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Metal-organic frameworks (MOFs) nanomachines (MNMs) merge high surface area, porosity, and the tun-
ability of MOFs with mobility and intelligence of smart nanomachines. This review provides compre-
hensive overview of synthesis and post synthetic modifications for MOF tailored for water purification.
Further MOF transformation into nanorobots has been elucidated, relating MNM shapes to their function-
ality. Propulsion modes: Both chemical and physical are also critically evaluated, and research gaps have
been explored. For the environmental applications of MNMs, mechanisms of working, ability to remove
metal ions, organic pollutants and dyes, sensing and disinfection have been explored. Future potential for
the use of MNMs under harsh water conditions has also been discussed. Finally, the review identifies tox-
icological concerns related to long-term MNMs, research gaps and future challenges, giving a road map
for future research, suggesting use of computational chemistry (artificial intelligence (Al) and machine
learning (ML)) for effective purposes. By bringing synthesis, PSM, transformation, structural engineering
at one place and relating them with propulsion mechanisms as well as with environmental applications
of MNM:s, this review will act as foundational reference for researchers working to fabricate MNMs for
sustainable water treatment.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The pursuit of advanced water purification methodologies has
increasingly focused on innovative materials capable of addressing
the complex challenges of water contamination [1]. Metal-organic
frameworks (MOFs) have emerged as prominent candidates in
this field, distinguishing themselves not only through exceptional
properties but also their potential integration into nanorobotic
systems [2-4]. MOFs are crystalline substances consisting of metal
ions or clusters linked to organic ligands, creating a highly porous,
three-dimensional framework. Their modular structure and reticu-
lar chemistry allowed for precise manipulation of pore dimensions,
surface chemistry, and functionality, making them ideal for use in
gas storage, catalysis, and water purification. The extensive surface
area and customizable characteristics of MOFs allow them to
capture and break down pollutants with remarkable effectiveness
[5-8]. While nanorobotics involves the creation and engineering
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of nanoscale robotic systems capable of performing specific func-
tions. These systems employ cutting-edge materials, nano sensors,
and actuators to achieve accuracy in tasks such as targeted drug
delivery, environmental monitoring, and contaminant removal. Un-
like conventional robotics, nanorobotics operates on principles of
molecular manipulation and control, offering a platform for high-
precision applications in challenging situations [9]. The integration
of MOFs as nanorobotics enabled them to surpass other emerging
materials, including carbon nanotubes [10], graphene-based ma-
terials [11], photocatalysts [12-14], and bio-inspired membranes
[15,16]. By combining the unparalleled surface area, tunable poros-
ity, and functional versatility of MOFs with the precision and
mobility of nanorobotics, these hybrid systems offer a novel ap-
proach for capturing and neutralizing diverse contaminants [5,17].
A complementary fusion, the merger of MOFs and nanorobotics
offers an unrivalled solution for water purification challenges.
MOFs supply the advanced material properties necessary for
contaminant capture and neutralization, while nanorobotics
contributes precision, mobility, and adaptability. Together, they
create a formidable combination capable of targeting pollutants
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with exceptional accuracy and efficiency, maneuvering through
intricate aqueous environments, and enabling real-time, localized
water treatment. The integration of MOFs with nanorobotics
not only enhances their individual strengths but also sets a
new standard for next-generation technologies in environmental
remediation.

It is essential to distinguish nanomotors from nanorobots.
Nanomotors are devices that transform energy into motion at the
nanoscale. These energy sources can include chemical reactions,
light, or magnetic fields, enabling nanomotors to carry out tasks
such as propulsion, mixing, or targeted delivery. While crucial for
achieving motion, they are generally limited in their ability to per-
form complex tasks independently. In contrast, nanorobots incor-
porate nanomotors along with sensing, decision-making, and ac-
tuation capabilities. This integration makes them autonomous sys-
tems able to navigate complex environments, react to stimuli, and
execute multi-step tasks. Essentially, nanorobots represent a more
advanced and functional evolution of nanomotors [18]. Though
technically these terms are distinct but often used interchangeably
in literature. In this review we will use word “Nanomachines” for
both terms.

Micro/nanomachines (both motors and robots) are trending re-
search areas and have been widely explored, and numerous re-
views existed, including the recent strategies for integration and
fabrication of general micro/nanomotors across various applica-
tions were reviewed [19,20] while Ye et al. summarized and dis-
cussed for environmental applications [21]. Nature-inspired mi-
cro/nanomotors has been thoroughly discussed by Chang et al.
[22]. Reviews on emerging synthetic materials and functionaliza-
tion techniques have also been published, discussing core materials
and their transformation methods into nanomachines [23-25]. Dif-
ferent types of micromotors have been studied and reviewed indi-
vidually as well, providing comprehensive overview of tubular mi-
cromotors, and biohybrid motors [23,26]. Recent advancements in
motion manipulation [27], chemically powered [28], and fuel-free
synthetic micro/nanomotors [29], have also been published, which
summarized motion mode and mechanisms for nanomachines.
MOF based micro-/nano-motors are getting popular in medicinal
as well as in environmental applications nanomachines Biomed-
ical advances of MOF based micro/nanomachines have been re-
viewed well, which discussed nanomachine types based upon their
shapes and mode of propulsion as well as applications in targeted
drug delivery or nano-surgery [18,30-44]. Almost all these arti-
cles placed MOFs as emerging material for micro-/nano-machines.
While a comprehensive review on MOF nanomachines (MNMs)
for water treatment hardly exists, although use of MNMs in wa-
ter reclamation is growing fast. Further, MOF nanomachines have
never been reviewed in such thorough way, which starts from MOF
synthesis leading to their applications, including nanorobotic trans-
formation and propulsion mechanisms. Hence, this review provides
a detailed and unique overview for researchers in the field of MOF
nanomachines, from MOF basics to cutting edge nanomachine de-
signing and autonomous motion.

This review examines the advancements in MOF synthesis and
post synthetic modifications in reference to their suitability for wa-
ter applications, enlisting the methods tailored for preparation of
nanosized MOF which can be incorporated into nanorobotic sys-
tems through different fabrication techniques. Shapes and propul-
sion mechanisms as well as speed and efficiency in their environ-
mental implications and sustainability have also been discussed
with special focus on nanomachines. It elucidates their potential
as an innovative solution to water purification challenges in a
rapidly evolving global context, describes environmental concerns
and challenges as well as suggesting solutions and measures for
pre-mature problems that can arise on the long-term use of MNMs
blindly. Graphical illustration of review is given in Fig. 1.
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Fig. 1. Graphical illustration for the contents covered in this review article.

2. Synthesis of MOF nanorobotics
2.1. Synthesis of MOFs

In MOFs metal-linkers bonds are susceptible to hydrolysis, de-
manding more thoughtfulness in the selection of metal and link-
ers as well as techniques employed for the synthesis of MOF with
water treatment applications. The right choice of metal node and
organic linker is of prime importance, which is generally governed
by HSAB (hard-soft acid base) principle. Hard metal nodes are bet-
ter coordinated with hard organic bases while soft metal ions form
strong bonds with soft organic linkers. Along with small radii and
high valency of metal ions, comparable radius of metal orbital in-
volved in bonding and organic linker contributes towards stronger
bonding. To start MOF preparation from scratch with aim of micro-
tuning for water treatment, many factors need consideration in-
cluding metal and linker bond strength (thermodynamic factor),
rigidity, hydrophobicity, porosity, interpenetration of framework
(kinetic factors) pH, temperature, and acidity of application area
(environmental factors) [45]. For example, to make MOFs water
stable; porosity is reduced, hydrophobic functional groups are in-
troduced, or surface hydrophobicity is created [46,47]. These mod-
ifications work well for other applications like drug delivery and
gas storage but not for water treatment applications. Enhanced hy-
drophobicity reduces the interaction of water with MOF, and hence
interaction with hydrophilic pollutants as well. Hydrophobic sta-
ble MOFs prefer interacting and adsorbing organic pollutants (hy-
drophobic) and show less affinity for water- and water-soluble pol-
lutants (hydrophilic), so while tuning hydrophobicity and water
stability of MOF target pollutant should be kept in consideration
[48]. Similarly, reduced porosity makes MOFs stable but provide
less area for absorbance of pollutants or contaminants from wa-
ter making them less efficient, so fine adjustment of these param-
eters is required to maintain MOF structure and its performance
in water treatment. Lyu et al. reported three MOFs of Zn named
NU-903, NU-904 and NU-1008 with simple TCPB, nitro substituted
TCPB and dibromo substituted TCPB respectively, pore size of NU-
1008 was considerably larger than both and it showed 100% fixa-
tion of carbon dioxide into styrene oxide while other two showed
about 20% efficiency, clearly showing how decreased porosity de-
crease adsorption and efficiency of MOF [49]. Another important
point to be discussed is that increased hydrophobicity does not al-
ways decrease porosity and adsorption capacity. So critical analysis
of all factors is required to balance hydrolytic stability and adsorp-
tion abilities of MOF [50].

For MOF preparation, few methods are well matured while oth-
ers are in emerging phase. Generally, the publications of MNMs
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have less focus on MOF synthesis, but to give readers a consol-
idated picture of scattered knowledge on how to prepare MOFs
for MNMs we have cited works of simple MOF synthesis as well.
Although, these MOFs were not transformed into MNMs but are
directly related and have potential to fabricated MNMs owing to
nanoparticles and water stability, providing foundation for new
researchers in the field. Solvothermal and ultrasonic methods of
synthesis are discussed here as they are more relevant to MNMs
due to achievable nano-range particles. Few other methods of MOF
synthesis, particularly suited for water treatment, are discussed in
detail in Supporting information, summarized with limitations and
future horizons in Table S1 (Supporting information).

Solvothermal method involves dissolving metal salt and ligands
in a solvent, heating at certain temperature and collecting the pre-
cipitated MOFs [51]. Resulting MOFs are highly crystalline with
high porosity which makes them fit for removal of water pollu-
tants owing to large surface area [52,53]. Use of green solvent is
making process more sustainable without compromising on prod-
uct quality [54,55]. Synthesis of nano-sized MIL-100(Fe), HKUST-
1(Cu) was reported by solvothermal synthesis using dimethyl for-
mamide (DMF) as solvent [56]. The method is simple and highly
established, but time consumption is a major drawback. Attempts
to deal with this limitation evolved into another method, which
combine salt and linker under microwave irradiation in microwave
reactor. It generates MOFs with high porosity, making them po-
tential choice for the adsorption of contaminants like metals or
dyes etc. This microwave-assisted method is quick so energy ef-
ficient as well, but defects may get generated due to un-even
heating, making method un-suitable for large scale production.
Zou et al. used microwave-assisted synthesis method to produce a
highly selective HKUST-1 MOF (HKUST-1-MW) which showed ex-
cellent adsorption properties for heavy metal ions, and polyox-
ometalates (HKUST-1-MW@H3PW,040) was attached to achieve
greater water stability [57-59]. To sustainably synthesize MOFs on
large scale, the mechanochemical method which belongs to solid
state synthesis is employed, so it eliminates the use of solvent [60].
Tahmasebi et al. mechanochemically synthesized azine-decorated
zinc(II) MOFs which showed promising capacity to efficiently re-
move heavy metal ions from water [61]. Taheri et al. reported syn-
thesis of Co-doped ZIF-8 by placing precursor of metal and ligand
along with steel balls of 8 mm in milling vessel, further process-
ing and analysis confirm MOF formation with particle size of 200~
400 nm [62]. Future of this method lies in the continuous flow sys-
tem instead of batch, also needs efforts to reduce the contamina-
tion risks to avoid defects [63].

Ultrasonic synthesis method uses ultrasonic frequency (20 kHz
and 10 MHz) for nucleation, giving nano-sized MOFs, well suited
for the adsorption of organic pollutants from water. Unlike
mechanochemical, this method gives smaller and uniform sized
particles through rapid crystallization, which showed enhanced
uptake of pollutants like crystal violet and methylene blue [64].
Zarekarizi and team synthesized nano-sized TMU-69 by ultrasonic
assisted method. It worked to absorb Congo red dye from water
showing greater adsorption capacity and water stability [65]. MOF-
199 was synthesized by ultrasonic assisted method on carbon cel-
lulose fiber (CCF), it showed enhanced surface area and high ad-
sorption capacity for methylene blue [66]. Better control on nu-
cleation by fine tuning of ultrasound frequency can provide better
regulation of MOF properties [67]. More studies are needed to bet-
ter correlate MOF properties, nucleation and ultrasonic frequency.
Further, there is need to find a way for thermally sensitive ligands
[68]. MOFs prepared by this method are better suited to be trans-
formed into MNMs for adsorption of organic pollutants.

Green solvents and green methods of synthesis are a step to-
wards sustainability, to evaluate their practical feasibility critical
assessment of life cycles and quantitative parameters like E-factors
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Fig. 2. Different synthesis and post synthesis modification methods for MOFs in
water treatment applications.

and atomic economy are needed. Systematic implementation of
these parameters to MOF synthesis and in particular their func-
tional nanomachines are crucial for transferring laboratory scale
synthesis to commercial production for environmental remediation
applications and is an open challenge in the field.

Though every synthesis method has its unique features and ad-
vantages, even then just the optimum choice of method is not
enough to get tailored properties and performance of MOFs. To
get the desired functionality of MOF, modular strategy must be ap-
plied instead of starting blindly with any combination of precur-
sors. Even after synthesis, post synthesis modification (PSM) must
be made in accordance with it to add features to make MOFs out-
perform in water treatment [69]. There are certain PSM approaches
to make existing MOFs more suited for water-based applications,
mainly include surface functionalization with hydrophilic groups,
composite formation, metal ion and/or linker modification. These
are explained in detail in Suppporting information and summa-
rized in Table S2 (Suppporting information), further synthesis and
post synthetic modifications methods for MOFs in water treatment
are listed in Fig. 2.

2.2. Nanorobotic transformation of MOFs

Transformation of MOFs into nanorobots, for water treat-
ment applications, is the integration of propulsion system for au-
tonomous or semi-autonomous movement, sensing abilities and
structural modification for enhanced water stability. This trans-
formation can be in-situ or non-in-situ, in former MOF compo-
nents (metal source and linker) as well as chemicals that impart
propulsion and other functionalities are added in one pot, while
in later one, MOFs are synthesized, and then other functionalities
are added by same or different method/methods. MOF (Ce-CAU-
281@Fe30, was synthesized by in-situ process, Liu et al. used 2,5-
furandicarboxylic acid and cerium(IV) ammonium nitrate dissolved
in DMF and formic acid as sources of organic linker and metals
respectively, Fe,03 nanoparticles were added in fixed amount dur-
ing the process to impart magnetic propulsion. The whole solution
was stirred for 12 min at 100 °C followed by filtration. The prod-
uct was soaked and washed by methanol and DMF, later vacuum
drying was performed for 12 h at 100 °C [70].

Grafting certain functional groups adds sensing abilities to MOF
nanorobots, enabling them to respond to specific pollutants, sens-
ing and moving according to concentration gradient, as well as
making them temperature and pH responsive [19,71]. Such stim-
uli responsive nanomachines are practically in use for drug deliv-
ery and other applications in biomedicines but less privileged in
environmental remediation presenting research gaps [72-74]. It is
a widely adopted strategy to modify MNMs using organic and in-
organic capping agents for example, thiol-based modifications spe-
cialized MNMs for oil collection and transportation [75], polymer-
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based coatings added targeting specificity [76], boronic acid deriva-
tives enable monosaccharides recognition [77], graphene quantum
dots (GQDs) empower MNMs with sensing abilities and when
combined with boronic acid derivative facilitates fluorescence-
based detection [78)]. Functionalization also involves creating struc-
tural asymmetry to achieve directional propulsion. For example,
in bubble propulsion design active catalytic sites are distributed
asymmetrically leading to non-uniform bubble generation, enhanc-
ing speed and orientation [23,29]. Hybrid polymers also improve
structural stability and propulsion efficiency [79-81]. Shapes of
nanorobot and fabrication method have direct impact on propul-
sion type, so these are discussed briefly before going into detailed
propulsion mechanism.

3. Shapes of nanorobotics and fabrication methods

Nanorobots are future technology for water treatment appli-
cations due to their ability to actively target contaminants. Here
nanorobots’ shapes and methods of fabrication are discussed in
correlation with promising features for water treatment; Tubular
nanorobots are particularly ideal in systems with continuous flow
as symmetrically elongated shape favors directional flow with min-
imum drag. Further catalyst can be loaded within tube generat-
ing propulsion through catalytic reactions by capturing and re-
acting with contaminants [82]. Helical shaped nanorobotics out-
perform viscous fluids in comparison to other shapes due to
corkscrew pattern of motion. Its hydrodynamics helps in rapid in-
teraction with targeted pollutants. Spherical nanorobots offer high
surface area and symmetry, so optimum choice for better adsorp-
tion and uniform interaction with targeted contaminants. Cylindri-
cal nanorobots are effective due to direction propulsion and sur-
face optimization. Their surface allows more contact with water
and more area for adsorption or reactions as compared to spherical
ones [83]. Liu et al. fabricated cylindrical (rod shaped) MNMs with
magnetically driven ability to move. SEM, TEM and HRTEM con-
firmed the nano-dimensions and cylindrical shape newly designed
MOF (Ce-CAU-281)@Fe,05 (Figs. 3a and b) [70]. Janus nanorobots
offer dual functionality and self-propulsion due to asymmetric dis-
tinct faces, with capabilities to simultaneously recognize and de-
grade pollutants [37,84].

Currently use of micro and nanorobotics are uniform in shape
while hybrid structures with combination of geometries can bring
more efficiency in performance. Bio-inspired structures can bet-
ter capture pollutants, needs more work on mimicking biologi-
cal structures such as nanorobots [85]. Shape morphing is an-
other emerging aspect which demands exploration in terms of
nanorobotics, to better capture pollutants based upon environmen-
tal conditions and pollutant concentration in water. Little works
on MOF Multi-layered nanorobots and MOF nanorobots with vari-
able pore size indicate a research gap in this area. Yang et al. re-
ported spherical shaped nanorobots of MOF composite (Fig. 3c),
MnFe,04@MIL-53@Ui0-66@Mn0, spherical MnFe,04 nanoparti-
cles were obtained by hydrothermal method utilizing sodium ac-
etate, MnCl,-4H,0 and FeCl;-6H,0. Later MOF MIL-53, UiO-66 and
MnO, nanoparticles were deposited in it in sequence and spheri-
cal shape was retained by nanomotor along with gaining mobility
and metal ion removal abilities [86]. MNMs can have other shapes
as well, cube shaped nanorobots are also reported. Lan, Dawei,
et al. prepared MOF-525(Co)-Fe by co-loading Fe,03 nanoparticles
during MOF-525 synthesis. The result was cube shaped composite
MNMs just like pristine parent MOF, confirmed by TEM and SEM
(Figs. 3d and e) [87]. Li et al. reported unique rhombohedral yolk
shell MNMs with PDA shell and ZIF-67 core (Fig. 3f) [88]. Besides
pod like nanorobots have also been synthesized, Li et al. reported
MOF based magnetic nanorobots which were functionalized with
dimercaptosuccinic acid (DMSA) and named as MNR-MOF-DMSA.
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It basically has Fe NPs arranged like pod and other components are
attached on them in same fashion giving many nanorobots joined
in pod like pattern (Fig. 3g) [89].

4. Fabrication of MNMs

MOF nanomachines (MNMs) are advanced materials designed
to accomplish different tasks by moving and interacting with
their surroundings autonomously [90]. Function of MNMs vary
as per its application, so various fabrication methods are em-
ployed to achieve diverse structures, architectures, and function-
alities [19,28]. Key fabrication techniques include:

(a) Template based methods: Methods like membrane template-
assisted electrodeposition, asymmetric bipolar electrodeposi-
tion, and physical based on various templates are widely used
for constructing the motor framework [91,92]. More templates
can be designed to take this method to the next level by
adding more functionalities and hence fabricating multi-tasking
nanorobots. However, limitation lies in the time taken for effec-
tive template design. Correlation of deposition (physical/electro)
parameters with the nanorobot features stresses more research
to enable fine-tuning of nanorobots morphology, composition
and structure.

(b) Assembly of materials: This includes layer-by-layer assembly, en-
capsulation of micro-/nanoparticles (NPs), and integration of
synthetic molecules for functional MNMs. Self-assembly takes
advantage of the natural tendency of molecules to form well-
defined structures [54]. Yang et al. used this fabrication tech-
nique to prepare MOF-composite nanomotor for water purifica-
tion. MIL-53, Ui0-66 and MnO, growth on MnFe,04 layer by
layer one after the other, giving self-propelled MNMs, as repre-
sented in Fig. 4a [86].

(c) Lithography techniques: Nano-scale devices are created by etch-
ing or printing patterns, it allows control over surface fea-
tures and dimensions. But it is expensive and complex, fur-
ther limited materials can be converted into nanorobots by this
method. More studies are needed to find useful materials and
bring costs down. Li et al. used etching to prepare NIR driven
symmetric yolk-shell ZIF-67@PDA nanorobots. ZIF-67 NPs and
dopamine were mixed with methanol separately in suitable
amounts, both solutions were combined and ultra-sonicated
for 5min, later forming dopamine hydrochloride solution was
added and further processed to collect product. Etching of in-
ner ZIF-67 depends upon reaction time of ZIF-67 and PDA as
well as on the ratio of dopamine hydrochloride and MOF ratio.
Reaction time of 2h gives core shell structure while increas-
ing it up to 6h decreases the volume of inner MOF and PDA
maintains its rhombohedral shape. Similarly, etching is further
supported by a high ratio of dopamine hydrochloride. 2/4 Mass
ratio of dopamine hydrochloride/ZIF-67 cause ZIF-67 to shrink
up to 60% of its original volume into spherical form giving egg
yolk structure, if ratio of former is increased further it etch MOF
completely and increase the thickness of PDA. Synthesis scheme
has been reproduced in Fig. 4b [88].

(d) Strain engineering: It is applied to create intentional strain in
nanorobots to get desired features. Research is limited in un-
derstanding of different strain levels effects on the nanorobots
performance is limited particularly in dynamic aqueous envi-
ronments. Studies are lacking in terms of strain effects on elec-
trochemical and catalytic properties (pollutant degradation abil-
ities) of nanorobots. Further designing materials which can tune
strain as per environmental conditions with ability to target
different contaminants in different conditions in future direc-
tion. However precise control of strain is challenging aspect
[93,94].
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Fig. 3. (a) SEM image of Fe30,@Ce-MOF. (b) TEM image and elemental mapping of Fe;0,@Ce-MOF. Reproduced with permission [70]. Copyright 2022, Elsevier. (c) SEM image
of MnFe,0,@MIL-53@Ui0-66@Mn0,. Reproduced with permission [86]. Copyright 2022, Elsevier. (d) TEM images of MOF-525(Co)-Fe. (e) SEM image of MOF-525(Co)-Fe.
Reproduced with permission [87]. Copyright 2025, Elsevier. (f) SEM images of ZIF-67@PDA at 20 h. Reproduced with permission [88]. Copyright 2024, Elsevier. (g) Schematic
illustration of the preparation of MNR-MOF-DMSA. Reproduced with permission [89]. Copyright 2025, Elsevier.
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Fig. 4. (a) The preparation of MnFe,0,@MIL-53@Ui0-66@Mn0,. Reproduced with permission [86]. Copyright 2022, Elsevier. (b) Schematic illustration of the synthesis of
asymmetric yolk-shell structured ZIF-67@PDA nanocomposites with rhombic dodecahedron shape. Reproduced with permission [88]. Copyright 2024, Elsevier.
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Fig. 5. (a) Moving trajectory of MOF-525(Co)-Fe nanomotors under different concentrations of H,0,. Reproduced with permission [87]. Copyright 2025, Elsevier. (b)
Schematic illustration of ZIF-67@PDA nanomotors driven by NIR light. Reproduced with permission [88]. Copyright 2024, Elsevier. Schematic diagram of a single nanomotor
Fe304@Ce-MOF in (c) tumbling mode and (d) rotating mode. Reproduced with permission [70]. Copyright 2022, Elsevier.

5. Propulsion mechanisms in MOF-nanomachines (MNMs)

Propulsion mechanisms are a defining feature of MOF
nanorobots enabling them to navigate and perform tasks in
various environments. The propulsion mechanisms are categorized
into chemically powered and physically driven systems, with an
emphasis on their relevance in wastewater remediation.

5.1. Chemically powered MNMs

Chemically powered MNMs rely on reactions in their environ-
ment to generate movement. These mechanisms typically involve
the decomposition of fuels, such as hydrogen peroxide (H,0,),
or other redox-active substances. It can be further sub-divided
into bubble propulsion (in which MOF decomposes fuel, produc-
ing gas bubble, which propel the nanomachine forward), self-
diffusiophoresis (in which relies on the creation of a concentra-
tion gradient of ions or molecules around the MNMs due to a
surface reaction, asymmetry in the chemical gradient causes the
movement) and enzyme powered propulsion (in this enzymes like
catalase encapsulated in MNMs, they decompose biological fuels
such as glucose or urea, generating a localized flow of reactants
and products and bringing MNM in motion). Wang et al. designed
Ag-ZIF Janus micromotors. These have asymmetrically deposited
Ag patch on surface which catalyze decomposition of H,0,, pro-
ducing oxygen bubble. The oxygen bubble cause propulsion at the
speed of 310 wm/s [95]. Ying et al., Wang et al. and others have also
reported micromotors that rely upon H,0, fuel for bubble propul-
sion [96-101]. Liu et al. utilized self-degradation of MOFs in water
as drive for ionic diffusionphoresis propulsion. ZIF-90 micromotors
release Zn?+ ions which act as fuel for propulsion [102]. Enzyme
drive propulsion has been reported by Yang et al. in UiO-66-type
MOF (specifically Zr-fcu-azo/sti-30%), enzyme produced oxygen
bubble upon catalysis which bring micro/nanorobot into motion
[103]. Yang et al. fabricated nano-range MOF-composite with self-
propulsion abilities after chemical decomposition of H,0, in the
environment. MnFe,0,@MIL-53@Ui0-66@Mn0, composite uses it
MnO, to decompose the fuel causing propulsion. Recently, another

self-propelled MOF composite nanorobot has been reported, mo-
tion relies on catalytic decomposition of H,0, which is facilitated
by cobalt doping on MNM. Co?*and Co3* are interconverted with
the production of water and oxygen gas from H,0, which drive its
propulsion. Concentration of H,O, has direct impact on the veloc-
ity of MNM as higher concentration speeds them up, speed and
propulsion pattern of the MNM as different H,O, concentrations
are shown in Fig. 5a [87].

5.2. Physically driven MNMs

Physically driven MNMs leverage external energy sources to
achieve propulsion. External energy sources can be light, magnetic
field, ultrasound or electric field. These methods are advantageous
in eliminating the need for chemical fuels, making them more en-
vironmentally benign and suitable for biomedical and environmen-
tal applications. In light-driven propulsion, light energy activates
photoactive components (e.g., TiO,, Au) in the MNMs, generating
thermal gradients, charge carriers, or chemical species that propel
the motor. However, it has limited use in opaque media. Applica-
tion mainly includes photocatalytic degradation of organic pollu-
tants in water. Ikram et al. reported fuel-free colloidal MOF motors
with UV controlled propulsion, light intensity has direct relation
with the propulsion speed [104]. Jung et al. fabricated iron hex-
acyanoferrate (FeHCF) nanobot which showed visible light guided
fuel free propulsion to capture nanoplastics [105]. Li et al. reported
NIR light driven MNMs, these asymmetric yolk-shell ZIF-67@PDA
NMs show propulsion under the light of 808 nm wavelength. NIR
heat up MNM, due to different thermal conductivity of inner ZIF-
67 and outer PDA a temperature gradient is generated, causing
self-thermophoretic propulsion. At NIR irradiation of power density
1, 2, and 3W/cm?, the MNM showed speed of 4, 71, and 10.3 um/s,
as shown in Fig. 5b [88].

Magnetic fields are used to navigate MNMs containing magnetic
nanoparticles (e.g. Fe304), in magnetically driven propulsion. The
field’s strength and orientation determine the motor’s movement.
Main applications are targeted pollutant removal in wastewater
and in-situ pollutant sensing. Vaghasiya et al. used external mag-
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netic field to drive thermomagnetic (TM) nanorobots. Magnetite
Fe,03 particles deposited on nanorobot provide magnetic control,
strength of magnetic field determined the speed of propulsion. Ex-
cellent recovery was also achieved through magnetic properties
[106]. Liu et al. also synthesized Fe;0,@Ce-MOF nanorobots which
showed propulsion under external magnetic field, these nanorobots
showed two types of motion under magnetic field: Tumbling and
rotating (Figs. 5c and d). Speed of both types of motion increase
with increase in frequency of applied magnetic field reaching
maximum values of 16.69 & 1.10 mm/s and 498 + 113.6 rpm, respec-
tively. This increase is up to 10Hz, after which decrease in speed
is observed [70].

While in ultrasound-driven propulsion, high-frequency ultra-
sonic waves create localized acoustic streaming, driving the
nanomachines forward. This method is particularly effective in
high-viscosity environments. Many acoustically driven micro and
nanorobots have been reported so far, particularly in biomedical
applications, but MOF based nanorobots with ultrasound propul-
sion for water treatment show a wide research gap [107-111].

Alternating or direct current (AC/DC) electric fields induce elec-
trophoresis or dielectrophoresis in nanomachines, causing electric
field-driven propulsion. Selective removal of ionic pollutants from
water is main application area, but these are limited to ionic so-
lutions only. Electric field is applied along with other propulsion
drives to make motion more precise and controlled, such MNM
was reported by Guo et al. for cargo delivery. The nanomotor was
mainly chemically propelled but showed enhanced precision when
guided by AC current [112]. Use of electric fields to propel MNMs
for water purification needs further exploration.

Fig. 6 summarizes all common propulsion modes of MNMs,
showing how increase decomposition of H,0, to produce oxygen
bubbles, magnetic field strength and light intensity increase the
propulsion velocity. While the effect of changing ultrasound fre-
quency and electric field strength on propulsion are less explored
areas. All these propulsion modes have been studied under con-
trolled laboratory conditions for different pollutants removals and
other functions like sensing while the propulsion of MNMs in real
water conditions under synergistic effect of different types of pol-
lutants, uncontrolled pH and temperature, may affect mechanisms
of mobility and structural integration of MNMs, e.g., strong ionic
conditions or organic pollutants may restrain bubble propulsion.
Hence, the situation represents a wide research window which
needs to be evaluated before real world applications of MNMs in
environmental remediation.

Chinese Chemical Letters 37 (2026) 112326

e®
[} Organic pollutant

Featon sites

\) Degrgdnﬂons

. “e*04e
Organic dyes a
e .t ©
[ ] 8
4,,%\.) ®s. .0 &s@:wes
‘0, )
%” m Q&O‘@&

'yirty Water

MNMs

. Interaction
Clear water

Ions

Color change

&
pollutant

Fig. 7. Illustration of MNMs applications: Catalytic degradation, adsorption and re-
moval of dyes and ions, pollutant sensing and disinfection.

6. Applications of MNMs for wastewater remediation

Metal-organic framework-based nanomachines (MOF-MNMs)
have shown significant potential for wastewater remediation, lever-
aging their mobility, superior adsorption, catalytic, and sensing
properties. This section summarizes key advancements in using
MOF-MNMs for removing water pollutants such as metals, dyes,
and organic contaminants, while Fig. 7 gave illustration of main
applications of MNMs.

Adsorption is one of the main working mechanisms of MOF-
MNMs due to their high surface area, porosity, and chemical sta-
bility. The predominant adsorption mechanisms of MOF-MNMs
may include one or more of the followings: (i) Porous framework
adsorption (MOF's pores trap metal ions and dyes), (ii) Electro-
static attraction (adsorption derived by opposite charges of pollu-
tants and MOF-MNMs surfaces), (iii) Chemical bonding (functional
groups such as -COOH enhance chemi-sorption), (iv) w-m Stack-
ing (this interaction is dominating between dye aromatic rings
and MOF ligands, improving removal of such dyes) [113,114]. In
multi-component systems like MNMs these mechanisms interplay
and control over all process of adsorption through co-occurring
and supporting or mitigating each other. Uptake of cationic dyes
is boosted by synergistic play of m-m interactions and electro-
static forces (e.g., uptake of MB by DUT-23-Cu), similarly pore
size and charge work to favor adsorption in accordance with
size exclusion and electrostatic attraction. So, keeping these in-
teractions in view, high porosity, large surface area, opposite sur-
face charge relative to pollutant and functionalized ligands as
per water conditions optimize the adsorption efficiency of MOFs
[115,116].

MNMs may absorb the pollutant by taking it into MOF holes
or may degrade it after coming in contact. Degradation is an-
other mechanism which is followed by MOF nanorobots, they de-
grade the target substance into harmless or useful products. Later,
MOFs are recovered, and pollutants are released in detoxicated
form. Sometimes MNMs simply capture the target molecule into
its pores, acting as a filter for that specific target.

6.1. Removal of metal ions

Numerous micromotors have been designed to removed metal
ions like radioactive uranium, Fe3*+ and Pb%* and Cd?* remediat-
ing the water [114,117,118]. Though nanomachines are not as com-
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mon as micromachines but expanding very rapidly. The enzyme-
powered Cat-ZIF-8 nanorobot embodies accurate motion under low
concentrations of H,0,, which demonstrates its efficiency in ad-
sorbing Ce, Cu, Co, Mn, and Ni ions, thereby attaining removal ef-
ficiencies of up to 99.9% for Ce [119]. ZIF-8 based nanomotor was
fabricated with magnetic field driven propulsion, it effectively re-
moved metal ions including Cu(Il), Ni(Il), and Co(Il) with removal
efficiency of up to 90% [70]. MnFe,0,@MIL-53@Ui0-66@Mn0,, a
MOF-composite NM which showed unparallel adsorption capacity
for Cd(Il) and Pb(II). This MNM shows self-propulsion using H,0,,
so the higher the concentration of H,0O, is the more adsorption.
Diffusion rate of metal ions also has equal effect on adsorption
abilities, this diffusion mainly consists of 4 stages including mass
transfer of bulk solution and then metal ions onto adsorbent film,
followed by diffusion into intra-particle pores of MNM and finally
bond formation between metal ions and active sites on MNM sur-
face. By optimizing both factors: H,0, concentration and diffusion
rate, 1 g of the MNM achieved maximum adsorption of 1018 mg
for Pb(Il) and 440.8 mg for Cd(II). FTIR and XRD analysis showed
basically that this adsorption is exchange between the Mn(II) and
Fe(Il) of MNM with Cd(II) and Pd(II) from solution [86]. Hao et al.
fabricated MNM with and without DMSA for selective adsorption
of Au(lll) from e-waste, which contains many other ions in com-
paratively higher concentrations. MNM has numerous active sites,
where Au(Ill) gets diffused, chelated and reduced to Au(0), as de-
picted in Fig. 8a. MNR-MOF also showed great adsorption for gold,
but MNR-MOF-DMSA took the lead by gaining gold recovery of
1716 mg/g (Fig. 8b). This adsorption is a pseudo-second order pro-
cess, which is highly efficient owing to stability of MNM and fast
adsorption kinetics. Further the MNM showed degradation abili-
ties for organic dyes and other pollutants owing to the gold NPs
formed [89].

Understanding of active sites, diffusion process and ex-
change possibilities between metals ion and MNM surface, cus-
tomized MNMs can be synthesized for the removal of metal
ions and selective ion adsorption from waste and contaminated
water.

6.2. Removal of organic dyes

Organic dyes are pollutant of concern as they bring harmful
impacts for human and other living organisms if left in water as
it is so, their removal is mandatory step in wastewater treatment
[120,121]. Nano robots are reported less than microrobots for dye
degradation as well, but still progress is significant, A Cat-ZIF-8
nanomotor achieved 91 % removal of perfluorooctanoic acid (PFOA)
within 2min in 0.2% H,0,, significantly outperforming static sys-
tems. The enhanced performance was due to adsorption on ZIF-
8 pores and high adsorption energy. Another research reported
use of UiO-66. Ui0-66 based nanomotor can achieve a moving
speed of 18.8 pwm/s under 980 nm NIR light irradiation, at a power
density of 3W/cm?2. It showed adsorption capacity of 134 mg/g
for methylene blue within 40 min, and removal efficiency is 78 %
[122]. MOF-525(Co)-Fe nanomotor was reported to remove Mala-
chite Green (MG) by adsorption through m-m stacking, it also has
photocatalytic degradation abilities. The MNM removed 85.73 % MG
in dark while 93.55% in the light, giving clear indication of photo-
catalytic role (Fig. 8c) [87]. Fe304@Ce-MOF nanorobot shows dif-
ferent types of motion under magnetic field due to Fe304 NPs
functionalization. In tumbling mode of it showed adsorption ef-
ficiency of 26.28% for methylene blue, at 10Hz frequency which
reaches to 100% within 10 min while static MOF sank down show-
ing much less adsorption. Hence movement of MNMs is the intel-
ligent feature responsible for their better performance in pollutant
removal [70]. Asymmetric ZIF-67@PDA has been reported to show
selective adsorption of cationic dyes only, experiments were car-
ried out to remove MB from mixture using simple ZIF-67, static
ZIF-67@PDA and NIR irradiated ZIF-67@PDA. Results showed re-
moval efficiency is more with PDA attached and further get in-
creased when MNM is in motion reaching 80% removal capac-
ity in 30 min. Further, the MNMs were reported to maintain more
than 80% of adsorption capacity after 4 cycles of use, as shown
in Fig. 8d [88]. With understanding of structure and reactivity of
organic dyes, better MNMs can be designed, which can favor ad-
sorption sites customized to the functional groups of dye. MNMs
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can also enable oxidative degradation of pollutants, with their mo-
tion enhancing interaction with contaminants. Ag-ZIF Micromo-
tor and ZIF-8@ZnONPs|Fe;0,@AgNPs degrade Rhodamine B upto
93.1% and 98.6 % via adsorption and photocatalysis [123,124].

6.3. MNMs for sensing

MOF-MNMs are promising for pollutant sensing, employing flu-
orescence quenching and colorimetric detection mechanisms. Eu-
MOF has ability to detect Fe3* ions with high specificity via fluo-
rescence quenching [117]. MOF based motors have been designed
to detect and degrade hydroquinone as well [125].

6.4. MNMs for disinfection

Bacteria are critical water pollutants, and MOF-MNMs provide
an innovative approach to antibacterial activity. Janus architecture
MOFs with antibacterial activities has been developed. Gabriela et
al. explained the working mechanism of Janus MOF particles in dis-
infection. Uncoated side of MOF releases metal ions which directly
or indirectly kills bacteria. Other mechanisms include ROS gener-
ation, pH disruption, structural disruption of cell walls, proteins
or necessary enzymes [126]. Utilizing these principles, many MOF
based micromotors have been reported with water disinfection
abilities, as well as nanomachines with particular focus on in-vivo
anti-bacterial activity [127-129]. ZIF-8@PDA@ICG@Ur nanomotors
which were driven by NIR. Through synergistic effect of mobility,
released Zn(Il) ions and NIR irradiation 99.9% anti-bacterial activ-
ity was achieved. The nanomotor was reported to inhibit bacterial
growth in body fluids as well [130]. So, MNMs also have great
potential for water disinfection and need to be explored.

6.5. MNMs in harsh conditions

Metal-organic frameworks (MOFs) integrated into nanorobotics
have shown significant promise in water treatment, even under
harsh conditions. MOFs are known for their chemical stability,
which can be further enhanced by selecting appropriate metal
nodes and organic linkers. Zirconium-based MOFs (e.g., UiO-66) ex-
hibit exceptional stability in acidic, basic, and high-salinity condi-
tions, making them ideal for water treatment in industrial wastew-
ater. Iron-based MOFs (e.g., MIL-100) are stable under oxidative
conditions and can be used for Fenton-like reactions to degrade or-
ganic pollutants in highly contaminated water. Some MOFs, such as
those based on thermally stable metals (e.g., Cr, Zr), can withstand
high temperatures. This makes them suitable for water treatment
in industrial settings where wastewater is often discharged at ele-
vated temperatures and opens the door of future research. In oil-
contaminated water (e.g., from oil spills), MOF-based nanorobots
can effectively separate oil and water due to their hydropho-
bic/hydrophilic tunability. They can operate in highly saline or
acidic conditions, which are common in marine environments. Yu
et al. synthesized multifunctional MOF based polyurethane (PU).
They immobilized Fe304-loaded NH,—-MIL-101(Fe) on PU, these
superhydrophobic MOF did not absorb water at all and showed
greater adsorption capacity for organic solvents, the more is the
density of organic solvent, the more it is adsorbed. Adsorption ef-
ficiency of MOF based PU is up to 93.5 times of its weight for
some organic solvents (like chloroform). This MOF is also flame-
retarding, making it safer to use as a practical solution for oil
spillage. Real advantage of using MNMs on PU is that after us-
ing PU sponge can be collected using magnetic field because of
its Fe304 and Fe part [131]. Similar MNMs can be fabricated with
abilities to sense oil gradient and propel using some catalyst or en-
zyme and oil as fuel, clearing oil from water.
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High salinity can destabilize many materials, but certain MOFs,
such as those with robust metal-oxo clusters (e.g., UiO-66, MIL-
53), remain stable and functional in saline water. This makes them
more suitable for desalination and salt-laden wastewater treatment
when integrated as MNMs. Transforming these MOFs (which are
stable under harsh conditions) into MNMs will increase their ef-
ficiency many folds. The recent reports on MNMs; shape, propul-
sion type, mechanism and applications have been summarized in
Table 1.

7. Environmental toxicological concerns

MNMs carry not only toxicological concerns related to MOFs
but additional ones related to propulsion fuel as well. Need to
make propulsion mechanisms green is as necessary as green syn-
thesis of MOFs [132]. Mostly chemically propelled MNMs rely on
H,0, as fuel (as we cited in Section 5.1), which can generate reac-
tive oxygen species (ROS), oxidizing useful organic compounds as
well. It can lead to pH change of water (especially disturbing mi-
croenvironments) and long-term use may cause oxidative stress in
aquatic life. Despite toxicological effects, H,0, fuel-based propul-
sion is most popular, researchers need to bring other sustainable
propulsion methods in practice to minimize fuel toxicity.

MNMs are exceling in the removal of pollutants owing to faster
adsorption kinetics and semi-autonomous or autonomous high
mobility. Magnetic recovery option is available for MNMs with
magnetic components through external magnetic and then reusing
them for same application, making them sustainable and materi-
als of future [114]. ZIF-67 based MNMs has shown up to 65% Au
and Pd uptake even after five cycles of use, reduced activity is at-
tributed to deactivation of MNM surface and loss of MNM during
magnetic recovery [133]. MOFs contain transition metals and or-
ganic and inorganic functional entities, when all the components
are integrated as MNMs, mostly they are not biodegradable. For
biomedical applications, biodegradable MOF machines have shown
some progress, there is need to consider nanomachines biodegrad-
ability in environmental applications as well [134]. MNMs or com-
ponents of MNMs may act as secondary pollutants. In this way,
on one side MNMs are working to remove heavy metals and or-
ganic pollutants but on the other side they may contribute to-
wards nano-waste, transition metals leachates and toxic organic
linkers just like pristine MOFs under certain conditions. As ZIF-
67-SO4 used for ciprofloxacin removal showed Cu leaching up to
4.5mg/L [135]. So, life cycle of MNMs in practical mimic environ-
ments needs to be evaluated before use for real applications. Quick
decrease in performance with every cycle not only reduces their
efficiency but makes them unsustainable in terms of economy and
environment. Fate of MNMs after use is also a big question. Al-
though, most concerns are visible after long-term use only and are
much lesser than other materials used for water remediation still
cannot be left unattended. Toxicological effects of biomedical MOF
nanomachines have been somewhat discussed [136], but again tox-
icological study, accumulation, degradability and degradation path-
ways of MNMs in water treatment applications present a research
gap demanding further experimental evaluation and case studies.

8. Future perspectives, recommendations and challenges

Major challenges lie in the synthesis of MNMs; we need to
make it green and fast. Being nano-ranged materials, they provide
more surface area but maintain this nano size, porosity and wa-
ter stability while combing all functional entities is itself a chal-
lenge. Often pore size is reduced a lot while maintaining water
stability. That is the reason, the ratio of reported MNMs in water
treatment is much less than reported in biomedical applications.
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Table 1
Summary of remarkable features of recent MNMs.
MNM Shape and dimensions Propulsion type (and speed) Pollutant and removal Working mechanism Ref.
efficiency
Fe;0,@Ce-CAU-28 Rod like, 1pm long and Magnetic driven rotating and MB, 100% removal efficiency Adsorption [70]
diameter of about 150 nm tumbling after 10 min
MnFe;04@MIL- Spherical with humps, 310 Chemical propulsion by the Pb(II), 1018 mg/g and Cd(II), Chemisorption through ion [86]
53@Ui0-66@Mn0, nm catalytic decomposition of 440.8 mg/g exchange
H,0, and collected after use
through magnetic field
MOF-525(Co)-Fe Uniformly cubic, 700 nm Chemical propulsion by the MG, 85.73 % in darkness and Adsorption and [87]
catalytic decomposition of 93.55% in light photocatalytic degradation
HzOz
Asymmetric Rhombohedral NIR driven (10.3 wm/s) MB Selective adsorption [88]
yolk-shell
ZIF-67@PDA
MNR-MOF-DMSA Rod like arranged in Magnetic driven Au(Ill), 1716 mg/g at 318 K Selective adsorption and [89]
pod-like pattern reduction into Au(0)
CAT-ZIF-8 Hexagonal, around 500 nm Cyclic vertical motion by Heavy metals and Pollutant mass transfer [119]
bubble propulsion through perfluorooctanoic acid (PFOA) and adsorption
decomposition of H,0, with up to 99% removal
(0.2%—1%) by catalyze enzyme efficiency, removal efficiency
of up to 100% for Ce and 90%
for Cu
PDA@UiO-66 Spherical, 3354+ 10 nm NIR (980 nm) driven through MB with 78 % removal Adsorption [122]

self-thermophoresis, 18.8 um/s

efficiency

speed

Future research can focus on increasing the stability and reusabil-
ity of MNMs by working out on the more efficient methods to
recollect MNMs after usage and exploring more DFT can be used
to predict stable metals, linkers and other functionalities by run-
ning simulations of transformation upon interactions with specific
pollutants. Similarly, stability of MNM under different conditions,
its possible mechanism of pollutant removal can be predicted us-
ing DFT. It will not only optimize synthesis but help to fabricate
more efficient MNMs. Artificial intelligence has been found helpful
in designing MNMs tailored for specific jobs, so it is with machine
learning. But machine learning algorithms are complicated and de-
mands expertise which is difficult to get for a chemist. So, collab-
oration of ML scientists and chemists can take MNMs to the next
level and is great dimension to follow in future research.

Further in MNMs, adsorption combined with catalytic degrada-
tion and other reactions is not only removing contaminants but
also converting them into harmless compounds. It has potential
to be future research with clear roadmap, with further extension
to get useful products like ammonia, chlorine gas or other use-
ful chlorinated compounds, hydrogen sulfide, carbon dioxide, hy-
drogen (as energy source) from nitrates/nitrites/urea, perchlorates,
sulphates and phenolic compounds in wastewater from different
sources. Using autonomous MNMs to get wastewater cleaned and
getting these valuable byproducts will not only bring environmen-
tal remediation but support circular economy as well. Photocat-
alytic light propelled MNMs getting double advantages of mobility
as well as catalytic action through light, is more exciting direction
for future researchers. Scalability of these MNMs and mass produc-
tion for real field applications is also a clear future roadmap to be
explored along with their stability and functioning in complicated
conditions of real waterbodies.

9. Conclusion

Metal-organic frameworks (MOFs) and nanorobotics are a new
area of water treatment research with unparalleled virtues in se-
lectivity, efficiency, and versatility. In this review, we critically eval-
uate the different synthesis pathways of MOFs and post synthetic
modifications for water treatment applications, how these MOFS
are transformed into autonomous nanomachines along with shapes
of MNMs, their propulsion systems, and functionalization meth-

10

ods in a unique series unlike any other existing work. While MOFs
possess high adsorption capacity, tunable porosity, and reusability.
Likewise, nanorobotics offers efficient, autonomous, and targeted
elimination of pollutants but their mass deployment is impeded
by complicated fabrication pathways and toxicological hazard.

To address these challenges, inter-disciplinary breakthroughs in
material engineering, catalysis, and bio-inspired design are needed.
Future work should also aim at promoting long-term stability of
MOFs in natural water matrices, maximizing nanorobotic propul-
sion for efficient removal of pollutants, and making eco-friendly
degradation or recovery of released substances. Moreover, exten-
sive environmental and toxicological investigations are needed to
evaluate potential MOF and nanorobotics risks in aquatic environ-
ments. Use of Ai, ML and DFT is bit challenging for lab chemists
but can help a lot in designing more effective MNMs. The integra-
tion of MOFs and nanorobotics is a paradigm shift in water treat-
ment towards more efficient, autonomous, and smart treatment
technologies. Yet, to narrow the gap between laboratory-scale re-
search and practical applications, there is a need for interdisci-
plinary partnerships between researchers, industry players, and
policymakers. Transcending the existing limitations and knowl-
edge gaps, MOF-based nanorobotics can transform water treatment
technologies into scalable, effective, and environmentally friendly
solutions to the global water crisis.
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