe@N-doped carbon hybrid) enables resource
recovery, turning waste into reusable resources and aligning with circular economy
goals

Green Chem., 2025, 27, 3815-3850 | 3819
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no SWOT Key points

Highlights

Safe and sustainable
composites

4 Threat (T) Alternative materials

Regulatory uncertainty and
potential of greenwashing

Environmental risks from

transformation products

Toxicological implications
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Enhanced functionality and reusability via composite formation: MOFs composites
with polymers, carbon nanomaterials, and inorganic nanoparticles improve stability,
durability, and reusability. For instance, MOF-polymer composites support air filters
and gas masks, while graphene-MOFs composites enhance water treatment, achieving
over 88% retention in adsorption capacity after multiple uses

Sustainable synthesis aligned with SSbD: these composites employ eco-friendly
processes, like recycling PET plastic for MOFs linkers and using non-toxic carbon dots
for dye removal. This approach enhances performance (e.g., increased adsorption and
durability) and supports waste reduction, advancing sustainability in energy storage,
water treatment, and catalysis

Selective cancer treatment potential: biocompatible MOFs-AuNP composites show
promise in cancer treatment, demonstrating high selectivity for cancer cells over normal
cells with a green synthesis method. This aligns with SSbD by reducing health risks
while providing targeted biomedical applications, underscoring MOFs’ versatility
Competitive emerging materials: carbon-based nanomaterials (GO, rGO), COFs, and
MXenes offer stability, durability, and conductivity, aligning with SSbD framework.
These properties make them strong contenders in areas where MOFs have limitations,
such as toxic metal adsorption, energy storage, and biomedical applications

COFs’ superior stability: COFs demonstrate higher thermal and chemical stability than
MOFs, allowing them to withstand harsh environments. This resilience makes COFs
effective for applications in catalysis, environmental remediation, and pharmaceutical
waste adsorption, where MOFs often fall short

MXenes’ conductivity and versatility: MXenes excel in applications like catalysis,
electronics, and sensors due to their high thermal and electrical conductivity. They offer
greater adsorption capacities in REE and dye recovery, outperforming MOFs, with fewer
modifications needed, aligning with SSbD framework.

Regulatory gaps and Safety concerns: the rapid development of MOFs has outpaced
regulatory frameworks, creating uncertainties around safety and environmental impact.
Without standardised regulations, compliance challenges arise, potentially hindering
innovation and industry investment. A harmonised approach is essential to support
sustainable commercialisation

Risk of greenwashing: with MOFs marketed as “green” materials, there’s a risk of
greenwashing, where sustainability claims are exaggerated or unsupported. This can
mislead stakeholders and erode consumer trust, slowing genuine environmental
progress. Weak regulations allow unverified claims, undermining the credibility of SSbD
framework.

Need for comprehensive tools and industry collaboration: effective MOFs regulations
need robust tools like LCA, risk assessments, and collaboration between industry and
regulatory bodies. These frameworks can set standardised guidelines for safe
production, use, and disposal, ensuring responsible development of this promising
technology

Transformation-induced toxicity: environmental factors like pH, humidity, and
chemical exposure can cause MOFs to release toxic metal ions (e.g., Zn>* from ZIF-8),
which accumulate in biological systems, posing ecological and health risks. Prolonged
bioavailability, observed in organisms like C. elegans, emphasises the need for toxicity
assessments under SSbD framework.

Structural and Functional Impact of Degradation: MOFs degradation under
environmental conditions leads to a loss of essential properties, such as surface area
and pore volume, which affects their application in catalysis and CO, sequestration. The
nanoscale nature of MOFs makes them prone to rapid dissolution and ion release,
adding challenges to safe application

Data gaps and need for standardized testing: limited toxicology and lifecycle data
hinder understanding of MOFs transformations in real-world conditions. Standardised
testing for transformation products, ecotoxicity, and lifecycle impacts is crucial to meet
SSbD standards, reducing risks and promoting environmentally safe MOFs designs
SSbD in MOFS design: SSbD framework are essential for creating MOFs with lower
toxicity. Choosing safe(r) components and optimised structures helps minimise risks,
aligning with EU guidelines on nanomaterials

Size-dependent toxicity: smaller MOFs nanoparticles (nMOFs) show increased toxicity
due to higher cellular uptake, as they can penetrate biological barriers. Studies confirm
that particles under 400 nm often pose greater risks to human and environmental
health

Need for standardized testing: standardised toxicity protocols are crucial to assess
MOFs safety across their lifecycle. Addressing data gaps will enable safer applications,
supporting regulatory and public acceptance

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Strength of MOFs (A) doping of MOFs improves their efficiency. (F) SEM images show that doping of HKUST-1 MOFs with Fe ions improved
its hydrolytic stability.?* (B) The Zr-MOF@Fes0O, composite shows high adsorption capacity with only a slight reduction over 5 cycles?2. (Prepared

using Biorender Software).

tribute unique redox activities, conductivity levels, and charge
storage capabilities. For instance, transition metals such as
Mn, Co, and Ni demonstrate a synergistic effect in enhancing
pseudocapacitance and conductivity, as seen in MnCoNi-MOF,
where the presence of multiple redox-active sites significantly
improves electron transfer compared to Ni-MOF alone.>
Notably, the energy storage capacity of MnCoNi-MOF was
found to be nearly six times higher than that of its monometal-
lic counterpart, highlighting the effectiveness of incorporating
multiple metal nodes in boosting energy storage performance.
The organic ligand plays a crucial role in shaping the overall
structure of a MOF, influencing its porosity, functionality, and
crystal morphology.>® Changes in ligand identity can signifi-
cantly alter the properties of the MOF, impacting its metal ion
adsorption capacity, stability in aqueous environments, as well
as its performance in gas adsorption and energy storage appli-
cations.® The influence of ligand variation on MOF perform-
ance is evident in Zn-Co MOFs synthesized with different
ligands. The Zn-Co MOF with 2,5-dihydroxybenzoic acid (DBA)
exhibited a significantly higher specific capacitance of approxi-
mately 1775 F ¢~ " and a lower HER overpotential of 186 mV. In
contrast, the Zn-Co MOF with benzene-1,2,4,5-tetracarboxylic
acid (BTC) showed a much lower specific capacitance of
around 137 F ¢~ and a higher overpotential of 279 mV.>”> DBA,
with its hydroxyl groups, enhances electron density around the

This journal is © The Royal Society of Chemistry 2025

metal centres, facilitating redox reactions and improving
charge transfer, whereas BTC, with carboxyl (-COOH) groups,
provides a more rigid and less conductive framework. This
highlights the crucial role of ligand selection in tailoring MOF
properties for energy and environmental applications. In
addition to these synthesis modifications, the potential for
post-synthetic modifications in this MOF is a significant
advantage. Drache et al®>’ improved the stability of DUT-67
MOFs through post-synthetic modification (PSM) by exchan-
ging the formic acid modulator with fluorinated monocarboxy-
lates. These modifications of organic ligands increased the
hydrophobicity of MOFs internal surfaces as before modifi-
cations, the DUT-67 MOFs exhibited a 34% loss of porosity
after water exposure and desorption which indicates a
reduction in stability. Post modifications, the MOFs showed
significantly less porosity loss ranging from 13% for DUT-67-
Tfmba to just 0.3% for DUT-67-Pfoa after water exposure,
demonstrating much better water stability compared to the
pristine MOFs. Another research®* on PSM of MOFs to improve
their stability and hydrophobicity involved the incorporation
of long alkyl chains onto their surface. Before modification,
ZrTz-68 was hydrophilic with no measurable water contact
angle (WCA) due to water absorption. After modification (ZrTz-
68-C18), the MOFs became superhydrophobic with a WCA of
152.1°, indicating a successful transition from hydrophilic to

Green Chem., 2025, 27, 3815-3850 | 3821
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superhydrophobic properties. Improving the stability of MOFs
using fluorinated and alkyl linkers can align with SSbD frame-
work by reducing degradation products and extending their
lifespan, which minimises waste and resource use. However,
care must be taken with fluorinated linkers to ensure they
don’t persist in the environment or pose toxicity risks, ensur-
ing sustainability and safety throughout the material’s life-
cycle. Long alkyl chain linkers are typically more benign and
can offer increased hydrophobicity and durability without
introducing persistent or toxic substances. Another area where
MOFs’ customisability contributes to safety and sustainability
is by its ability to adsorb heavy metals from the environment.
Bhadane et al.*® synthesised Culm MOFs that are both in
alignment with green chemistry principles and SSbD frame-
works and explored its potential to remove multiple toxic
heavy metals such as Pb(u), Cd(u), Mn(u), and Ni(i) from
water. A key concern in SSbD is the material’s behaviour
during and after use. The Culm MOFs demonstrates low leach-
ing of Cu ions into water, minimising the potential for second-
ary pollution while retaining its structural stability up to
48 hours and to harsh conditions such as different pH levels
and temperatures.

A research group,®” tailored Zr-MOFs by embedding mag-
netic nanoparticles (NPs) like Fe;O, into their structure and
showed effective adsorption of multiple toxic elements (Hg(u),
Pb(u), and Cd(u)) in water in a single process. Functionalising
the MOFs with -COOH and Zr-OH improved its removal
efficiency for Hg(u), 97.01% while Fe;O0, and Zr-MOFs showed
a removal efficiency of 39.35% and 69.71% respectively. After
adsorption, the MOFs were regenerated using NaOH or HCI
solutions to desorb the metals, enabling reuse. NaOH proved
more effective, achieving 94-97% desorption efficiency over
five cycles, while HCl had a lower efficiency of 63-71%. This
regeneration process allowed the MOFs to maintain a high
adsorption capacity, with only a slight drop from 49.2 mg g™*
to 44.7 mg g~ " over five cycles (Fig. 2B), highlighting their sus-
tainability through reduced material waste and extended oper-
ational life, making them a cost-effective and environmentally
friendly option for water purification. Through these deliberate
choices of metal nodes and organic linkers, MOFs can be cus-
tomised for use in challenging environments, ensuring long-
term durability and making them more sustainable and safer
for a wide range of applications.

From a SSbD perspective, the customisability of MOFs
through targeted selection of metal nodes and organic
linkers represents a critical strength for creating materials
that meet stringent environmental and safety standards. By
tailoring MOFs to exhibit specific properties like enhanced
hydrolytic stability, increased hydrophobicity, or effective
heavy metal adsorption, researchers can design materials
that not only fulfil functional requirements but also mini-
mise ecological and human health risks. Doping and PSM
strategies have demonstrated the ability to significantly
enhance the stability of MOFs in water and across variable
PpH conditions, thereby extending their lifespan and reducing
degradation into potentially harmful byproducts. In addition,
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MOFs capacity to adsorb and sequester toxic metals aligns
with green chemistry principles, providing a recyclable, low-
leaching solution that mitigates secondary pollution risks. By
designing MOFs with SSbD in mind, researchers can achieve
multifunctional materials that address environmental chal-
lenges while prioritising safety, longevity, and environmental
compatibility, paving the way for their broader, responsible
deployment in industrial, medical, and environmental
applications.

2.1.2. Versatility of MOFs through SSbD applications-.
Considering the ordered crystalline structure with adjustable
porosity and functional properties MOFs have made them ver-
satile materials for numerous applications from environmental
remediation (toxic metal adsorption, dye degradation, gas
adsorption etc.) to catalysis.**° One of the promising things
about MOFs lies in potential of this material to be tailored for
safe and sustainable applications. By modifying MOFs with
various organic linkers, metal nodes, solvents, and synthesis
methods guided by green chemistry principles researchers can
significantly reduce toxicity and environmental impact. In a
study by Gu et al.** modified MOFs was developed by creating
three-dimensional MOF@GO microspheres for oil-water separ-
ation. The MOF@GO composite was synthesised following
SSbD principle, involving the in situ growth of ZIF-8 MOFs on
GO sheets using water at room temperature. This composite
was subsequently loaded onto a polyurethane sponge and
used to separate various oils, including chloroform, n-hexane,
silicone oil, and bean oil, achieving over 95% separation
efficiency with reusability for up to 100 cycles, which demon-
strate their potentially high economic efficiency. Similarly,
Sarah et al.*' exemplifies SSbD by employing a sorption-vapor
synthesis approach to create MOF-fabric composites. Unlike
traditional methods that use harmful solvents, this technique
relies on green solvents like ethanol, water, acetic acid, and
y-valerolactone. By integrating UiO-66-NH, onto various fabrics
(e.g., spandex, PET, and cotton), the process enhances MOFs
loading, surface area, and pesticide degradation performance
without the environmental hazards associated with DMF. In
another study, Socha et al.** introduced a new, eco-friendly
approach for dye degradation using Ag-MOFs, which they tai-
lored to operate under visible light without the need for high
energy or harmful solvents. These Ag-MOFs, synthesised using
melamine as a linker in a one-pot method, demonstrated
remarkable efficiency by degrading industrial dye waste within
20 minutes. This highlights both the ease of manufacturing
these MOFs and their sustainable utility in industrial appli-
cations. These studies demonstrate the versatility of MOFs and
their applications in environmental remediation, using SSbD-
aligned MOF composites to support SDGs such as Clean Water
and Sanitation, Climate Action, Life on Land, Life below
Water. Similar studies are highlighted in Table 2.

Zheng et al.** showed versatility of MOFs by developing a
green and scalable synthesis method for MOF-303, utilising
water as the solvent, which has potential to be used as adsor-
bent material for water harvesting. This approach enabled the
production of 3.5 kg of MOFs per batch with a 91% yield. The

This journal is © The Royal Society of Chemistry 2025
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Table 2 Safe and sustainable by design of MOFs, their contribution towards SDGs and recommendation for improvements

NMOFs and MOFs Sustainable
composite SSbD dimensions development goals Recommendations Ref.
1 MIL-100(Fe) Safety: used well controlled pyrolysis process ensuring Affordable clean Further investigation on the 98
no occupational hazard energy, climate use of renewable iron sources
Social: supports clean fuel production action or bio-derived ligands in the
Environmental: green synthesis of MOFS at room MOFs synthesis to further
temperature align with sustainability goals
Economic: cost effective, durable catalyst with over and reduce the environmental
120 hours of stability footprint of catalyst production
2  BD-MOF(Ti)@CS/  Safety: utilises non-toxic chitosan and titanium-based Clean Water and Further investigation on 99
Fe304 MOFs Sanitation, potential applications in
Social: efficient solution for heavy metal removal from Responsible treating other heavy metals or
water contributing to pollution control in aquatic Consumption and contaminants in diverse water
ecosystems Production sources
Environmental: pH stability with maintaining
adsorption capacity
Economic: high adsorption capacity (944.9 mg g™*)
and impressive reusability across multiple cycles
make the material a cost-effective option for large-
scale water treatment applications
3 CrNiFe-MOFs Safety: utilises waste materials (PET and stainless Clean Water and Acid leaching is a highly toxic 100
steel) and non-toxic reagents, minimising Sanitation, Climate residue-generating method.
environmental and health risks during synthesis action, Life on land, = Management of residues
Social: provides an effective solution for phosphate Life below water generated during industrial
removal from water, addressing environmental issues scale MOFs generation can be
related to eutrophication and enhancing community difficult. In addition to
health phosphate removal, investigate
Environmental: the MOFs exhibits high stability and the potential for large-scale
efficient phosphate adsorption across various pH implementation of this MOFs
levels, contributing to improved water quality and in various water treatment
ecosystem health scenarios such as industrial
Economic: low-cost synthesis process (using waste wastewater containing complex
materials) and high space-time yield (5760 g m™> system with organic and
day ") make it a viable option for large-scale water inorganic pollutants
treatment applications
4  NHC-Co complex  Safety: avoids the use of toxic reagents and noble Climate action Further explore scale-up 101
(Co,@MOFs) metals, creating a safer catalytic process for CO, potential and investigate
conversion applications for other carbon-
Social: supports efforts to reduce atmospheric CO, containing products to
levels, addressing public concern over carbon emis- maximize CO, recycling
sions and climate change benefits across industries
Environmental: provides an efficient method for CO,
recycling, contributing to sustainable practices in
carbon capture and utilisation
Economic: utilizes a noble-metal-free catalytic system
with high reusability and efficiency under ambient
conditions, lowering operational costs for CO, conver-
sion processes
5  Multiuse AI-MOFs  Safety: ensures in situ detection of toxic mercury Good Health and Improve safety by exploring 102

This journal is © The Royal Society of Chemistry 2025

levels (below WHO standards), enhancing safety in
drinking water and cosmetic products; however,
handling of DMF as solvent may pose toxicity risks
during synthesis

Social impact: supporting consumer health by
addressing mercury contamination concerns in
drinking water and skin products

Environmental: reduces mercury exposure risks in
ecosystems if deployed for water monitoring, though
careful disposal of DMF solvent and mercury-loaded
Sensors is necessary

Economic: cost-effective approach using low amounts
of sensor material (20 mg) and simple colorimetric
changes visible to the naked eye, making it affordable
for widespread usage

Well-being, Clean
Water and Sanitation

greener solvents in synthesis
and consider scaling
production to support broader
application in cosmetic and
environmental industries
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NMOFs and MOFs
composite

SSbD dimensions

Sustainable
development goals

Recommendations

Ref.

8

9

PS@HKUST-1

Cu-MOFs loaded
chitosan/gelatin
film

ATP@UiO-66-NH2-
CMC

FeAl(BDC) MOFs
ceramic filter

10 PET@UiO-66

Safety: demonstrated non-genotoxicity in plant safety
tests, supporting its application in crops without
adverse genetic effects on plants or potential harm to
the environment

Social: helping agricultural industry

Environmental: provides an eco-friendly alternative to
agrichemicals

Economic: one pot synthesis method

Safety: strong antibacterial performance against both
positive and negative bacterial strains, enhances food
safety

Social: real-time indication of food quality empowers
consumers to verify food quality

Enviromental: made with biodegradable chitosan and
gelatin, the films are environmentally friendly and
contribute to reducing plastic waste. However, DMF,
used in the synthesis, is environmentally hazardous
and should ideally be replaced with a greener
alternative

Economic: while effective, the use of copper and DMF
could raise production costs, potentially limiting
scalability

Safety: composite synthesis is not aligned with green
synthesis (use of DMF) but the proposed pesticide
delivery system is useful for sustainable agriculture
Social: this system can reduce pesticide overuse,
benefiting both farmers and consumers by lowering
pesticide residues in food and providing a safer pest
control method

Environmental: with a high loading efficiency
(90.79%) and controlled release mechanism, it
minimizes pesticide runoff, reducing environmental
contamination. However, DMF as a solvent is
environmentally hazardous

Economic: although effective, the synthesis process
may incur higher costs due to materials like
zirconium chloride and the use of DMF, which could
impact economic scalability

Safety: the use of FeAl(BDC) and sand mix in filters
appears safe, and no toxic reagents are reported in
the final water output. However, handling DMF
during FeAl(BDC) synthesis requires caution, and
appropriate disposal of sludge/spent materials is
critical to avoid contamination

Social: this system provides a feasible and localized
solution for small-scale units with limited resources,
directly benefiting communities by improving water
quality

Environmental: this approach minimizes pollution in
aquatic systems by capturing dye pollutants at the
source

Economic Consideration: Gravity mode operation is
more economical and reduces ongoing energy costs.
However, the setup, including materials like FeAl
(BDC), may still be costly for widespread adoption
Safety: the hydrolysis process involves HNO; and
DMTF, which are hazardous chemicals

Social: this approach supports waste PET recycling
and provides an effective way to remove toxic
insecticides, which benefits public health by reducing
contaminants in water sources. The reuse of PET
promotes a circular economy, which aligns with
sustainable development goals

Environment: utilizing waste PET reduces plastic
pollution and contributes to sustainable waste
management

Economic: while this method provides a cost-effective
approach by using recycled PET, the process requires
control over chemical use and disposal, which may
add costs

3824 | Green Chem., 2025, 27, 3815-3850

Life on land, Zero
hunger

Responsible
Consumption and
Production, Good
health and well being

Responsible
Consumption and
production, Life on
land

Clean water and
sanitation,
Responsible
consumption and
production

Responsible
Consumption and
production, Life on
land

Field studies are encouraged to
validate efficacy and durability
in larger agricultural settings

Only effectiveness against
bacteria may not be the reason
to use MOF-based
nanoparticles, Gas adsorption
or gas detection applications
for these films can be explored

Alternative eco-friendly
solvents would be beneficial.
Field tests on various crops
could validate its effectiveness

For enhanced affordability,
efforts could focus on
optimizing FeAl(BDC)
synthesis with low-cost
alternatives and reducing DMF
dependency

Scale-up studies would be
beneficial to assess economic
feasibility and environmental
safety at a larger scale, making
the technology accessible for
sustainable waste and water
management

103

104

105

106

107
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NMOFs and MOFs

composite

SSbD dimensions

Sustainable
development goals

Recommendations Ref.

11 Cu-BTC MOF-
based hybrid
nanocomposites

12 MOF-801

13 Sn(m)-BDC MOFS

14 ZIF-8/CNC

nanohybrids

15 Cello-MOF filter

Safety: the overall process aims to reduce waste
generation and toxic by-products, promoting a safer
approach to material synthesis

Social: these nanocomposites support water
purification efforts, especially in removing organic
dye pollutants, thereby promoting safer, cleaner water
sources for communities affected by industrial
pollution

Environment: the green synthesis method minimizes
harmful byproducts, aligning with eco-friendly
practices

Economic: the synthesis involves accessible materials
and relatively inexpensive procedures, but the
requirement for certain chemicals and energy inputs
during solvothermal synthesis may add to operational
costs

Safety: instead of conventional solvothermal synthesis
processes, use of ultrasonication at room temperature
Social: energy efficient method for synthesis of MOFs,
with high heat adsorption capacity, providing
alternative solution to energy-demanding air-cooling
system

Environmental: room temperature green synthesis of
MOFs with non-hazardous solvents such as water and
formic acid

Economic: potential solution for energy efficient
method for adsorption-based air-cooling system
Safety: green synthesis method using water and
NaOH as solvent

Social: potential to tackle important issue of
industrial wastewater consisting of organic dyes
Environmental: the ability to adsorb multiple dyes at
a time and non-hazardous synthesis method
Economic: high adsorption capacity with
simultaneous adsorption of multiple organic dyes can
be best fit as a cost-effective method for an
adsorption-based water purification system

Safety: sustainable process with sustainable materials
(cotton waste)

Social: nanocomposite for water purification using
waste material from the agricultural industry helps in
maintaining a circular economy

Environmental: simultaneous removal of multiple
heavy metals and reusability with >90% adsorption
efficiency up to 5 cycles

Economics: reusability and simultaneous removal of
multiple toxic ions with use of waste from
agricultural industry helps to put this composite as a
potential adsorbent industrial scale

Safety: synthesis of MOFs involves toxic chemicals but
the use of natural fib res (Saccharum officinarum
bagasse-SBF) as template material for MOFs growth
gives and safer solution with increased stability for
water decontamination applications

Social: fabricated device using natural fiber deposited
with MOFs is an innovative idea to use potential of
MOFs for human benefits

Environment: high adsorption capacity (MB-602 mg
g") with reusability, use of cellulosic biomass as tem-
plate gives additional edge to this filtration system
compared to other

Economic: highly scalable and cost-effective solution
in the field of wastewater purification system

This journal is © The Royal Society of Chemistry 2025

Clean water and
sanitation,
Responsible
consumption and
production, Life
below water

Climate action,
Responsible
consumption and
production

Climate action, clean
water and sanitation,
Life below water

Life on land, climate
action, Responsible
consumption and
production

Climate action, clean
water and sanitation,
Responsible
consumption and
production

Recyclability and renewability 108
of these composites needs to

be checked

The reusability and stability of 109
this MOFs for longer durations

need to be checked. For

cooling system applications

stability with consistent

performance is a major

criterion

Adsorption capacity still lags 110
compared to other reported

MOFs, post-synthetic

modification or composite
preparation can be done using

this MOFs

After adsorption, separation of 111
this material from water is

always a challenging task that

needs a centrifugation or

filtration system. To avoid this
filtration system can be build

using this composite material

Industrial scale production of 112
this filtration system, with

studies on MOFs stability
considering transformation of

MOFs in aquatic system
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resultant MOFs maintained a crystalline and stable structure,
with functionalities consistent with those prepared on a
smaller scale, with very high efficacy for water harvesting appli-
cations. This study highlights that MOFs can be adapted for
sustainable, large-scale production without compromising per-
formance, thereby advancing SSbD-aligned innovations in
environmental applications. In another study, Shaghaleh
et al.*® demonstrated the incorporation of MIL-100(Fe) MOF
into aminated cellulose nanofibres to create a nanocomposite
material capable of removing Cr(vi) from agricultural soil.
Despite the traditional methods used in the MOF preparation,
the application of this MOF-based composite was aligned with
the SDGs such as life on land. It effectively reduced toxic sec-
ondary pollution, was reusable, and enhanced soil quality by
adsorbing 98% of Cr(vi). Furthermore, this approach alleviated
physiological phytotoxicity symptoms in cultivated wheat
plants and promoted their growth, contributing to food safety
and sustainable agricultural practices. This study highlights
the potential of MOF-based nanocomposites in agriculture to

(A) Synthesis of MOFs functionalized
biomass adsorbents

100 °C
15 h

Emulsification NaOH/Urea

Chitin

Ch/MOFs
microspheres

(©

Recycle of MOFs functionalized biomass
adsorbents in KOH/Urea solution

Emulsification
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improve soil quality, enhance plant health, and ensure sustain-
able food production while also addressing environmental
contaminants effectively.

Li et al.*® present a dynamically mediated synthesis strategy
for simultaneously engineering the crystal, defect, and nano-
structures of MOFs, demonstrating the versatility of MOFs in
catalytic reactions. Through a one-pot synthesis, the research-
ers created various Zr-ODB-hz (ODB = 4,4'-oxalyldibenzoate, hz
= hydrazine) structures with tailored properties, from amor-
phous NPs to crystalline and defective nanosheets, each opti-
mised for specific catalytic functions. The self-reduction capa-
bility of hydrazine moieties allowed for in situ Pd NPs inte-
gration, yielding structure-specific selectivity in catalytic reac-
tions. This innovative approach underscores MOFs potential
by SSbD and its versatility in structural modifications to meet
diverse requirements in an environmentally concise way. Liu
et al® reported a novel and sustainable approach using
chitin-based MOF-919 composite microspheres (Fig. 3A), with
MOFs crystals grown in situ, for effective sepsis treatment.

Synthesis of traditional adsorbents
substrate

|

Filtration

Fossil source

V
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- B ® Non sustainability
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Fig. 3 Strength of MOFs (A) the recycling process for biomass-derived LPS adsorbent material and the environmental limitations of conventional
adsorbent substrates sourced from fossil-based materials (B) scanning electron microscopy (SEM), (C) Fourier transform infrared (FTIR) spectroscopy,
and surface area measurement using (D) Brunauer—Emmett—Teller (BET) theory confirm that the recycled chitin/MOFs microspheres retain the orig-
inal morphology of the MOFs crystals, demonstrating robust acid and base stability along with successful structural preservation and reusability.**
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While the composite synthesis may not fully align with green
chemistry standards, these microspheres emphasise safety and
sustainability, offering reusability and high endotoxin adsorp-
tion capacity. A key feature of this method is the recovery of
MOFs; by dissolving used microspheres in NaOH/urea, chitin
and MOF can be easily separated, underscoring the material’s
renewability. In Fig. 3B, SEM images confirm that the MOFs
crystals maintain their original morphology, showcasing
robust acid and base stability. FTIR (Fig. 3C) and BET (Fig. 3D)
analyses reveal that the recycled chitin/MOFs microspheres
retain the characteristic absorption peaks of MOF-919(Sc) and
exhibit a high specific surface area (1309.2 m* g~'), approxi-
mately 93% of the original, demonstrating successful struc-
tural preservation and reusability. Such well-designed
materials prioritise safety, reusability, and renewability, enhan-
cing their potential for industrial scalability. Such newly devel-
oped MOFs, synthesised through green, safe, and sustainable
methods, along with their SSbD-compliant applications, hold
significant promise for industrial-scale deployment and com-
mercialisation without causing environmental harm. The
adaptability of MOFs through SSbD applications underscores
their potential to meet urgent environmental and industrial
needs. By focusing on eco-friendly synthesis techniques and
scalable performance improvements, MOFs are well-positioned
to play a pivotal role in the next generation of sustainable solu-
tions across multiple sectors, including environmental (water
treatment, pollutant capture, energy storage, and catalysis) and
biomedical (drug delivery, imaging etc.).

2.1.3. Advances in green synthesis techniques.
Commercialising MOFs as “green(er) materials” is promising
for a sustainable future, but their synthesis poses environ-
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mental challenges due to complex chemicals and toxic sol-
vents. Researchers are developing greener methods, such as
using water-based or renewable solvents and bio-based ligands
to reduce MOFs’ environmental footprint. For instance, Yang
et al.*® showcased a rapid, one-step method to produce
bismuth-based MOFs (CAU-17) in water at room temperature,
eliminating toxic solvents and reducing energy consumption.
The study employs cetyltrimethylammonium bromide (CTAB),
a surfactant to control the crystalline structure and facilitate
reaction efficiency through sonochemical synthesis. The
authors compared the yield of CAU-17 synthesised using CTAB
(CAU-17-CTAB) in water and found that it is significantly
higher than that of CAU-17 synthesised in methanol (CAU-17-
MeOH). The average yield of CAU-17-CTAB was reported to be
around 86.29%, which is approximately 20% higher than the
yield of CAU-17-MeOH. This enhanced yield, along with the
faster reaction time (10 minutes for CAU-17-CTAB vs.
60 minutes for CAU-17-MeOH), highlights the efficiency and
sustainability advantages of the CTAB-mediated, water-based
synthesis. Additionally, the process has applications in iodine
capture and drug delivery, where CAU-17-CTAB effectively pro-
tects drugs from releasing too early in the stomach and pre-
cisely releases them in the intestine, making it a promising
carrier for safe and targeted drug delivery (Fig. 4A). In another
study, Li et al.*’ (Fig. 4B) shows the use of polyethylene tere-
phthalate (PET) waste to create MOFs (PET-derived MOFs) as it
offers a sustainable and cost-effective alternative, tackling both
environmental and economic challenges. Recycling PET not
only mitigates plastic pollution but also enables the pro-
duction of valuable, high-performance materials. With PET
widely available and cheaper than 1,4-benzenedicarboxylic
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(A) An advancement in green synthesis is demonstrated by utilising PET waste to create PET-derived MOFs, offering an eco-friendly and

economically viable alternative that mitigates plastic pollution while enabling scalable and cost-effective production of high-performance
materials*’ (B) CAU-17-CTAB, synthesised using green chemistry was used as a carrier in targeted drug delivery.*®
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acid (BDC), this “Waste to MOFs” strategy enhances scalability
and affordability. Additionally, PET’s stability supports easy
modification for MOFs synthesis, enabling the formation of
robust composite materials directly on its surface, promoting
sustainable manufacturing practices. Such integration not only
provides environmental benefits but also demonstrates the
scalability of upcycling waste streams into advanced functional
materials, a vital strategy for future sustainable
manufacturing.

Furthermore, researchers are focused on synthesising green
MOFs by using renewable and biodegradable materials, such
as lignin and cellulose from waste resources, enabling the
upcycling of discarded materials into valuable, functional pro-
ducts and prioritising sustainability at every stage.*® Moreover,
deep eutectic solvents (DES) are being used as eco-friendly sol-
vents, in contrast to traditional DMF and dimethyl sulfoxide
(DMSO) enhancing the green chemistry approach to MOFs pro-
duction.®® By leveraging these sustainable materials and
methods, scientists are advancing the development of MOFs
that align with environmental objectives. Ball milling is
another green approach to chemically intensive synthesis
which often involve toxic reagents and produce hazardous
waste. A study by Zhang et al®® highlights the ball milling
technique as a green, environmentally friendly approach to
synthesise a graphene@Cu-MOFs hybrid. Ball milling
mechanically peels graphite layers without the need for harsh
chemicals or waste-producing processes. This method reduces
waste, cost, and environmental impact by leveraging mechani-
cal forces and n-rn interactions between ligands and graphite,
enhancing the efficiency of graphene layer separation. Further,
the paper mentions other green methods, such as the use of
ligands containing nitrogen-rich flame-retardant elements,
which facilitate safer thermal decomposition. Further, the use
of ligands containing nitrogen-rich flame-retardant elements
facilitates safer thermal decomposition. Therefore, the
advancements in green synthesis methods, such as water-
based solvents, PET upcycling, and ball milling, are transform-
ing MOFs into more sustainable materials. These eco-friendly
approaches reduce environmental impact and increase scal-
ability, enabling MOFs to support sustainable manufacturing
in applications ranging from pollution control to advanced
materials. As the field progresses, MOFs are set to play a vital
role in promoting sustainable industrial practices and environ-
mental responsibility.

2.2. Weaknesses

2.2.1 Synthesis and stability MOFs and MOFs composites
under varied environments. MOFs are recognised for their
impressive structural diversity and high surface area, making
them attractive candidates for applications in gas storage, cata-
lysis, and environmental remediation. However, their suscepti-
bility to degradation under various stressors—including
thermal, chemical, gaseous, photolytic, mechanical, and elec-
tronic influences—presents substantial challenges to their
practical deployment.>>>® Furthermore, the synthesis of MOFs
is often resource-intensive, typically requiring elevated temp-
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eratures, high pressures, and solvents like DMF that contribute
to hazardous waste and environmental pollution.*"** While
these synthesis processes yield highly porous structures, they
are not without drawbacks, notably in stability and environ-
mental sustainability. These limitations highlight the urgent
need to integrate SSbD framework, where the synthesis pro-
cesses, material components, and structural design prioritise
low toxicity and environmental compatibility. Neglecting SSbD
principles can result in MOFs that are not only environmen-
tally taxing to produce but may also exhibit toxic effects when
used in biological and environmental applications.

Many MOFs exhibit significant vulnerability when exposed
to aqueous environments or reactive adsorbates, with stability
often depending on the specific metal ions and bonding
characteristics of the framework. MOFs containing ions such
as Zn**, Cu**, and Co*", for instance, tend to degrade when in
contact with water or other reactive environments. In contrast,
frameworks containing more stable metal ions, including Zr"",
Ccr’, and Ti"", exhibit improved hydrolytic stability due to
stronger coordination bonds. Notable examples include
Ui0-66, MIL-125, and MIL-101(Cr), which have demonstrated
enhanced water stability and are therefore more suitable for
specific applications. However, while hydrolytically stable
MOFs offer resilience, they often lack the adsorption capacities
required for applications like water purification, gas adsorp-
tion, and dye removal. For instance, stable frameworks like
UiO-66 generally underperform in adsorption capacity com-
pared to their less stable counterparts, such as ZIF-8 and Cu-
BTC, due to fewer available active sites and reduced pore
volume®”~%°

To bridge this gap between stability and functionality,
researchers have pursued various strategies. Some of the most
notable approaches include: (a) post-synthetic functionalisa-
tion of MOFs with hydrophobic or reactive groups to shield
metal-ligand bonds from aqueous degradation;** (b) develop-
ment of MOF-on-MOF (core-shell) hybrid structures to
enhance stability while potentially preserving or improving
functionality; (c) creation of diverse MOFs composites, such as
polymer-MOFs, graphitic, and nanomaterial composites, to
introduce synergistic properties;'® (d) doping with stabilising
agents;®! and (e) optimisation of synthesis parameters, such as
changing linkers, solvents, or reaction conditions to target
specific performance traits. For example, amine-functionalised
Ui0-66 exhibits a lead (Pb®") adsorption capacity of 92.18 mg
g™, whereas Cu-BTC a less stable MOF achieves an adsorption
capacity of 662.2 mg g '.>"** Goyal et al®' further demon-
strated that replacing the linker in Cu-BTC with 2-methyl imi-
dazolate extended water stability from 2 hours to 48 hours,
though Pb(u) adsorption capacity fell by 25.7% as a trade-off.

Studies also highlight that not all modifications yield
improved functionality. As shown in Fig. 5A, Zhang
Mengmeng and colleagues introduced a composite structure,
U6N@ZIF-8, to enhance REE adsorption, achieving a Nd**
adsorption capacity of 249.9 mg g . Although effective, this
value is substantially lower than the 517 mg g~ Nd*" capacity
achieved by MXene, revealing that the MOF-on-MOF strategy

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc00424a

Open Access Article. Published on 06 March 2025. Downloaded on 4/8/2026 2:27:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

View Article Online

Tutorial Review

(A)

ZIF-8/U6N 150
300
“er250]

UGN@ZIF-8-20

= Ndq-24990mgg’

(B) Il UiO-66-NH:z ZIF-8 P ZIF-8/U6N
™ UN@ZIF-8-20 [ USN@ZIF-8-30
1 U6SN@ZIF-8-40 [ U6N@ZIF-§:50

REEs(Ill
v Page2os28mgg' | 20| occescscsccs smess aie seses = o
« Gdq=31622mgg’
+ Er q,=34095mgg’
Zn (I e
4/ u S0 100 150, 200 250
PVP Ce(mgL™)
o
L]
°
°
°
il J | U
| — T
(C) 5 6
< —e— Ui0-66-NH, —s— Ui0-66-NH,
’_\1200 [ ——zFs —e—ZIF-8 i
ﬁmoo 3 _al;ms_m ey ZIF-8/USN 7< 100 °C, Elastic-plastic
2 *—leigzivsse 4 UGN@ZIF-a30 ST bebaviour | behaviour
"op 800 ——UN@ZIF-840 ——U6N@ZIF-8-40 £ 1 -
QE 600 |- UN@ZIFSSD UNGZE S50 2 3 Yield point
% Slope = Young’s modulus
400 '
E
% 200 T> 100 °C, Hyperelastic-plastic
> ©
or ¢
0.0 0.2 0.4 0.6 0.8 1.0 15 2.0 25 3.0
Relative Pressure (P/P) Pore width(nm) 0o ) ./ )
(E) 700 01 02 03 04 05 06 07 —
Strain ian’e

100 _— [ Juena@zig-s-20 w0l
85

1Y S FERE T FERE S R N

X 60 N
< <
40 H0r
20 201
0 -

cvelel cyele2  cyele3  cycled  cveleS

cyele 1

cycle2  cycle3

I Z1F-87U6N

80 %

cycle 4

No loading Maximum loading

_Complete unloading

150 °C

eyele 5

Fig. 5 Weakness associated with SSbD of MOFs. (A) Schematic representation of the preparation of MOF-on-MOF composites, UiO-66@ZIF-8 and
ZIF-8@UiO-66 and its application in REE adsorption. (B) Stability of UiO-66@ZIF-8-x and ZIF-8@UiO-66 under varying pH conditions, which indi-
cates limitations in maintaining structural integrity across a broad pH range. (C) Nitrogen adsorption—desorption isotherms for UiO-66-NH,, ZIF-8,
U6N@ZIF-8-x, and ZIF-8@U6N, suggesting constraints in surface area and pore characteristics that may affect adsorption performance. (D) Pore
width distribution for UiO-66-NH,, ZIF-8, U6N@ZIF-8-x, and ZIF-8@UG6N, which reveals limited porosity adjustments across composites. (E and F)
Adsorption and reusability performance of U6N@ZIF-8-20 and ZIF-8@U6N toward Nd(i) ions over five cycles, showing reduced efficiency in
adsorption capacity over repeated use, potentially impacting long-term viability in REEs recovery*®°® (G and H) impact of temperature variation on
mechanical properties of HKUST-1 MOF, showing how MOFs can behave under different dynamic conditions.>®

did not substantially improve adsorption capacity due to
reductions in surface area and porosity upon modification
Fig. 5C, D. Whereas Fig. 5B shows the variation in adsorption
efficiency with respect to change in pH of the aqueous solu-
tion. It can be seen that, adsorption efficiency was affected by
the variation in pH of the solution. This results also highlights
that even after preparing such complex composite getting
similar performance at broad pH range is difficult. In addition,
as shown in Fig. 5E and F the adsorption efficiency of this
MOF-on-MOF structure was dropped below 80% within first 5
cycles for both UiO-66@ZIF-8 and ZIF-8@Ui0-66.>>% Such
findings suggest that while certain structural modifications
can increase stability, they may also compromise the adsorp-
tive performance critical for real-world applications, with

This journal is © The Royal Society of Chemistry 2025

increase in complexity in preparation of such multilayer
composites.

Despite notable advances in MOFs and MOFs composite,
challenges remain. The CALF-20 MOF, for instance, demon-
strates robust hydrolytic stability due to the use of a 1,2,4-tri-
azole linker, yet it falls short in adsorption, with a CO, capacity
of 2.61 mmol g~* compared to Cu-BTCs 3.55 mmol g~ *.** This
highlights the often-inverse relationship between stability and
adsorption efficiency in MOFs structures. Strong coordination
between the triazole linker and metal nodes enhances stability,
but the resulting structural rigidity can restrict access to pores,
limiting adsorption potential.®>°® Despite extensive research
into linker modifications, MOFs doping, and composite syn-
thesis with polymers or nanoparticles, the combined con-
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straints of reduced adsorption capacity, limited reusability,
and compromised structural resilience under varied environ-
mental conditions still impede the widespread industrial
application of MOFs.

For environmental remediation, MOFs appeal is tempered
by limitations such as pH-dependent adsorption, reduced re-
usability, and poor long-term stability. Many MOFs face issues
like metal ion leaching, structural degradation, and pore clog-
ging, which restrict consistent performance across multiple
use cycles.®” This variability hinders their applicability in
large-scale water or air purification efforts. Researchers have
attempted to address these issues by creating MOF-based
monoliths, membranes, and composites tailored for industrial
use, yet converting powdered MOFs materials into hierarchi-
cally porous structures remains challenging. Key limitations
include the complexity of reaction conditions, low catalyst
loading, and poor accessibility to active sites, which signifi-
cantly reduce the efficiency of MOFs in practical settings.®® As
shown in Fig. 5G and H, Wang et al.’® examined the mechani-
cal stability of HKUST-1 MOFs under elevated temperatures,
finding significant thermal susceptibility. Their results
revealed that at 100 °C, HKUST-1 displayed a 51% reduction in
Young’s modulus and a 53% decrease in yield strength, with
behaviour shifting from elastic-plastic to hyperelastic-plastic.
Given that many MOFs are employed in environments where
temperature fluctuations and mechanical stresses are
common, it is crucial to thoroughly study how these factors
affect their mechanical properties. Investigating such behav-
iour across different MOFs is essential to ensure their stability
and performance in diverse practical applications, such as cat-
alysis, gas separation, and sensing, where temperature and
stress variations are inevitable.

Some other challenges associated with MOFs are high-
lighted by recent articles, where Nikseresht et al.®® synthesised
a Fe-MOFs composite using phosphotungstic acid, which
served as a reusable catalyst for oleic acid esterification.
Although initially efficient, catalytic activity dropped by 30%
after seven cycles, reflecting typical issues with reusability.
Zeyadi et al.”® immobilised horseradish peroxidase (HRP) on
an amino-functionalised Zr-MOFs for phenol removal yet
observed a 40% decline in removal efficiency over ten cycles,
further underscoring the difficulties of maintaining perform-
ance under repetitive use. In another study, Modak et al.”*
reported Cr-MOFs with an exceptionally high adsorption
capacity of 800 mg g~ for polystyrene microplastics. However,
the adsorption efficiency was highly pH-sensitive, indicating
that environmental variables critically impact MOFs
functionality.

While MOFs and MOFs composites hold promise as adsor-
bents, their scalability and long-term application are hindered
by current limitations. Optimising MOFs stability often results
in reduced adsorptive capacities or functional deficits, while
addressing performance issues like reusability and pH sensi-
tivity remains challenging as discussed above. This balance
between stability and functionality is a critical area of research,
with significant implications for the future development of
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MOFs for real-world environmental and industrial appli-
cations. Overcoming these barriers requires a nuanced
approach to synthesis, modification, and material design,
ensuring that MOFs desirable traits are enhanced without
sacrificing their operational efficiency across varied environ-
mental conditions. To realise the full potential of MOFs in
environmental and industrial applications, an SSbD approach
is essential for balancing stability, functionality, and sustain-
ability. Addressing these limitations with a structured, safety-
oriented design approach will enable the development of
MOFs that can deliver long-term performance and environ-
mental compatibility, ensuring their viability in the face of
real-world challenges.

2.2.2 Insufficient toxicological, life cycle assessment,
environmental footprint data. Despite the increasing interest
of MOFs across various field extending beyond potential bio-
medical applications such as bioimaging, cancer therapy, drug
delivery, research into their toxicological impacts of human
health and the environments have remained insufficient.”
This gap is particularly concerning given the current and
anticipated use of these materials in the current world. Over
the past decades, several numbers of projects have advanced
our perspective of the risk associated with the inhalation,
absorption and transformation of MOFs.”> For instance,
Hernandez et al.”* have evaluated the hazard and risk associ-
ated with the synthesis and laboratory scale up of mainstream
MOFs in an effort to address the effect caused by MOFs over
time. This study analysed the environmental and human
health impacts of different synthesis methods for ZIF-67 using
LCA. This analysis revealed that traditional solvothermal
methods significantly affect areas such as ozone depletion,
carcinogenic effects, acidification, fossil fuel depletion, global
warming, and ecotoxicity. Notably, ecotoxicity and global
warming potential emerged as the most significant concerns,
underscoring the need for SSbD approaches in MOFs synthesis
to address climate change and its impacts effectively.

More recently, Far et al>* have shown that strong acids
used in the productions of MOFs can have negative environ-
mental effects and emits toxic byproducts if not well con-
trolled. In support of this findings Sultana et al. have also
shown that the metal ions presence in MOFs and functional
groups in the organic ligands might also lead to toxicological
impacts. Additionally, in a recent paper by Chakraborty et al.”®
have also revealed that exposure to nano MOFs could poten-
tially alter conformational structure of the enzymes, resulting
in changes in the percentage composition of alpha helices and
beta sheets. However, these studies are not comprehensive and
requires further detailed toxicological studies to identify the
mechanisms of toxicity. Having these crucial toxicity data will
support in adoption of SSbD approach into material synthesis
and experimental design.”*”°

The current body of toxicological data on MOFs is sparse,
leaving a critical need for extensive toxicity testing and trans-
parent data to ensure safety and environmental compatibil-
ity.”” The primary components in MOFs synthesis—metal
ions, organic linkers, and solvents—strongly impact toxicity

This journal is © The Royal Society of Chemistry 2025
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profiles. Optimising these elements is crucial to reducing
harmful health and environmental effects, yet effective combi-
nations that minimise toxicity remain underexplored.
Although extensive research has focused on MOFs’ metal ions
and organic linkers, the role of solvents in toxicity is often
overlooked. Solvents such as ethanol, DMSO, and DMF are
commonly used in MOFs synthesis, and residual solvent mole-
cules can remain trapped in MOFs pores, posing potential
short- or long-term health and environmental hazards. Such
solvents may be gradually released during MOFs application,
leading to toxic exposure, particularly in biomedical contexts
where MOFs could directly contact tissues or organs.”®
Addressing solvent-related toxicity is thus essential to advan-
cing the design of MOFs for safe applications, particularly in
biomedical and environmental remediation fields. Another
critical concern with MOFs is their potential to accumulate in
the environment, leading to the release of ROS and, conse-
quently, oxidative stress, inflammation, cytotoxicity, harmful
metal ions, apoptosis, and necrosis. This oxidative stress and
metal ion release can detrimentally affect various organisms,
leading to cellular damage, genetic mutations, and impaired
growth in organisms ranging from microbial life to human
cells and plants’®. Such effects highlight the urgent need for
more detailed, standardised toxicity testing to establish guide-
lines for MOFs exposure limits, focusing on evaluating their
cumulative environmental and health impacts.

A further limitation of current toxicity assessments is their
focus on the pristine, unaltered forms of MOFs, which often
fail to represent the complex transformations these materials
undergo in real-world applications.’® MOFs are particularly
susceptible to transformations in response to environmental
factors like humidity, temperature, and pH, especially given
their porous structure, active sites, and large surface area (dis-
cussed in detail in section 2.4.3). These characteristics lead to
rapid hydration, metal ion leaching, and unpredictable stabi-
lity in various fluids, contributing to the toxicological complex-
ity of MOFs.*" However, most toxicity studies neglect these
transformation-induced alterations, overlooking the broader
environmental impact of MOFs degradation products and the
potential increase in toxicity over time. Understanding MOFs
behaviour under different environmental conditions is funda-
mental to mitigating potential health and ecological risks. In
many cases, the effects of MOFs transformation on toxicity
remain underexplored, limiting the ability to accurately assess
the safety of MOFs in applications where they may degrade or
interact dynamically with other materials. As these transform-
ations can lead to increased metal ion release and potential
interactions with biological tissues, further research is essen-
tial to characterise the long-term effects and safety of MOFs in
various practical contexts.®* Currently, there is limited data on
the comprehensive environmental footprints of MOFs, hinder-
ing a full assessment of their long-term sustainability. Most
LCA on MOFs focus on synthesis costs, energy consumption,
or specific environmental aspects (like solvent use or emis-
sions) without a holistic cradle-to-grave analysis. Given the
broad variety of MOFs structures and synthesis methods, this
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gap limits understanding of their complete environmental
impact, especially in large-scale or industrial applications.
Addressing this gap would require standardised LCA method-
ologies for assessing diverse MOFs across all life cycle stages.
The increasing application of MOFs is tempered by significant
gaps in ecotoxicity data, particularly with respect to the for-
mation of protein and eco-coronas. These coronas critically
influence MOFs’ environmental behaviour and biological
interactions. The insufficient data on the transformation pro-
cesses of MOFs, such as homoaggregation, heteroaggregation,
dissolution, and degradation, constrains our understanding of
their likelihood to release potentially harmful metal ions (e.g.,
Zn*") and ROS. Such emissions have the potential to induce
oxidative stress, DNA damage, mitochondrial dysfunction, and
other deleterious effects in organisms, which may disrupt eco-
logical processes and bioaccumulate. These unknowns rep-
resent a significant weakness within the SSbD framework for
MOFs, posing challenges to obtaining regulatory approval and
limiting broader adoption. However, addressing these data
gaps offers a critical opportunity to refine the design and
application of MOFs to ensure they are both effective and
environmentally safe, thereby enhancing their market viability
and regulatory acceptance.

LCA of MOFs is a critical aspect of SSbD approaches.
However, despite the existence of over 90 000 reported MOFs,
LCA studies on these materials are limited, leaving gaps in
understanding their full sustainability profiles. For example,
Grande et al.®” pioneered an LCA for the CPO-27-Ni MOFs,
identifying solvent recycling and elimination as key strategies
to reduce environmental impact. While this work lays an
important foundation, more comprehensive and proactive
approaches to LCA are needed to fully assess MOFs’ environ-
mental impacts, particularly as their range of applications
expands. Escobar-Hernandez et al.”* further explored the econ-
omic feasibility of MOFs production but provided limited
insight into the environmental impacts across the synthesis
life cycle, including emissions and waste production.
Similarly, Ntouros et al.®* conducted an LCA of various ZIF-8
MOFs synthesis routes, exploring different methods but
lacking detailed data on emissions, energy consumption, and
byproducts. Without this data, it is difficult to assess the
environmental sustainability of each method fully, especially
given the extensive diversity in synthesis protocols used across
MOFs.

Maklavany et al.®* conducted an LCA for MIL-53 MOFs, yet
did not explore the long-term impacts of disposal or recycling
options for MIL-53 (Fe). This represents a broader challenge in
the field—while there are significant initial insights, gaps
remain regarding the full life cycle and end-of-life environ-
mental impact. Addressing these gaps is essential for effective
SSbD in MOFs development, particularly as researchers con-
tinue to design new MOFs with unique properties and appli-
cations. While researchers are increasingly addressing these
challenges, a more structured, proactive approach to LCA is
essential to progress SSbD framework. Developing a compre-
hensive LCA framework specific to MOFs would promote con-
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sistent, detailed environmental impact assessments across
different types and synthesis methods. This would not only
enhance sustainability but also make it easier to integrate eco-
design considerations in the early development phase. The
rapid expansion of the MOFs field, with over 90 000 unique
structures and new ones emerging continuously, presents prac-
tical challenges to conducting detailed LCAs for every MOFs
variant. Given the volume and diversity of MOFs, performing
comprehensive LCAs on each would be complex. A practical
solution could involve focusing on representative LCAs for key
categories of MOFs or typical synthetic routes, alongside stan-
dardised sustainability metrics. This would streamline the
assessment process while still providing useful insights to
guide safer, more sustainable MOFs development. Therefore,
initial LCA efforts are commendable, advancing SSbD in the
field of MOFs will require a more extensive, proactive approach
to LCA. Standardising LCA criteria and prioritising assess-
ments for key MOFs categories could pave the way for more
sustainable, scalable, and environmentally friendly MOFs pro-
duction processes, meeting the growing demands of diverse
applications while minimising ecological impact.

2.2.3 Cost, scalability and reproducibility constraints. The
adoption of SSbD framework can require significant upfront
investment in research, development, and re-engineering of
existing MOFs designs. For companies and researchers operat-
ing with limited budgets, these costs may pose a barrier to
implementing SSbD strategies. Economic constraints, com-
bined with high costs of eco-friendly materials, could inhibit
the broad implementation of SSbD for MOFs. The synthesis of
MOFs often involves expensive precursors, high-energy pro-
cesses, and complex manufacturing, making large-scale pro-
duction costly. Sustainable and low-cost synthesis routes are
essential to overcome these economic challenges.®’
Furthermore, achieving industrial-scale MOFs production is
complicated by resource inefficiencies and limited reuse
options for spent MOFs. Efforts toward circular economy prin-
ciples, including recycling and reuse, are underway but require
further development. One of the primary obstacles to scaling
up the production of MOFs is the challenge of reproducibility
in their synthesis. In a detailed interlaboratory study, Bostrom
et al.®® examined the synthesis of two specific zirconium-por-
phyrin MOFs across multiple laboratories. The study evaluated
consistency in yield, particle size, and crystallinity, revealing
substantial variations in synthesis outcomes. Specifically,
yields varied by over 50% across labs, and notable discrepan-
cies in particle sizes and crystallinity were observed. These
findings highlight the impact of often unreported parameters
—such as solvent purity, choice of reaction vessels, and the
degree of environmental control—on synthesis outcomes.
Such factors, if unaccounted for, can lead to inconsistencies
that hinder large-scale production efforts. Therefore, reprodu-
cibility and synthesis purity are critical factors in MOFs pro-
duction and represent economic barriers, as variability in syn-
thesis can lead to inefficiencies and failures in large-scale
manufacturing efforts. In their seminal 2017 review, Ren
et al¥ discussed sustainable practices for scaling up MOFs
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production at the pilot scale, highlighting innovations in syn-
thesis methods, continuous production techniques, and
reactor design modifications. They identified significant limit-
ations, such as difficulties in maintaining uniformity, purity,
and crystallinity at larger scales, alongside the substantial
costs and energy requirements associated with industrial pro-
duction. Now, even with a seven-year gap since Ren et al’s
findings, recent insights from Bostrom et al®® reveal that
these core challenges persist, raising questions about the feasi-
bility of truly sustainable large-scale MOFs production. This
ongoing issue underscores the need for advanced technologi-
cal solutions to address the scalability hurdles, paving the way
for innovative approaches to meet industrial demands
sustainably.

The cost factor remains a major obstacle for scaling up
MOFs production, with the high expense of organic linkers
presenting a key challenge. In a seminal paper, Paul et al.®®
discuss these economic barriers, noting the stark price differ-
ence between organic linkers and inorganic precursors, with
linkers often costing up to 100 times more. Additionally, they
highlight incomplete optimisation of synthesis routes, which
hinders consistent quality and drives up production costs,
making large-scale manufacturing difficult. Severino et al.®®
reinforce these concerns in their comprehensive assessment of
MOFs industrialisation, identifying the high cost of organic
linkers and the energy-intensive nature of synthesis as primary
economic bottlenecks. Their review suggests that using
alternative, low-cost linker sources, improving energy
efficiency, and optimising methods like flow chemistry and
mechanochemistry could make MOFs production more viable.
Nonetheless, these high costs and resource demands create a
weak link in the scalability chain, making MOFs less practical
for industries focused on cost-effective and sustainable
materials. Similarly, in “Toward Scalable and Sustainable
Synthesis of Metal-Organic Frameworks”, Xie et al.°® explore
greener, scalable production pathways, such as solvent-free
mechanochemistry and recycling-based strategies. While these
methods offer potential sustainability benefits, significant
limitations remain in achieving consistent structural quality
and cost-efficiency on an industrial scale. The high costs,
energy requirements, and production challenges associated
with scaling up MOFs highlight the pressing need for inno-
vation within the SSbD framework. These hurdles present new
opportunities for research into alternative, affordable linker
sources, streamlined synthesis routes, and energy-efficient
methods. By addressing these weaknesses, researchers have
the chance to reshape the field towards more sustainable, scal-
able MOFs production, setting new standards in industrial sus-
tainability and enabling broader MOFs applications across
diverse sectors.

2.2.4. Complexity of balancing safety with performance.
Balancing safety with performance in MOFs design under a
SSbD approach presents a substantial challenge. MOFs, with
their broad applications in areas like environmental remedia-
tion, biomedical uses, and energy storage, rely on a robust
structure, high surface area, porosity, and active sites. Meeting
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SSbD guidelines while striving for performance comparable to
MOFs synthesised through traditional methods demands a
strategic approach. This includes selecting safer materials,
such as non-toxic metal ions, ligands, and solvents, to ensure
both functionality and safety are maintained without compro-
mise. In an innovative approach to green synthesis, Keshta
et al.” developed MIL-101(Cr) by utilising industrial waste-
water as a source for Cr(m) ions, converting hazardous Cr(vi)
into a safer form. Simultaneously, the organic linker BDC was
sustainably obtained from discarded PET bottles, effectively re-
cycling plastic waste. Importantly, the synthesis process
avoided toxic solvents entirely, aligning with environmental
and health safety guidelines. The resulting MIL-101(Cr) MOFs
exhibited an outstanding adsorption capacity of 2176 mg g™*
for acid blue dye, demonstrating not only environmental reme-
diation potential but also a sustainable pathway for MOFs pro-
duction by repurposing industrial and plastic wastes.
Recycling of waste and use it as a source for linker or metal
ions is an innovative idea but this brings the question about
the consistency and purity of raw material, which directly
affects the reproducibility and performance of synthesised
MOFs. In addition, these materials also need extra energy
intensive steps to ensure the there are no other contaminants
present after recovering ligand and metal ions from waste
material. While the green synthesis method is more sustain-
able, it may not yet be economically feasible compared to tra-
ditional methods, especially if additional purification steps for
the recycled materials are needed. Balancing these environ-
mental benefits with production costs remains a key
challenge.

In a related study,”” the green synthesis of a core-shell mag-
netic MOFs composite (Fe;0,@Si0,@HKUST-1) demonstrated
significant advancements in dye adsorption applications. This
composite exhibited a 130% increase in adsorption capacity
compared to pristine HKUST-1, showcasing the ability of green
synthesis to enhance functionality without sacrificing perform-
ance. These studies highlight the potential of eco-friendly syn-
thesis methods in MOFs design, demonstrating that sustain-
able approaches can preserve or even enhance the functional
properties essential for applications like environmental reme-
diation. However, the increased adsorption capacity seen in
composites like Fe;0,@SiO,@HKUST-1 also presents chal-
lenges. The complexity of this multi-layered composite may
lead to economic and structural drawbacks, particularly with
potential instability after repeated use. Moreover, maintaining
consistent performance without compromising the compo-
site’s eco-friendly qualities poses a challenge. It is crucial to
rigorously evaluate the safety of these green-synthesised
materials alongside their enhanced functionality to ensure
they effectively balance performance with safety in environ-
mental applications.

Most of the research articles highlighted the improved
adsorption capacities for different dyes, toxic metal ions, and
pharmaceutical wastes using MOFs designed with SSbD frame-
work, but the concentration of metal ions released from the
MOFs are rarely reported.”®** Li et al.®® reported that introdu-
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cing defects in UiO-66 MOFs can enhance its adsorption
capacity for tetracycline. However, with the increased adsorp-
tion capacity resulting from these defects, it is essential to
investigate the release of metal ions from the MOFs into the
aqueous solution during the adsorption process. Considering
the framework of SSbD, this is a critical parameter to assess
for the industrial application of such MOFs. In these methods,
while the functionality and properties of MOFs are enhanced
for applications such as selectivity and reusability, there can
be trade-offs in other structural features. For instance, when
synthesising MOFs using green synthesis, non-toxic organic
ligands replace conventional ones, resulting in altered
bonding between the metal centre and the ligand, which
affects the number of active sites on the MOFs. Abhari et al.*®
reported using a green activated carbon-HKUST-1 composite
for lead removal from wastewater, achieving an adsorption
capacity of 249.4 mg g™ ". This capacity is four times lower than
that of pristine HKUST-1 synthesised through a traditional
method, for which Wang et al® reported an adsorption
capacity of 819.2 mg g~ . Additionally, the need for post-modi-
fication synthesis and composite preparations introduces
changes that are essential for achieving the desired properties
in green and sustainable MOFs production, which may not be
required in traditional MOFs. Therefore, striking a balance
between performance and safety represents a genuine
challenge.

Self-explanatory Table 2 highlights recent research findings
on MOFs and MOFs composites, emphasising their alignment
with SSbD dimensions and relevant SDGs. It highlights how
MOFs are engineered to support sustainability targets across
various applications, presenting a concise overview of their

benefits, challenges, and recommendations for future
advancements.

2.3. Opportunities

2.3.1. Advancements in biocompatible and degradable

MOFs. In recent times, advancements and the use of MOFs in
biological applications such as drug delivery’"® wound
healing'"* and tissue engineering'"® opened new horizons in
biocompatible and degradable MOFs. Researchers are actively
seeking MOFs that can safely interact with biological systems,
break down into non-toxic byproducts, or be easily recycled,
emphasising the importance of biocompatibility and degrad-
ability."*® The SSbD approach is crucial in this context, advo-
cating for the development of MOFs using green chemistry
and green engineering principles."'**'® Such MOFs often
incorporate benign metals like Zn, Mg, and Ca, and utilise bio-
based organic linkers, such as amino acids or peptides. These
BioMOF-based monoliths and scaffolds are increasingly
explored in applications like drug delivery and tissue engineer-
ing. In recent study, Angkawijaya et al.'*® reported Cu-based
BioMOF (nontoxic, biocompatible, and highly stable) with pro-
tocatechuic acid (PCA) as organic linker, which showed excep-
tionally high drug loading capacity (443 mg g~ ') for the treat-
ment of Tuberculosis. This work showcases the progress in
designing MOFs that are safe and effective for biomedical
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applications, reflecting the growing versatility and potential of
MOFs in sustainable healthcare solutions. In addition, MOFs
present substantial opportunities in nanoscale drug delivery
through their high storage capacities, multifunctional pro-
perties, excellent biocompatibility, and versatile synthesis and
surface modification methods."® These attributes enable the
encapsulation of a wide range of therapeutic agents, including
drugs and macromolecules like DNA and siRNA, facilitating
the development of advanced, sustainable biomedical appli-
cations.' For instance, BioMOF surfaces can be modified
with polar surface groups to enable selective loading and
release of drugs at specific locations. By tuning the surface
properties, MOFs can stably incorporate biologically active
molecules, while flexible and responsive structures allow for
cargo release in response to pH changes, such as those found
in tumour environments (contributing to Good Health and
Well-being). This MOFs design not only improves the
efficiency of targeted drug delivery but also demonstrates an
SSbD approach by emphasizing both biocompatibility and
degradability.**°

In another study,'>® researchers developed a scalable
method for synthesising a bio-based Cu-MOFs, providing a
cost-effective and sustainable approach to bone defect repair.
This novel Cu-based MOFs addresses toxicity concerns by
gradually releasing Cu** ions, which ensures biocompatibility
while promoting osteogenesis and angiogenesis, addressing
SDGs related to good health and well-being and innovation in
sustainable materials. Mechanistic studies indicate that the
effectiveness of this MOFs stems from its ability to activate the
transforming growth factor-p/bone morphogenetic protein sig-
nalling pathway, highlighting its potential and opportunity for
MOFs and MOFs based materials as a therapeutic tool in
regenerative medicine."*® Babaei et al.'** reported safe and
sustainable Fe-based Bio-MOFs prepared using curcumin and
green chemistry method, which does not involve use of toxic
chemicals and strong acids. This BioMOF used as a system for
loading of doxorubicin (DOX), coated with polyethylene glycol
(PEG), and targeted with an EpCAM aptamer for Colorectal
Cancer cells (CRC) specificity. This BioMOF demonstrated
(Fig. 6A) effective tumour regression, low systemic toxicity, and
MRI imaging capabilities, highlighting its potential as a sus-
tainable, multifunctional system for CRC treatment and moni-
toring. In another study,"”® porphyrin used as linker to
prepare Zr-bio-MOF (using green, rapid and facile synthesis
method), which is photosensitive and releases oxygen reactive
species when exposed to visible light. Considering this, study
prepared porphyrin based Zr-MOFs gold nanoparticle compo-
site for anticancer treatment of colorectal cancer cells assay. By
integrating targeted drug delivery, low systemic toxicity, and
imaging or photodynamic capabilities, these MOFs align with
SDGs aimed at promoting good health and well-being and sup-
porting innovation in sustainable medical technologies. This
advancement underscores the potential of BioMOFs to deliver
more sustainable, effective, and targeted cancer treatments.
However, in case of MOFs and MOFs based scaffold for appli-
cations in biomedical industry, challenges such as stability of
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MOFs, controlled drug release, compatibility with various
tissue types, and degradation rate optimisation remain. By
integrating drug-loaded MOFs with biocompatible scaffolds,
there is a promising pathway for targeted therapies, such as
localized pain relief following surgeries or injury, that provide
sustained release while minimising systemic side effects. The
SSbD alignment of MOFs further enhances their suitability for
clinical applications, as it could streamline regulatory approval
processes and pave the way for clinical trials. The stability and
low toxicity of these MOFs meet regulatory expectations, redu-
cing the time to market for potential treatments. Overcoming
current limitations, such as fine-tuning the degradation profile
and ensuring uniform drug distribution, could therefore offer
substantial commercial opportunities and accelerate their
acceptance in medical fields.

In one of the recent work, modified version of MOFs was
used for X-ray imaging by embedding perovskite material in a
Bio-MOF-100, this study introduces a safe and sustainable
design for perovskite-MOF nanocomposite used in X-ray
imaging. Researchers developed a stable and efficient scintilla-
tor that maintains its performance under challenging con-
ditions like heat, air, and UV exposure.'” This approach
enhances the brightness and stability of the material, allowing
for clear and precise X-ray imaging with excellent resolution.
This work marks a significant step toward sustainable, high-
performance materials for solid-state imaging and other opto-
electronic applications. These advancements highlight the
transformative potential of MOFs and MOF composite
designed with a SSbD approach, especially in biomedical
applications where biocompatibility, degradability, and safety
are critical. By integrating green chemistry principles and uti-
lising non-toxic metals and bio-based linkers, such MOFs not
only provide effective therapeutic solutions but also address
environmental and safety concerns. The progress in designing
biocompatible, degradable MOFs like Bio-MOFs with Cu and
other non-toxic metals offers a promising pathway toward sus-
tainable, high-performance materials that can revolutionize
healthcare applications, from drug delivery to regenerative
medicine.

2.3.2 Emerging MOFs applications through machine learn-
ing-driven innovation. The integration of machine learning
(ML) into MOF research has further accelerated the progress
by enhancing predictive design capabilities (Fig. 6B), optimis-
ing synthesis, and fine-tuning material properties for specific
applications."® Originally known for their roles in gas storage
and separation, MOFs are now being explored in areas such as
environmental remediation, biomedical applications,"*’
renewable energy'?® sustainable agriculture,"*® and electronic
sensing.®! ML enhances environmental applications of MOFs
by predicting the adsorption efficiency of different MOF struc-
tures for specific pollutants, saving time and reducing depen-
dency on trial-and-error methods."*> Adhering to SSbD’s call
for innovation to drive sustainability, the use of ML for high-
throughput screening reduces reliance on resource-intensive
experimental trials. For instance, Saini et al.'** introduced a
Random Forest (RF) regression approach to identify optimal
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Fig. 6 Opportunities associated with MOFs. (A) Targeted in vivo efficacy of Apt-PEG-MOF@DOX MOFs demonstrating minimal toxicity and antitu-
mor efficacy indicating advancement in biocompatible MOFs.*22 (B) ML unlocks innovation in MOFs research by quickly screening the MOFs data-
base with high accuracy, enabling precise design, optimising synthesis, and accelerating the discovery of functional materials for various appli-
cations. (C) Applying circular economy principles to MOFs offers an opportunity to enhance sustainability by reducing toxic chemical use, reusing
solvents, and recycling spent MOFs, thus conserving energy and resources throughout the MOFs lifecycle. (D) The use of PIPS in 3D printing to
control MOFs dispersion within resin enables the creation of catalytically accessible, high-resolution printed structures, expanding possibilities for
functional materials in applications like catalysis and protective devices.'?* (Prepared using Biorender Software).

MOFs for Pb(u) ions removal from water. Screening a vast data-
base of 146 205 MOFs based on chemical and structural pro-
perties, the researchers identified 50 high-performing MOFs,
further refining the selection to 26 that are stable in water. RF
regression was chosen for its accuracy and stability, effectively
predicting MOF adsorption capacities and making high
throughput screening feasible. The study highlights how fea-
tures like larger cavities and carboxyl groups enhance Pb(u)
ions adsorption, providing valuable design insights for water-
purifying MOFs and demonstrating the efficiency of ML over
traditional methods. As discussed earlier, recent advance-
ments have introduced the use of MOFs in biomedical appli-
cations''® marking an emerging frontier for biocompatible
and degradable MOFs. Menon et al.'** explained the role of
ML in designing safe and biocompatible MOFs for drug deliv-
ery by predicting the cytotoxicity of metal centres and organic
linkers, categorising them as “safe”, “toxic”, or “fatal”. By lever-

This journal is © The Royal Society of Chemistry 2025

aging toxicity data (e.g., LD50 values) and chemical properties,
the ML framework identifies structural features linked to bio-
compatibility, like porosity and stability, which help select safe
(r) MOF structures. This ML-driven screening aligns with SSbD
framework by predicting MOFs properties for tailored drug
delivery, minimising experimental testing and resource use
while lowering environmental risks, ultimately reducing time-
to-market for biomedical innovations.

Further, MOFs offer an excellent balance between thermal
stability and storage efficiency, making them ideal for appli-
cations requiring safe, reliable hydrogen storage under varying
temperature and pressure conditions. A study performed by
Shekhar et al.'*® ML plays a transformative role in accelerating
hydrogen storage research, allowing for rapid screening and
analysis of 4000 MOFs to identify structures with high hydro-
gen affinity. In particular, topological data analysis (TDA) com-
bined with ML models, such as the ResNet-18 model used in
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this study, enables scientists to assess and predict the per-
formance of MOFs more efficiently than ever before. By incor-
porating both topological descriptors and conventional struc-
tural features, this approach enhances prediction accuracy,
minimising the need for costly and time-intensive simulations.
This ML-driven method opens new avenues for the discovery
of MOFs with optimised storage capacities and contributes to
a growing database of sustainable, high-performance hydrogen
storage materials. MOFs hold immense potential in sustain-
able agriculture, particularly in enhancing fertiliser delivery,
increasing crop resilience, and remediating pollutants."*
However, there is a notable gap in the integration of ML with
MOF applications in this field. ML can significantly enhance
the predictability and efficiency of MOF-based interventions by
optimising synthesis parameters, predicting adsorption
capacities, and evaluating interactions with soil and crop
systems. For instance, ML models could predict the best MOF
formulations for micronutrient delivery under varying soil pH
and moisture levels, optimising the use of MOFs for different
crop types and climates. ML integration in MOFs research
enhances predictive capabilities, reducing experimental depen-
dency, advancing sustainability while allowing rapid advance-
ments in applications from environmental remediation to bio-
medical and hydrogen storage. Going forward, the expansion
of ML applications within MOF research, particularly in under-
explored areas like agriculture, will be crucial for unlocking
the full potential of MOFs as sustainable solutions across
industry and environmental sectors.

2.3.3. Circular economy potential. The circular economy,
launched in 2010, focuses on recyclability, waste valorisation,
renewable resources, and sustainability to promote a greener
economy across a product’s lifecycle'®” The 3R (Reduce, Reuse,
Recycle) and 4R (including Recovery) waste management
frameworks'>” when applied to MOFs can guide processes
where reusing solvents, reducing waste, and recycling
materials at each stage help recover and retain system energy
(Fig. 6C).

Reducing toxic solvents and materials further advances the
sustainability of MOFs synthesis. Dang et al.'*® emphasises
the “Reduce” principle of the circular economy by employing a
reusable PA@MOF (palladium-based MOF) catalyst and DES
in C-C coupling reactions. This reusable catalytic system mini-
mises the need for traditional solvents and non-recyclable cat-
alysts, thus reducing waste. Additionally, the reusability of
both the PA@MOF catalyst and DES decreases the input of
fresh resources for each reaction cycle, aligning with circular
economy principles aimed at conserving materials. The DES
not only functions as a solvent but also as a catalyst, further
reducing the need for auxiliary chemicals and contributing to
an eco-friendlier process. Solvent-free synthesis of MOFs pre-
sents another alternative; however, it often demands substan-
tial energy input.'*® Microwave-assisted synthesis offers a
green alternative for producing MOFs by minimising solvent
use and enhancing energy efficiency through direct coupling
with reacting molecules, drastically reducing power consump-
tion. Unlike conventional methods, it can complete reactions
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in minutes rather than days, saving time and reducing waste.
This approach also enhances reaction rates, selectivity, and
yields, making it an ideal choice for sustainable chemistry.'*°

Reusing resources in MOFs synthesis not only reduces the
demand for fresh materials but also minimises waste, aligning
with sustainable practices. As discussed in further sections,
retaining 88% of its adsorption capacity after five cycles, the
GO-ZIF-67 composite'! exemplifies this principle. Its high re-
usability means that less material is required over time for pol-
lutant removal, minimising environmental impact and
material waste. This efficiency is particularly valuable in large-
scale applications, where the ability to reuse adsorbent
materials decreases operational costs, conserves resources,
and limits the ecological footprint associated with constant re-
placement. Integrating such materials into pollutant remedia-
tion strategies thus directly supports sustainable practices,
contributing to a circular economy where materials are conti-
nually repurposed rather than discarded.

Recycling processes can close the material loop, enabling
repeated use of MOF-derived products in various applications,
such as catalysis, rather than disposing of them after single
use. To give an example, Yang et al.** highlights the recycling
of MOFs, specifically MIL-100(Fe) saturated with tetracycline
hydrochloride (TCH), by converting it into a graphene/Fe@N-
doped carbon hybrid (FexNC) via pyrolysis. This transform-
ation provides a dual benefit: it enables effective antibiotic
degradation and recovers resources, creating high-value cata-
Iytic applications instead of landfill waste. By repurposing
spent MOFs, the study aligns with circular economy principles,
emphasizing both environmental and resource sustainability.
This approach demonstrates how recycling can convert hazar-
dous waste into valuable, reusable materials.

Further supporting this idea, Zhong et al.'** demonstrated
that MOFs can be synthesised using recycled stainless steel as
a metal source, creating MOF composites for efficient electro-
catalysis in water oxidation. The study highlights how spent
stainless steel can serve as a self-sacrificial template, trans-
forming waste materials into functional MOFs with high cata-
Iytic activity. This provides a promising route to integrate
MOFs into sustainable energy systems while ensuring the
reuse of metal-containing waste. Similarly, Chu et al.'** dis-
cussed strategies to enhance the sustainability of MOF pro-
duction emphasising scalable synthesis and resource-efficient
recovery. Their work shows the importance of minimising
chemical waste, optimising separation techniques, and devel-
oping strategies for the reuse of spent MOFs in new appli-
cations. The integration of these approaches aligns with circu-
lar economy principles, ensuring that MOFs remain viable
beyond their initial use.

Future opportunities for integrating a circular economy
framework into the field of MOFs offer a promising route to
achieve more sustainable production, use, and end-of-life
management. Adopting circularity principles would shift the
focus from linear resource consumption and disposal to creat-
ing closed-loop systems that maximise resource efficiency and
minimise environmental impact. For MOFs, this could include
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innovative approaches to reuse and recycle materials, optimise
synthesis to reduce waste and energy use, and develop scalable
methods for recycling MOFs components, such as metal ions
and organic linkers, from spent materials. On a larger scale,
establishing standardised protocols for MOF synthesis, use,
and recovery could streamline LCA and make it easier to evalu-
ate sustainability metrics across different applications. As dis-
cussed earlier in section 2.2.2, detailed LCA frameworks tai-
lored specifically for MOFs are needed to accurately evaluate
their environmental impacts from cradle to grave. A focus on
representative LCA studies for key MOFs categories would help
in developing robust circular strategies, identifying opportu-
nities for resource recovery, and fostering sustainability within
the SSbD approach. By moving toward circularity, the field of
MOFs could not only reduce its ecological footprint but also
support sustainable industrial applications that align with
broader goals of environmental responsibility and resource
conservation.

2.3.4. Safe and sustainable composites. While MOFs hold
promise, their large-scale implications raise concerns regard-
ing their stability, toxicity and environmental impact. In
response, researchers have developed composite materials by
combining MOFs with polymers, carbon-based nanomaterials,
or inorganic nanoparticles, creating hybrid systems that
enhance functionality by retaining the best features of each
component while minimising their drawbacks. For instance,
MOFs are usually difficult to shape due to their crystalline
structure but Perera et al.'>* made them (UiO-66) more versa-
tile by combining them with polymers like 2-hydroxyethyl acry-
late (HEA) and 2-phenoxyethyl acrylate (PEA). These MOF-
polymer composites were shaped using 3D printing, making it
possible to create structures such as air filters and gas masks
(Fig. 6D). The MOFs migrate to the surface during printing,
enhancing their accessibility for catalytic reactions, such as
breaking down chemical warfare agents, while maintaining
the flexibility and strength of the polymers for use in wearable
protective gear.

Further, Dubey et al.'*® synthesised an organic linker 1,4-
benzenedicarboxylic acid (BDC) by breaking down recycled
PET plastic bottles through alkaline hydrolysis, transforming
waste into a valuable building block for Cu-MOFs. Adding con-
ducting polymers like polyaniline (PANI) was essential to boost
the composite’s conductivity and stability, as it created
efficient pathways for ion and electron transport that pure
MOFs lack. As a result, the Cu-MOF/PANI composite achieved
a 53% increase in specific capacitance, reaching 160.5 F g~ at
a current density of 0.5 A g~ compared to 104.8 F g~* for pris-
tine Cu-MOF. The cyclic stability also improved, with Cu-MOF/
PANI retaining 93.4% of its initial capacitance after 10 000
charge-discharge cycles, outperforming the pristine Cu-MOF,
which retained 89%. This sustainable, high-performance com-
posite aligns with SSbD framework, effectively recycling plastic
waste and minimising environmental impact while enhancing
energy storage efficiency. Furthermore, incorporating carbon-
based materials like graphene, carbon nanotubes (CNTs), and
carbon dots (CDs) into MOFs enhances their electrical conduc-
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tivity, chemical stability, and surface area, expanding their
utility in energy storage, catalysis, and sensing
applications.""**® Bano et al.’*"* added 3D porous graphene to
ZIF-67 MOFs which significantly boosted its stability, dura-
bility, and reusability. With graphene, the composite achieved
an adsorption capacity of 589.46 mg g¢~' for Congo Red and
350.79 mg g~ for Methylene Blue, compared to much lower
capacities for ZIF-67 alone. The graphene-MOF composite
retained over 88% of its adsorption capacity after five reuse
cycles, demonstrating improved durability, whereas pristine
ZIF-67 typically suffers structural degradation after fewer
cycles. This enhanced stability and reusability make the gra-
phene-MOF composite far more effective and sustainable for
repeated water treatment applications. Another research
group,'”’” synthesised UiO-66-NDC/GO composite which sig-
nificantly outperformed pristine UiO-66-NDC MOF in Pb(u)
adsorption, reaching a maximum capacity of 254.45 mg g™*
compared to around 80-150 mg g~ for the MOF alone. The
addition of GO increased the material’s surface area by
approximately 20-30%, creating more active sites and enhan-
cing stability, as evidenced by simulation studies (—45.459 eV
vs. —42.978 eV). This enhanced stability allowed the composite
to be reused for up to four cycles with minimal efficiency loss,
showcasing its durability and effectiveness for sustainable
heavy metal removal from water. These simulations also high-
lighted the dynamic interactions facilitated by delocalised Zr
atoms, confirming the composite’s ability to efficiently capture
Pb(u) ions at a molecular level. From an SSbD perspective, GO
not only enhanced the material’s adsorption capacity but also
improved its reusability and regeneration potential. The
MOF-GO hybrid can be used for multiple cycles with minimal
loss in effectiveness, supporting waste reduction and long-
term environmental sustainability in water treatment.

Qu et al."*° showed that by adding green CDs to the pristine
MOFs significantly boosted its effectiveness for dye removal.
While Keratin/Ce-MOF'*® had an adsorption capacity of
around 469 mg g~ ' for trypan blue and Ce-UiO-66"*° 794 mg
g~ for Congo red, the composite MOF with CDs (Ce-UiO-66-
F4) achieved 773 mg g™* for trypan blue and 1429 mg g~* for
Congo red, marking improvements of about 65% and 80%,
respectively. This enhancement came from the additional
functional groups on the CDs, which strengthened hydrogen
bonding and electrostatic interactions, making the composite
versatile across different pH levels and salt concentrations.
Moreover, the composite retained over 90% of its capacity even
after multiple reuse cycles, indicating greater durability com-
pared to the pristine MOF. The composite’s use of non-toxic,
renewable carbon dots, high reusability, and stable perform-
ance across conditions makes it a safer, more sustainable
option for water purification. Finally, with deep learning
support, the system can assess dye concentrations with 96%
accuracy, enabling real-time, reliable monitoring of purified
water.

In another study, ” noble metal like gold nanoparticles
(AuNPs) and MOF (PCN-224) composites were synthesised and
the ICs, values of the composites were 703 pg mL ™" for normal
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HEK-293 cells and 300 pg mL™" for cancerous SW-480 cells
after 24 hours, showing the composite’s ability to target cancer
cells more effectively, requiring less than half the concen-
tration needed for normal cells. After 24 hours, 33.84% of the
treated cancer cells were in early apoptosis, 27.34% in late
apoptosis, and 3.18% showed necrosis, underscoring the com-
posite’s potential as an effective anticancer agent. From an
SSbD perspective, the biocompatibility with normal cells, com-
bined with high selectivity for cancer cells and green synthesis,
highlights a safe(r), more sustainable approach to cancer treat-
ment by minimising health risks and environmental impacts.
Shi et al'®® synthesised two MXene-MOF composites
(CoSe,@C/MX-B and CoSe,@C/MX-S). CoSe,@C/MX-B uses a
solvent-free ball-milling approach, while CoSe,@C/MX-S is
created via a solution-based process that requires freeze-drying
to maintain MZXene stability. This difference results in
CoSe,@C/MX-S having a higher surface area (75.6 m* g~') and
larger pore volume (0.11 cm?® g™") compared to CoSe,@C/MX-B
(38.5 m*> g~' surface area and 0.03 cm® g~ pore volume),
though CoSe,@C/MX-B demonstrates better structural stabi-
lity. For lithium-ion storage, CoSe,@C/MX-B maintains a
specific capacity of 669.2 mA h g~ over 1000 cycles at 1 A g,
whereas CoSe,@C/MX-S, despite its initial high capacity,
experiences faster capacity decay due to structural degradation.
The solvent-free synthesis of CoSe,@C/MX-B minimizes
environmental impact and health risks by eliminating toxic
solvents and reducing energy use. This method also enhances
structural stability, potentially prolonging the material’s life-
span and reducing waste, aligning with sustainable design
principles.

MOF-based composites offer versatile, sustainable solutions
across diverse applications, from water treatment to energy
storage and cancer treatment, by integrating with polymers,
carbon-based nanomaterials, and nanoparticles to enhance
stability, reusability, and efficiency. These composites, devel-
oped in line with SSbD framework, demonstrate improved per-
formance and durability, which are crucial for real-world,
large-scale applications. By advancing the field with eco-
friendly innovations, MOF-based composites present a promis-
ing path toward safer, high-performance materials that align
with environmental and health safety standards, ultimately
contributing to a more sustainable future in material science.

2.4. Threats

2.4.1 Alternative materials. Due to various weaknesses
associated with the stability and degradability of MOFs, they
face increasing competition from emerging materials, particu-
larly COFs, MXenes and Carbon-based nanomaterials such as
GO, rGO. These materials offer distinct structural and chemi-
cal advantages that align with SSbD framework, potentially
providing alternatives for applications where MOFs currently
struggle.

Carbon based nanomaterials such as GO and rGO are
majorly used in applications such as adsorption of toxic metal
ions, reinforcements in polymer composite for food packaging
and biomedical applications, flexible electronics and energy

3838 | Green Chem., 2025, 27, 3815-3850

View Article Online

Green Chemistry

storage applications because of their well-known properties
such as high effective surface area, presence of oxygenated
functional groups, and exceptional thermal and electrical con-
ductivity. One notable study by Bhadane et al.>> demonstrated
the effectiveness of a biodegradable and sustainable starch-GO
composite as an adsorbent for Pb(u) removal from industrial
wastewater within just 15 minutes. This approach eliminates
the need for centrifugation or filtration, addressing a signifi-
cant challenge associated with MOFs, which often require
complex separation processes after adsorption, to isolate the
powdered material from the solution. As shown in Fig. 7A and
B, Ge et al,"” demonstrated application of rGO in efficient
energy storage applications. The study highlights the cation-
dependent electrochemical behaviours of rGO, revealing dis-
tinct charge storage mechanisms influenced by solvated cation
adsorption and dehydration. It underscores the potential for
tailored electrolyte and electrode designs to optimise energy
storage performance in supercapacitors and batteries. Apart
from these, numerous other carbon-based materials have been
reported for environmental remediation and resource recovery
applications.”>'>*, However, compared to MOFs, these
materials exhibit lower selectivity, as metal adsorption primar-
ily relies on oxygen functional groups. As a result, post-
functionalization or composite formation is often necessary to
enhance their selectivity. Whereas, as discussed in strengths
section MOFs have abundant/specific reactive groups which
can provide selective adsorption.

Following carbon-based materials, COFs have gained atten-
tion as potential alternatives to MOFs.

Theseis COFs, an emerging class of two- or three-dimen-
sional crystalline materials, are formed through reactions
between organic precursors, resulting in strong covalent
bonds. Like MOFs, COFs exhibit high porosity and structural
tunability, but their covalent bonding confers significantly
higher thermal and solvent stability, enabling them to with-
stand harsher environments.">"'*> This stability has made
COFs increasingly viable in applications demanding resilience
to thermal or chemical stress, such as in boiling acids or
bases. Although early COF designs faced stability concerns due
to reversible covalent bond formation, extensive research has
since improved their structural robustness. Today, many COFs
surpass MOFs in stability, expanding their suitability for appli-
cations where temperature or chemical durability is crucial,
like catalysis, energy storage, and environmental remedia-
tion.'®® For example, compared to MOFs in pharmaceutical
waste adsorption, COFs demonstrated comparable adsorption
capacities for sulfamethoxazole. Akpe et al'®” reported an
adsorption capacity of 483 mg g~ using a microporous tri-
azine polymer (MCTP), while Cheng et al'*® achieved
283.6 mg g~! with a polymer-UiO-66 composite. COFs, with
their higher structural tunability and stability in harsh con-
ditions, often outperform MOFs in adsorption applications,
making them particularly effective for pharmaceutical waste
management. While pristine COFs exhibit high porosity and
stability, they often lack sufficient functional groups for strong
metal coordination, leading to lower selectivity compared to

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Threats for MOFs (A) synthesis and characterisation of 2D reduced graphene oxide (rGO) through a two-step reduction process involving
hydrothermal and thermal reduction methods.*®! (B) Electrochemical performance of prepared rGO sheets in different aqueous electrolytes, illus-
trated through integrated capacitance and cyclic voltammetry, showing the impact of various cations (Li*, Mg?*, Zn?*) on capacitance. The enhance-
ment is highest for zinc ions, followed by magnesium ions, and lowest for lithium ions, aligning with the expected interaction strength between the

cations and rGO.*%!

MOFs. Additionally, achieving consistent crystallinity and
uniform pore distribution in COFs can be challenging, which
may impact their performance in applications requiring
precise structural control. The choice between MOFs and COFs
will largely depend on the specific application, as each
material offers distinct advantages and limitations.

Further as shown in Fig. 8A and B a superior performance
of COFs (like Fe-COF nanorods (NRs) in applications such as
antibacterial and nitric oxide (NO)-based gas therapy high-
lights a significant threat to MOFs) as preferred materials.
COFs are proving effective in treating complex medical con-
ditions, such as diabetic ulcers, through their biocompatibility
and targeted therapeutic properties. The Fe-COF NRs show-
cased here demonstrate enhanced antibacterial efficacy, redu-
cing bacterial survival rates of S. aureus, which indicates their
superior functionality in biomedical applications.'® This level
of effectiveness in COFs can potentially overshadow MOFs,
particularly in applications requiring high stability, biocom-
patibility, and efficient therapeutic delivery. Unlike MOFs,
COFs offer greater chemical robustness due to their covalent
bonding, enhancing their durability under biological con-
ditions without the risk of metal ion leaching, which can pose
toxicity concerns. Additionally, COFs often exhibit better struc-
tural stability and resistance to degradation, making them
attractive alternatives for applications where MOFs might face
stability and toxicity limitations. If COFs continue to outper-
form MOFs in such biomedical applications, particularly in
terms of safety and effectiveness, they could become the pre-
ferred choice for sustainable design in healthcare, further
challenging the role of MOFs in this domain. This competitive
edge in safety, stability, and therapeutic efficacy positions

This journal is © The Royal Society of Chemistry 2025

COFs as a threat to the wider adoption of MOFs, especially in
applications where patient safety and long-term biocompatibil-
ity are paramount.

In addition to stability, the thermal properties of COFs
make them a compelling alternative to MOFs. While both
COFs and MOFs offer high surface area and permanent poro-
sity, COFs are more resistant to thermal degradation, an area
where MOFs often fall short. Further, in energy storage and
electronic applications, MOFs show promise but encounter
major limitations in terms of thermal and electrical conduc-
tivity. Although modifications, such as incorporating guest
molecules or post-synthetic treatments, can enhance electrical
conductivity in conductive MOFs (EC-MOFs), these adjust-
ments often introduce complexity and compromise key fea-
tures like porosity and stability. Nonetheless, the limitations of
MOFs in electrical and thermal conductivity contrast sharply
with the properties of other SSbD-aligned materials, such as
Graphene, COFs and MXenes.'®>'®" As discussed by Soltan
et al.'®® in their research article, the thermal conductivity of
graphene, carbon nanotubes and MXene increased by 64, 64
and 30.6% respectively when dispersed in water. However,
when compared to these nanomaterials, the results for MOFs
were not as impressive due to their larger surface area and
pore size. This implies that while MOFs hold potential in heat
transfer applications, they may not perform as effectively as
some other nanoparticles, particularly in terms of heat trans-
fer efficiency. Apart from these materials, MOF-derived carbon
nanomaterials (CNMs) are gaining attention as strong alterna-
tives to traditional MOFs in environmental remediation,
energy storage, and catalysis. A major advantage of these
materials is their stability, reusability, and recyclability, as the
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Fig. 8 Threats for MOFs associated with alternative materials (A) schematic of Fe-COF nanorods (NRs) for antibacterial and nitric oxide (NO)-based
gas therapy, demonstrating a synergistic approach to treating diabetic ulcers, with steps 1-3 showing the sequential addition in the presence of
EDC/NHS.*®® (B) In vitro evaluation of bacterial survival rates, showing the antibacterial efficacy of Fe-COF NRs against S. aureus.*>® (C) Application
of MXene materials (Li*-intercalated TizC,T,) for selective recovery of Nd(i) ions from electronic waste, showing SEM and TEM micrographs with a
2D sheet-like structure of TCF-1 and TCF-2.5% (D) Comparison of Nd(i) adsorption capacity across various adsorbents, highlighting the performance

of MXene-based materials.

pyrolysis process transforms MOFs into highly porous carbon
structures while retaining key functional properties."®*'** For
example, MOF-derived carbon composites containing CNTSs
and cobalt nanoparticles have
efficiency for contaminants like quinolone antibiotics.'®
These materials remain effective across a wide pH range and
ionic strengths, making them well-suited for wastewater treat-

ment. Additionally, their magnetic properties allow easy separ-

shown high adsorption

ation and recovery, addressing a common challenge in adsor-
bent reuse. The composites also maintain their performance
over multiple cycles after regeneration, reinforcing their poten-
tial as durable and efficient alternatives for environmental and
catalytic applications. MXenes, a class of 2D transition metal
carbides, nitrides, and carbonitrides, exhibit unique thermal
and electrical properties comparable to graphene, making
them highly stable under extreme conditions. Their electrical
conductivity, combined with thermal resilience, makes
MXenes highly suited for applications where MOFs struggle,
especially in catalysis, electronics, and sensors. MXenes
inherent conductivity and stability present fewer modifications
and environmental risks than MOFs, aligning well with SSbD
framework and providing an attractive, sustainable option for
high-performance applications.'®® Recent work published by
Cho et al.'® showed use of MOF based composite beads for
the recovery of Nd ions. This polymeric microcapsule (PMC)
attached with ZIF-8 showed adsorption capacity of 463.6 mg

g~' which is lower than the reported adsorption capacity of

3840 | Green Chem., 2025, 27, 3815-3850

MXene shown in Fig. 8C. Yan et al."®® reported use of Nb,CT,

for dye removal studies and reported the adsorption capacity
of 500 mg g™, whereas in case of pristine MOFs as well as
modified MOFs reported dye adsorption capacity is exception-
ally low."®**'”® As shown in Fig. 8D, MXene used for the recov-
ery of REEs showed adsorption capacity better than all other
adsorbents which included pristine MOFs as well as MOF
based monoliths and composite Although MXene-based adsor-
bents exhibit higher adsorption capacities compared to other
materials, their synthesis process is highly complex and
energy-intensive'”"'”> This contradicts the principles of SSbD
and the goals of SDGs. In addition, their susceptibility to oxi-
dation and potential issues with long-term stability under
ambient conditions can be significant drawbacks when com-
pared to MOFs. As a result, the practicality of MXenes in
environmental remediation remains challenging, making
other adsorbents more viable alternatives. The distinct advan-
tages offered by GO, rGO, COFs, MXenes, and other emerging
materials in terms of stability, thermal resistance, and conduc-
tivity highlight potential replacements for MOFs, particularly
in applications that require durability and SSbD compliance.
While MOFs continue to evolve, these alternative materials
offer pathways for sustainable innovation, where structural
robustness, reduced need for complex modifications, and
fewer environmental risks contribute to safer, more sustain-
able design. MOFs must offer exceptional properties to justify
their selection over alternative options. This necessitates that

This journal is © The Royal Society of Chemistry 2025
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MOFs not only meet but exceed the performance and func-
tional benchmarks set by other materials in similar appli-
cations. In addition, to remain competitive, future MOFs
research must integrate SSbD strategies, focusing on inherent
stability and reduced toxicity to fulfil their potential across
various applications while addressing environmental and
health concerns.

2.4.2 Regulatory uncertainty and potential of greenwash-
ing. The Persistence MOFs advantages and disadvantages,
leading Market Research report on the MOFs market projects
significant growth, with an expected compound annual growth
rate (CAGR) of 13.2% from 2023 to 2030. The market is antici-
pated to expand from a valuation of US$8.1 billion in 2023 to
US$24.3 billion by 2030."”> We discussed a series of advan-
tages and disadvantages associated of MOFs leading to their
widespread development in various applications. However, the
swift advancement of MOFs technologies has outpaced the
establishment of comprehensive regulatory frameworks. This
disparity leads to uncertainties concerning their safety,
environmental impact, and long-term effects. Manufacturers
and end-users often lack clear guidelines, complicating com-
pliance and potentially hindering innovation. The absence of
standardised regulations can deter investment and slow the
adoption of MOF-based solutions. Addressing these regulatory
challenges necessitates collaboration between regulatory
bodies and industry stakeholders to establish unambiguous
principles that balance environmental sustainability, safety,
and innovation. This is certainly due to the issues associated
with scalability and production cost (discussed in section
2.2.3), lack of understanding of their economic and environ-
mental viability. The lack of standardised regulations govern-
ing MOFs applications leads to uncertainties regarding safety,
environmental impact, and long-term effects, potentially hin-
dering widespread adoption.

Parallels can be drawn from nanomaterials research and
their widespread adoption in several application. The regulat-
ory landscape for nanomaterials, including MOFs, remains
fragmented. As SSbD framework become more widely adopted,
the lack of clear, harmonised regulations for MOFs poses a
threat to their sustainable commercialisation. Regulatory
hurdles could slow down the adoption of SSbD-aligned MOFs,
especially in regions with stringent but unclear nanomaterial
legislation. A recent article by Chavez-Hernandez et al.,"”*
despite their benefits, nanomaterials pose potential environ-
mental and health risks, such as improper disposal leading to
ecosystem accumulation and occupational exposure resulting
in health issues. It took a significant effort by regulatory
bodies internationally including efforts in the United States,
European Union, and international organisations like the
OECD Working Party on nanomaterials. This article showed
the importance of implementing global regulations to
promote MOFs research responsibly, adopting a precautionary
principle focused on environmental and health protection to
ensure the safe use and application of MOFs.

To develop effective regulatory frameworks, tools and strat-
egies such as LCA, risk assessments, and technical tools are
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required to be employed in MOFs. Given the number of
MOFs that are already been developed, it would be challen-
ging and equally a big opportunity to unveil new tools that
could help in regulatory approvals of MOFs for large scale
commercial applications. With a similar perspective, Wright
et al.'”® highlighted the absence of specific regulations for
MOFs, leading to uncertainties in safety, environmental
impact, and long-term effects. The authors emphasised the
need for comprehensive regulatory frameworks to ensure safe
production, application, and disposal of MOFs. It also high-
lighted the importance of industry collaboration and trans-
parency in developing standardised guidelines and best prac-
tices. Addressing these regulatory challenges is crucial for the
responsible development and commercialisation of MOFs.
With increasing demand for sustainable materials, there is a
risk of greenwashing, where MOFs are marketed as “green”
without fulfilling true SSbD criteria. Greenwashing involves
making misleading claims about the environmental benefits
of a product or technology. In the context of MOFs, compa-
nies might overstate their sustainability credentials without
substantial evidence. This practice can mislead consumers
and stakeholders, undermining trust and potentially delaying
genuine environmental progress. The lack of stringent regu-
lations exacerbates this issue, as companies may exploit these
gaps to make unverified claims. For instance, the World
Economic Forum'’® highlights that as international aware-
ness and regulations increasingly call for consumption and
investments to be more sustainable, the potential for green-
washing also grows. Superficial sustainability claims can
undermine the credibility of the SSbD framework, leading to
consumer scepticism and slowing the adoption of genuinely
safe and sustainable MOFs.

2.4.3. Environmental risks from transformation products.
The environmental transformation of MOFs poses significant
challenges and risks, especially in the context of SSbD frame-
work."”” Transformations in MOFs can occur due to inter-
actions with varying environmental conditions, such as pH
fluctuations, humidity, and biological or chemical media.
These transformations often result in the release of metal
ions, which can lead to toxicological risks for ecosystems and
human health. For example, ZIF-8, a widely used MOF, has
been demonstrated to release zinc ions in certain environ-
mental media, creating toxicity risks due to the accumulation
of these ions in biological systems.'”® Further, ZIF-8, ZIF-90
and Cu-MOF have been shown to induce oxidative stress
through ROS generation, leading to lipid peroxidation and
mitochondrial damage in zebrafish, as evidenced by increased
malondialdehyde (MDA) levels and vacuolization in liver
tissues'’® Studies involving ZIF-8 nano-MOFs (nMOFs) in
Caenorhabditis elegans revealed prolonged excretion times,
raising concerns about long-term bioavailability and potential
biological impact, underscoring the urgency of assessing
MOFs environmental interactions to meet SSbD standards.
Moreover, in benthic organisms like Corbicula fluminea, ZI1F-8
showed dose and concentration dependent toxicity: at lower
concentrations, released Zn>* was bioaccumulated, whereas at
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higher concentrations, the organism ingested ZIF-8 as particu-
lates, resulting in increased mortality."®°

As MOFs degrade, they lose structural integrity and func-
tional capabilities, leading to a loss of properties like high
surface area and pore volume that are essential for appli-
cations in gas storage, catalysis, and CO, sequestration. The
transformation of MOFs affects not only their safety profile but
also their performance efficiency, highlighting the need for
comprehensive assessments of MOFs behaviour under
environmental conditions.'®  Specifically, MOFs exhibit
unique, size-dependent properties due to quantum confine-
ment effects and increased surface reactivity, which make
them susceptible to complex and often unpredictable trans-
formation pathways. These nanoscale behaviours mean that
MOFs do not simply mirror the properties of bulk materials;
rather, they respond dynamically, often leading to rapid dis-
solution and ion release when exposed to biological fluids or
natural waters. Such ion release poses acute risks for aquatic
and terrestrial organisms and complicates their safe use in
diverse applications.”®

From an SSbD perspective, understanding these transform-
ations is critical for developing nMOFs with safe, predictable
profiles. A significant component of SSbD involves controlling
the material lifecycle to prevent environmental or health
hazards. By studying MOFs transformation mechanisms,
researchers can predict potential environmental impacts and
adjust MOFs synthesis or composition to reduce toxic bypro-
ducts. For instance, incorporating stability-focused synthesis
strategies or post-synthetic modifications can reduce the likeli-
hood of degradation and ion leaching, aligning MOFs design
with SSbD objectives. The molecular-level interactions of
nMOFs in biological systems also require thorough investi-
gation to assess how transformations might disrupt critical
cellular processes. In particular, exposure to ZIF-8 and ZIF-90
led to significant gut microbiota alterations in zebrafish,
increasing the abundance of inflammation-associated bacteria
such as Proteobacteria (Aeromonas, Plesiomonas, and
Legionella)."”® Chakraborty et al. indicates that nMOFs can
perturb enzyme structures upon interaction, altering or inhi-
biting enzyme functionality.”® These transformations, which
include surface modifications and reactive species generation,
may disrupt biological pathways, potentially leading to toxic
effects in organisms. Such molecular transformations under-
score the need to assess nMOFs safety not only from a
materials perspective but also from a biological and ecological
standpoint, as transformations may introduce toxicity through
mechanisms unanticipated in their original design.

For SSbD, these insights call for lifecycle assessments and
environmental testing that reflect the real-world conditions
MOFs will encounter. Evaluating how nMOFs behave and
transform in biological systems and the environment can
guide safer design choices that minimise toxic transformation
products while retaining functionality. As discussed in the
section 2.2.2, there is a significant lack of toxicology data, and
this gives an opportunity to establish standardised protocols
for testing and lifecycle analysis is essential for advancing
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MOFs within SSbD frameworks. Despite the growing use of
MOFs, there is a notable gap in ecotoxicity data, particularly
concerning the formation of protein and eco-coronas (Fig. 9),
which significantly influence their environmental behaviour
and biological interactions. The lack of comprehensive data on
how MOFs undergo transformation processes such as homoag-
gregation, heteroaggregation, dissolution, and degradation,
limits our understanding of their potential to release harmful
metal ions (e.g., Zn**) and ROS. These emissions can cause oxi-
dative stress, DNA damage, mitochondrial dysfunction, and
other toxic effects in organisms, potentially disrupting natural
processes and accumulating through the food web. This could
act as a potential threat towards regulatory approval and a
widespread adoption of MOFs. Addressing these gaps is
crucial for enhancing the SSbD framework to ensure that
MOFs designed for environmental applications are truly safe
and minimise long-term ecological risks. By incorporating
robust testing for transformation behaviours and toxicological
impacts, the SSbD approach can support the development of
MOFs that are not only high-performing but also environmen-
tally responsible, meeting safety standards for diverse
application.

2.4.4 Toxicological implications. There is an increasing
emphasis on incorporating SSbD framework into MOF develop-
ment, particularly in the EU’s framework for nanomaterials.
SSbD encourages the design of materials that are safe, sustain-
able, and resource-efficient from the outset. Toxicity data play a
pivotal role in achieving SSbD objectives, enabling researchers
to design MOFs with lower risk profiles through an informed
choice of components, structural features, and synthesis
methods. By conducting rigorous toxicity assessments, includ-
ing the evaluation of long-term exposure risks and transform-
ation products, researchers can develop MOFs that are not only
effective but also safe for widespread use.'®'®® Establishing
standardised toxicity testing protocols for MOFs is imperative to
align with SSbD principles, enhancing material safety and fos-
tering greater public and regulatory acceptance.

As discussed in weaknesses section, MOFs offer significant
potential across multiple fields, the scarcity of comprehensive
toxicity data could hinder their advancement. Effective MOF
design must incorporate in-depth toxicological evaluations
addressing potential transformation effects and long-term
environmental impacts. Expanding this dataset and aligning it
with SSbD frameworks will be critical for realising MOFs
benefits in a safe, sustainable manner. Factors including
chemical composition, particle size, and behaviour in biologi-
cal and environmental systems may raise concerns about the
potential toxicity.'®* The chemical composition of the MOFs is
a critical factor in determining toxicity, as it reflects properties
like dissolution, redox capability, ionisation, and affinity to
biomolecules, all of which shape the toxicity potential and
underlying mechanisms. For instance, Ruyra et al'®® per-
formed a comprehensive in vitro and in vivo toxicity of metal
series of MOF-74 composed of the following metals Zn(u),
Cu(1), Co(u), Mn(i), and Mg(u) metal ions in liver (HepG2) and
Breast (MCF-7) cancer via cell viability assay. The toxicity
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Homoaggregation
¥ Formation of eco-corona

MOFs Ecological macromolecules

Fig. 9 Environmental transformation as a threat to MOFs and a key opportunity to establish MOF SSbD. This illustration depicts the environmental
transformation processes and potential ecological impacts of MOFs, emphasising the importance of SSbD in their development. Upon release into
the environment, MOFs interact with ecological macromolecules, leading to the formation of an “eco-corona” that influences their stability, reactiv-
ity, and biological fate. Transformation processes, including homoaggregation, heteroaggregation, dissolution, and degradation, result in structural
and chemical changes that can release metal ions (e.g., Zn?*) and reactive oxygen species (ROS), posing risks to both aquatic and terrestrial ecosys-
tems. These transformations can lead to oxidative stress, DNA damage, mitochondrial dysfunction, and other toxic effects in organisms, disrupting
natural processes and accumulating through the food web. Understanding these transformation mechanisms is crucial for SSbD frameworks to
design MOFs that are effective and safe for environmental applications, minimising long-term ecological risks. (Prepared using Biorender Software).

ranking shows that Cu(u), and Mn(u) exhibits the highest rate
of toxicity. In contrast, Co-, Ni-, and Mg-based counterparts
have shown promising biocompatibility and Zn-MOF-74 was
found to exhibit a moderate level of cytotoxicity. In in vivo
studies on selected MOF structures, shows that zebrafish
embryos exposed to Co-MOF-74 developed yolk sac edema,
whereas embryos incubated with Mg-MOF-74 did not exhibit
such adverse effects. Another comparative study of two MOFs,
MIL-100(Fe) and HKUST-1(Cu), both of which incorporate
1,3,5-benzenetricarboxylic acid in their structures, revealed
notable differences in toxicity. In vitro analysis indicated that
both MOF exhibit some toxicity, with the Cu-based MOF
showing a significantly higher toxicity level. Like their study,
the toxicological screening of two prevalent MOFs (ZIF-8 and
MIL-160) for therapeutic use in human lung epithelial cells
(BEAS-2B) were considered. The dose-response results demon-
strate that lower toxicity of MIL-160 compared to ZIF-8.”°

This journal is © The Royal Society of Chemistry 2025

Similar assessment of the toxicity was performed in fresh-
water alga (Chlamydomonas reinhardtii) using six typical
nMOFs, namely, transition metal incorporated aluminium-
based porphyrin MOFs [pristine Al-PMOF, AI-PMOF (Cu), Al-
PMOF (Ni), AI-PMOF (Co)], an amine functionalised Ti MOF
[NH2-MIL-125 (Ti)], and a bimetallic Hofmann MOF (NiCo-
PYZ)."®® The study demonstrated that all the MOFs concen-
trations higher than 10 mg L™ pose a threat to the algae and
the effects is MOF specific. Conversely, certain properties of
MOFs, including their larger surface area volume ratio,
increased chemical reactivity, and enhanced penetration capa-
bilities compared to other materials, raise potential concerns
regarding safety in living organisms. Due to their small size,
nMOFs can cross biological cell membranes and enter the
bloodstream via inhalation or ingestion—something that
larger particles typically cannot do and potentially lead to toxi-
cological effects.'”” Recently, several reports have shown that

Green Chem., 2025, 27, 3815-3850 | 3843
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The next frontier for §
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Metal-Organic Frameworks (MOFs) are poised to play a significant role in agriculture, environmemer?:r:ediatiz)Md
industry due to their versatile properties. However, as their application grows, so does their interaction with biological
and environmental systems. It's essential for researchers to adopt safe-by-design practices that enhance MOF safety,
allowing these materials to retain their beneficial properties while minimising potential environmental and health risks.

View Article Online

Green Chemistry

A strategic plan to enhance the Safe and Sustainable by

Design approach for MOFs

and yF
Development. Establishment of globally harmonised
regulatory standards for MOF synthesis, usage, and
disposal is crucial.

SSbD of MOFs and SDGs

* Integrate SSbD principles into MOF
design to align with Sustainable
Development Goals (SDGs), focusing ©
eco-friendly synthesis and minimal &
environmental impact. p

Green Synthesis and Scalability: Future research should e P MOF applicati in

2

focus on scaling green synthesis methods to industrial
levels, using renewable resources and eco-friendly
procedures to align with circular economy objectives.

sustainable agriculture and water
purification to support SDG targets on
clean water, food security, and
environmental protection.

s

Design Optimisation:Expanding the

3 Integration of Machine Learning for ‘g‘.g;; ¢ ®

application of machine learning in MOF, i | -
design and prediction can significantl Testing Protocols: Developing

improve performance and reduce trial-

and-error methods.

and Toxicological loration of C ites for
Enhanced Functionality: Composite
materials that incorporate polymers,
carbon nanomaterials, or other
nanoparticles can address the

standardised testing protocols for
environmental transformation and
limpacts, especially at

A;i::siﬁ:\t ® the nanoscale, is essential. @ stability, conductivity, and functional
limitations of standalone MOFs.
°
®
Machine Learning: A key towards SSbD of MOFs Green Chemistry for Safe and Sustainable
Training and Benchmarking Featurisation Fragmentation MOrs

topology "‘~-.A_

LTI

surface charges __.-*"

Data Preparation — ModeTI‘ Selection & __, Model Evaluation —» Model Deployment

Green chemistry promotes eco-friendly synthesis of MOFs,
reducing environmental impact and toxic reagents. By
incorporating Safe and Sustainable by Design principles, MOFs
are crafted to ensure safety and sustainability across their
lifecycle, from creation to application in diverse fields.

Machine Learning

Green Chemistry

Scalabilitx and Regroducibility

Safe and Sustainable Innovation

9

Fig. 10 Strategic approaches to enhance safe and sustainable metal—organic frameworks: integrating Green Chemistry, machine learning (ML), and
LCA. This schematic outlines the next generation strategies for MOFs development, aiming to align with global sustainability goals and improve

environmental and biological safety. (Prepared using Biorender Software).

size may influence the cellular uptake as well cytotoxicity of
MOFs. For instance, Tarasi et al., investigated the size-depen-
dent therapeutic efficacy of Zn-MOF in human breast cancer
(SKBR3). The study suggested that varying amounts of MOFs
entered the cells, indicating that different particle sizes led to
distinct cellular responses. Among these three sizes, 200 nm
showed the best efficacy of 82%. This shows that a size of
200 nm with the highest amount of uptake in cells can have
more effects. While 300 nm and bulk scale with a lower uptake
in cells showed efficacies of 68% and 57%. The size of 100 nm

3844 | Green Chem., 2025, 27, 3815-3850

shows the lowest effectiveness of 10%, which is probably due
to the small spherical nanostructures and the tendency to
agglomerate, which have the lowest amount of efficacy. Wang
et al.'® also observed that the toxicity of cobalt-based MOFs
(specifically ZIF-67) varies with particle size. The study
assessed the biocompatibility of ZIF-67 particles sized 100,
200, 400, 700, and 1200 nm on the Photobacterium phosphor-
eum T3 strain. The results showed that for particles smaller
than 400 nm, toxicity increased as particle size decreased.
However, no consistent trend was noted for particles larger

This journal is © The Royal Society of Chemistry 2025
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than 400 nm. This increased toxicity of smaller particles (100
and 200 nm) was likely due to their ability to penetrate and
accumulate within the cytoplasm, leading to heightened cellu-
lar damage. In contrast, other studies revealed that n-MOFs
are safer for living organisms than their micron-sized counter-
parts (m-MOFs).'®818 These factors influence the MOFs inter-
action with biological systems, potentially accounting for the
differential toxicological effects observed in the study. Despite
the advantages MOFs bring to various applications, the lack of
detailed toxicological data across their lifecycle poses signifi-
cant challenges to their SSbD credentials. Preliminary studies,
such as those highlighting the size-dependent toxicity of
certain MOFs, underscore potential risks to human health
and environmental safety. For instance, smaller nMOFs
demonstrate higher cytotoxicity and can penetrate biological
barriers, raising concerns about their safe integration into con-
sumer products and industrial applications. Addressing these
data gaps is crucial for developing MOFs that are truly benign
and align with the framework of SSbD, ensuring that their
innovative applications do not compromise safety and
sustainability.

3. Outlook and recommendations

The adoption of SSbD framework in MOFs development rep-
resents a pivotal step toward creating advanced materials with
minimised environmental and health risks while ensuring
their long-term societal benefits. This review has demonstrated
the multifaceted potential of MOFs across diverse applications,
including biomedical, environmental, and energy sectors,
highlighting their adaptability, high porosity, and customisa-
bility. However, challenges remain, particularly in enhancing
stability, reducing toxicity, and addressing scalability concerns
for large-scale applications. Emerging solutions such as green
synthesis, ML-guided material design, and the incorporation
of eco-friendly linkers and metal centres exemplify how sus-
tainability can be seamlessly integrated into MOF design. For
MOFs to fulfil their potential as sustainable materials, it is
important to align their design with the United Nations SDGs,
ensuring that innovation supports human health, environ-
mental protection, and long-term economic viability. As the
SSbD framework gains traction, the ongoing evolution of
MOFs toward higher stability, biocompatibility, and eco-friend-
liness will likely accelerate. Advances in biocompatible and
degradable MOFs for medical applications, supported by pre-
dictive models and high-throughput screening, are expected to
reduce resource-intensive experimental methods. Additionally,
the integration of ML and Al-assisted predictive modelling will
enable rapid identification and optimisation of MOFs for
specific applications, from pollutant adsorption to sustainable
agriculture. To broaden their adoption, MOF composites, par-
ticularly those involving carbon-based nanomaterials, offer
pathways to enhance electrical conductivity, chemical stability,
and reusability, meeting the requirements for real-world,
large-scale implementations.

This journal is © The Royal Society of Chemistry 2025
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Future roadmap

1. Standardisation and regulatory framework development:
establishment of globally harmonised regulatory standards for
MOF synthesis, usage, and disposal is crucial. A robust SSbD
framework must integrate risk assessment tools, LCA, and
hazard profiling to address toxicity, environmental transform-
ation, and long-term ecological impacts. To ensure responsible
innovation, it is essential to draw from existing nanomaterial
safety regulations (e.g., OECD, REACH) and tailor them to
MOFs, with specific attention to bioaccumulation, degradation
products, and material persistence.

+ SDG 3 (Good health and well-being) - ensuring MOFs are
designed to minimise human toxicity and unintended health
hazards.

+ SDG 6 (clean water and sanitation) - regulating MOFs
used for water purification and pollutant adsorption to avoid
secondary contamination.

+ SDG 9 (industry, innovation, and infrastructure) - estab-
lishing clear safety guidelines for industrial MOF applications.

+ SDG 12 (responsible consumption and production) - pro-
moting sustainable production and end-of-life strategies for
MOFs.

+ SDG 14 (life below water) & SDG 15 (life on land) - ensur-
ing MOF degradation products do not contribute to bioaccu-
mulation or ecosystem toxicity.

+ SDG 17 (partnerships for the goals) - encouraging inter-
disciplinary collaboration between industry, policymakers, and
researchers to develop a unified regulatory framework.

2. Green synthesis and scalability: future research should
focus on scaling green synthesis methods to industrial levels,
using renewable resources and eco-friendly procedures to align
with circular economy objectives. Strategies include bio-
mimetic synthesis, mechanochemistry, and solvent-free or
aqueous-phase fabrication, minimising hazardous byproducts.
Integration with waste valorisation strategies, such as upcy-
cling industrial byproducts into MOF precursors, will further
enhance sustainability.

+ SDG 7 (affordable and clean energy) - promoting energy-
efficient, green synthetic pathways.

+ SDG 9 (industry, innovation, and infrastructure) — devel-
oping scalable, eco-friendly manufacturing techniques.

+ SDG 12 (responsible consumption and production) -
minimising waste generation and ensuring sustainable
resource use.

+ SDG 13 (climate action) - reducing CO, footprint in MOF
production by adopting low-energy synthetic approaches.

3. Integration of machine learning for design optimisation:
expanding the application of ML and AI in MOF design and
prediction can significantly improve performance and reduce
trial-and-error methods. Developing comprehensive databases
that compile the properties, stability, and toxicity profiles of
MOFs will enhance ML’s role in rapidly screening materials for
specific applications.

+ SDG 4 (quality education) - enhancing open-access Al-
driven MOF databases for training scientists globally.

Green Chem., 2025, 27, 3815-3850 | 3845
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+ SDG 9 (industry, innovation, and infrastructure) - foster-
ing innovation through Al-driven material design.

+ SDG 12 (responsible consumption and production) -
minimising resource use by optimizing MOF properties before
synthesis.

+ SDG 17 (partnerships for the goals) - encouraging cross-
disciplinary collaborations in AI-driven MOF research.

4. Environmental and toxicological testing protocols: devel-
oping standardised testing protocols for environmental trans-
formation, bioaccumulation and toxicological impacts,
especially at the nanoscale, is essential. These protocols
should include long-term degradation studies, nanoscale tox-
icity evaluations, and ecosystem-based risk assessments to
ensure MOFs do not pose unforeseen environmental hazards.
Advanced analytical tools, including high-resolution mass
spectrometry and in situ environmental microscopy, should be
employed to track MOF degradation pathways and potential
ecotoxicological effects.

+ SDG 3 (good health and well-being) - ensuring safety
assessments for human exposure.

+ SDG 6 (clean water and sanitation) - monitoring MOF
interactions in water treatment applications.

+ SDG 14 (life below water) & SDG 15 (life on land) - study-
ing MOF bioaccumulation in aquatic and terrestrial ecosystems.

5. Exploration of composites for enhanced functionality:
composite materials that incorporate polymers, carbon nano-
materials, or other nanoparticles can address the stability, con-
ductivity, and functional limitations of standalone MOFs.
Expanding research in MOF-based composites, will be particu-
larly valuable in energy storage, sustainable agriculture, and
environmental remediation.

+ SDG 7 (affordable and clean energy) - enhancing MOF
composites for energy storage and conversion.

+ SDG 9 (industry, innovation, and infrastructure) - devel-
oping multi-functional MOF-based materials for industrial use.

+ SDG 11 (sustainable cities and communities) - improving
MOF applications in air purification and urban sustainability.

+ SDG 12 (responsible consumption and production) - pro-
moting recyclable and reusable MOF materials.

+ SDG 13 (climate action) - developing MOFs for CO,
capture and greenhouse gas reduction.

The integration of SSbD framework offers an exciting direc-
tion for future MOFs research (Fig. 10), advancing the develop-
ment of materials that are not only high-performance but also
align with global sustainability goals. By continuing to address
these challenges through interdisciplinary collaboration regu-
latory foresight, and data-driven innovation, MOFs could revo-
lutionise fields such as medicine, environmental remediation,
and energy, contributing to a more sustainable future in
materials science.
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