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Chitosan/metal-organic frameworks (CS/MOFs) are versatile materials fabricated by conjugating the
chitosan (CS) material with metal—-organic frameworks (MOFs). The CS/MOFs demonstrated phenomenal
features such as higher surface area, porosity, non-toxicity, environmental safety, and ability to form
different structures, making them suitable for diverse applications in adsorption, catalysis, membrane
separation, supercapacitors, batteries, fuel cells, sensing, food packaging, and biomedical applications,
including drug delivery. The different preparation routes for fabricating CS/MOFs are elucidated in detail.
The CS/MOFs mostly remove emerging pollutants via adsorption and membrane separation. However,
CS/MOFs are less explored in supercapacitors, fuel cells, and food packaging. This review highlights the
preparation, characteristics, and applications of CS/MOFs for energy, environmental and bio-medical
applications. The advantages, disadvantages, and perspectives are also elaborated. The following review
is expected to be a useful guide for scientists working on CS/MOFs.
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1. Introduction

Metal-organic frameworks (MOFs) are an emerging group of
porous materials thoroughly explored in the past few years.
MOFs are fabricated via effective self-assembly of metal
ions with organic ligands via strong coordination bonds."?
The major characteristic features of MOFs are their porosity,
tailored topologies, lower density, better void volume, and
good chemical stability.>* In the MOFs, the well-arranged
polycrystalline networks offer reactive sites in the form of metal
centers and the ligand’s functional group.’ Potential applications
of MOFs include wastewater treatment,® adsorption,” air pollu-
tion treatment,” photocatalysis,® electrocatalysis,’ sensors,"°
membranes,'" fuel cells,'* supercapacitors,"® batteries,"* food
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packaging,’® drug delivery,’® and tissue engineering.'” MOF-
based materials always exhibited greater efficiency with tune-
able properties.’® MOFs are easily processed in various forms
like aerogels, hydrogels, thin films, membranes, composites,
and fibers.>"?

Green or bio-based MOFs are yet another novel porous
material. Bio-based MOFs are developed from renewable
material sources that are environmentally benign, safe and
non-toxic.””** Commonly employed bio-based materials are
polysaccharides, amino acids, and peptides.** The main advantage
of using bio-ligands is the availability of multiple coordination sites
and functional groups for binding ions.>® Other merits include
abundance and availability, relatively lower cost, easy preparation
routes, surface area, and chirality.* In this study, chitosan (CS)/
MOFs are focused on because of their biocompatibility and
structural strength. Chitosan (CS) is chosen as a green source
due to its availability, unique properties and versatile applications
in medicine, energy and the environment.>*>® Although many
research papers have been published on this subject, no compre-
hensive review paper is available on the preparation, properties
and applications of chitosan/MOFs. However, Abdelhamid et al.
(2022) reviewed preparations and applications of the cellulose
based MOFs in the allied areas of environmental remediation, gas
purifications, drug delivery and biomedical applications.” The
potential role of MOFs/cellulose composites in potential waste-
water treatment was explored by Bej et al. (2023).%°
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This review paper highlights the significant developments
attained by CS/MOFs for medical, environmental and energy
applications (Fig. 1). The review briefs the preparation methods
and properties of CS/MOFs. The study discusses diverse appli-
cations of CS/MOFs, such as the adsorptive removal of dyes,
pharmaceuticals, heavy metals, photocatalysis, gas adsorption,
membrane separation, supercapacitors, batteries, fuel cells,
and packaging. Medical applications like antibacterial proper-
ties, drug delivery and tissue engineering are described. Finally,
the advantages, disadvantages, and prospects are outlined.

2. Chitosan

Chitosan (CS) is a natural fibrous polymer derivative of
chitin N-deacetylation found to be a major constituent of crusta-
ceans such as crabs, prawns, shellfish, shrimps and crawfish
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3031 The fabrication of CS from chitin is elucidated

(see Fig. 2a).
in Fig. 2b. CS is an N-acetyl-2-amino-2-deoxy-p-glucopyranose
unit possessing B-(1-4) bonds on the linear units.** CS has been
a wonderful polymer in the last few decades because of its
abundance, renewability, biodegradability, biocompatibility,
safety, affordability, and mucoadhesion-like properties, as shown
in Fig. 2¢.**° The chemical and physical characteristics highly
depend on the molecular weight, degree of deacetylation, solubi-
lity, and degree of crystallinity of CS.**** The degree of deacetyla-
tion varies from 70 to 95% and influences the potential
applications.” The presence of the NH, and OH usually deter-
mines the functionality of CS.*® NH, can be easily protonated,
enhancing the solubility in an acidic solution.** Two hydroxyl
groups are ascribed to modifying the CS’s mechanical properties
and solubility.

CS also attracted commercial interest due to its greater
nitrogen content than cellulose.*® The polymeric forms of CS
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are derived semi-synthetically from amino polysaccharides that
possess unique properties, functionality and specific applica-
tions in the biomedical field.** The flexibility offered by this
bio-inspired material in creating bonds with the organic and
inorganic compounds is because of its functional groups.*?
Studies also claimed that CS and its derivatives display better
applications because of their good solubility (water and other
solvents). Conversely, chemically treated CS offers higher solu-
bility in commonly used solvents. Furthermore, CS can be
formulated into any desired shape or structure, such as powder,
bead, membrane and scaffolds (see Fig. 3a). The important
applications of CS (see Fig. 3b) include water remediation,*
catalysis,** medicine, agriculture,*® textile,*” cosmetics,® paper
industry,”” food industry,”® drug delivery,* and nanotechnology.*’
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3. Metal—-organic frameworks

Metal-organic frameworks (MOFs) or porous coordination
polymers are a prominent group of highly crystalline micro-
porous materials developed based on principles of coordination
chemistry." MOFs are formulated based on the self-assembly of
organic linkers and coordination nodes of the metal ions or the
cluster of metal ions.’® Metal ions such as aluminium, copper,
zinc, titanium, magnesium and zirconium are used to fabricate
MOFs.>® The MOFs can be developed into morphologies
like 1, 2 and 3 dimensional structures.”* The main structural
characteristics of MOFs are their phenomenal porosity of
90% for their free volume and greater internal surface area
(>10000 m> g~ ')."** These properties make MOFs perfect
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Fig.1 An overall summary of the topics reviewed in this study. The
important applications include wastewater treatment, air purification,
sensing, food packaging, biotechnology and biomedical applications.
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materials for adsorption, photocatalysis,> supercapacitors,®
batteries,”” sensors,”> and biomedical applications.’® As per the
Cambridge structure database, about 70 000 structures of MOFs
are available. Commonly reported MOFs (see Fig. 4) are zeolitic
imidazolate frameworks (ZIF),”® Universiteteti Oslo (Ui0-66),%°
Hong Kong University of Science and Technology (HKUST-1),*!
and Materials for Institute Lavoisier (MIL-53).°* The advantages
of MOFs are their phenomenal surface area and porosity,
size selectivity, good optical properties, mechanical and
thermal stability, higher density of transition metals, and
capability to control the compositions and structure of MOFs.

Fig. 2
environmental suitability, biodegradability, and hydrophilic nature etc.
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The disadvantages include (i) their lower electrical conductivity,
(if) the poor recovery and reusability of the powdered MOFs are
undesirable for several applications including water remediation,
and (iii) their higher fabrication costs and lower stability always
hinder the utilization in large-scale operations.

4. Chitosan/MOFs

The formation of biopolymer/MOFs is a promising solution to
surmount the hereditary restraints related to the stability and
recyclability of the MOFs.>® Several researchers stressed the
conjugation of different biopolymers like CS, cellulose, and
cyclodextrin onto the MOFs. The hybrid materials prepared
using CS and MOFs displayed the characteristics of both CS
and MOF, along with the new properties formed via strong
interaction between MOFs and CS as indicated in Fig. 5.*
In most cases, hybrid materials are stabilized by appropriate
complexation between the MOF’s metal center and CS’s func-
tionality. The diagrammatic representation of CS/MOF is
shown in Fig. 5. The inclusion of CS with MOFs resulted in
exceptional stability, better optical properties, conductivity,
adsorption capacity, flexibility and mechanical properties.
The important advantages of CS/MOFs are depicted in Fig. 5.

4.1 Design criteria for CS bio-polymeric ligand in MOFs

The preparation of MOFs involves metal ions and an organic
ligand responsible for forming coordination bonds, yielding a
crystalline structure with greater surface area and better
efficiency.®* Several MOF types are reported for diverse sector
applications.®® Recently, CS-based MOFs have emerged from
combining MOF-based chemistry and science.®® Even though
exact definitions for bio-MOF or CS/MOFs do not exist, two
different aspects are highlighted in the literature: (a) inclusion
of a biomolecule as a ligand in the development of MOFs, and

Linear amino-polysaccharide with
higher nitrogen content

Non-toxic, biodegradable and

abundant
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Hydrophilic and bioadhesivity
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>
>
>
>
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>

(a) Natural sources of CS such as crab shells, shellfish and prawns, (b) deacetylation of chitin into CS, and (c) important properties of CS such as
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Fig. 3
in the field of environment, medicals and food packaging.

(b) greater porosity after incorporating a natural material.*®
Including bio-inspired materials may attribute new features
and extend their applications to other fields. As a result, some
strategies are proposed to yield highly efficient CS/MOFs.®”

e Utilization of CS as one of the organic ligands during the
preparation of MOFs.

e The formation of composites via covalent coupling with
the MOF linkers through post-preparation strategies.

e CS is also used as a bio-ligand, and it may ensure the
biocompatibility, crystallinity, and functionality of the prepared
CS/MOFs.

4.2 Synthesis of CS/MOFs

The CS/MOFs can be developed through in situ and ex situ
strategies (Fig. 6). The ex situ method involves the inclusion of
prepared MOFs into the respective form of CS. The ex situ
approaches include direct mixing, and immersion coating.
In direct mixing, MOFs are directly mixed with a CS solution
(Fig. 7a). In the immersion coating, the CS-based template
or scaffolds is immersed into the solution containing MOF particles.
The main advantages are the ability to control MOFs loading with
CS, better surface area and greater adsorption capacity. Still, this
method is highly time-consuming and requires several chemicals.

In the in situ approach, MOF precursors are directly added to
the CS-based materials.” The respective precursors are usually
added to the unprocessed CS materials. Furthermore, the
processed CS matrix undergoes freeze-drying to develop CS/
MOF aerogels. Freeze drying is the simplest approach to yield
porous composites. The yielded CS/MOF aerogel is a three-
dimensional porous network cross-linked via van der Waals
forces and hydrogen bonds.®® Different parameters like the CS
to MOF ratio, concentration, and freezing rate define the
stability and porous structure of aerogels. The crystallinity,
porosity, and suitability of the CS/MOF aerogel make it suitable
for diverse applications in water treatment.

The step in situ growth is the step-wise exposure of the MOF
precursor with the CS solution (Fig. 7b). The addition of MOF

5924 | Mater. Adv., 2023, 4, 5920-5947

(a) Different formulations of CS into hydrogels, nano-particles, membranes, scaffolds, and bio-printing, and (b) applications of CS-based materials

precursors forms the effective coordination bond between
the CS. Later, the inclusion of organic linkers initiates nuclea-
tion and growth.®® The layer-by-layer method is the in situ route
in which the CS substrate is appropriately submerged in the
metal-ion solution (Fig. 7c). It is subsequently submerged in
the organic ligand solution and vice versa.”® Homogeneous
morphology and controlled thickness are offered by this
method. The in situ growth is related to the step-wise exposure
of the CS substrate to the respective MOF precursor. Initially,
inclusion of the metal precursor forms an initial coordination
between the metal ions and the functional groups of the CS.
Finally, the organic linkers are added for nucleation and
growth. Advantages of in situ methods include (i) a simple
preparation route, (ii) better mechanical properties, (iii) better
interaction between polymer and MOFs, and (iv) the ability to
control the morphology and homogeneous distribution of
MOFs.”" However, the precise control of the MOF loading on
the CS is relatively complicated in the in situ strategy.

4.3 Processing of CS/MOFs

The CS/MOFs are easily formulated into different forms
like aerogels, foams, hydrogels, thin films, and membranes.
Methods like casting, dip-coating, electrospinning, filtration,
and 3D printing can be adopted for the same, as illustrated in
Fig. 8. Some of the methods are explained below:

(a) Filtration is one of the most-simple fabrication routes
that have attained phenomenal research interests in the last
decade. The CS/MOFs suspension’s solvent permeates through
the membrane filter with the help of a vacuum. Finally, the
CS/MOFs symmetrical structure is attained after drying.
The merits of this method include high flexibility, permeability
and porosity.

(b) Casting is a widely used method to build up Bio-MOFs
mixed membranes. The matrix solution (preferably CS/
MOFs solution) is poured slowly into a glass plate, followed
by degassing, solvent extraction and drying. The formed
membrane can be peeled off from the glass plate. Generally,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Structures of different MOFs. The Commonly employed MOFs are ZIF-8, MIL-53, HKUST-1 and MIL-53. Reproduced with permission.®® Copyright

2015, Royal Society of Chemistry.

the prepared membranes show greater permeability which is
useful in water remediation and separation of gases.®

(c¢) Immobilization: the MOFs nanoparticles are immobi-
lized on the surface of CS networks via crosslinking, encapsula-
tion, etc.”” This method is highly useful for preparing CS/MOFs
beads. It is also beneficial to avoid the loss of nanoparticles and
improve reusability.”

(d) 3D printing: 3D printing is a trending strategy for preparing
CS/MOFs. Major steps include CS/MOFs ink preparation, object
structure design, and development upon computer-driven digital
controller via a layer-by-layer strategy.”* 3D printing offers greater
reproducibility, low cost, easy scale-up, and porous structures.””®

(e) Electrospinning: one-dimensional materials like fibers
using polymers and MOFs precursors can be prepared using

© 2023 The Author(s). Published by the Royal Society of Chemistry

electrospinning.”” This route includes the preparation of
nanofibers.”® The voltage is applied to the liquid stream and
collector, allowing movement via a nozzle. Lastly, fibers are
deposited at the collector after drying.*"”?

(f) Freeze-drying is used to yield a highly porous CS/MOF
composite. The freezing of the CS/MOFs is conducted at a lower
temperature than the freezing point of a liquid. The aerogel is
yielded from the sublimation of frozen small molecular sol-
vents by means of liquid nitrogen freeze-drying methods.”®
Freeze drying yields a three-dimensional porous network struc-
ture cross-linked via physical interactions like hydrogen bonds,
chain entanglements, and electronic associations. The yielded
aerogel exhibits high crystallinity and porosity and makes it
suitable for diverse applications.®’

Mater. Adv., 2023, 4, 5920-5947 | 5925
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Fig. 5 Diagrammatic representation of CS—-MOFs and their important
advantages make them suitable for diverse applications.

5. Applications of CS MOFs

In the upcoming topics, we thoroughly explore the diverse uses
of CS/MOFs. The broad applications of CS/MOFs include
adsorption, catalysis, sensors, and membranes. The biomedical
applications are explained with respect to wound healing,
antibacterial, tissue engineering and drug delivery.

5.1 Adsorptive removal of pollutants

Adsorption is the most used wastewater remediation tool for
treating the effluents seen in wastewater.®*"®> The adsorption is
highly preferred due to its easiness in operation, selectivity,
cost-efficiency, and flexibility.** However, adsorption poses
several problems connected to the appropriate disposal and
regeneration of CS/MOFs.®* Several researchers reported elim-
inating dyes, heavy metals, pesticides, phenols, and pharma-
ceuticals using CS/MOFs.

1. Synthesis

—

In Situ Methods

Ex Situ Methods

Fig. 6 Fabrication of CS/MOFs using different methods.
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Fig. 7 Schematic representation of different preparation strategies like (a)
direct mixing, (b) step-wise in situ growth and (c) a layer-by-layer strategy
for the preparation of CS/MOFs.

5.1.1 Dyes. Dyes are well-known coloured complex struc-
tures that exhibit affinity towards the substrates they
applied.®®® Almost forty thousand different dyes are available
worldwide with an annual production of 45 000 tons. Nearly 15%
of these various dyes are directly discharged into the water
through synthesis and application.®® Dyes are commonly
employed in industrial sectors like textiles.®” Additionally, these
dyes cause adverse health effects such as breathing problems,
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allergies, eye and skin disorders, and tissue necrosis.>"** The
growth of aquatic organisms is also hindered due to dyes and
residues such as amines and imines in the marine
environment.>"® As these dyes resist bio-degradation, eliminat-
ing these noxious compounds is necessary for societal and
environmental concerns.”®

Saeed et al. (2022) discussed the preparation of CS/MOF-25
using the solvothermal method displaying an effective surface
area of 30 m®> g '. The adsorption experiments indicted an
uptake capacity of 2857-2326 mg g~ ' for CS/MOF-25, which is
14 times greater than CS, respectively. The hydrogen bonding,
n-n bonding, pore-filling, electrostatic interaction and chemi-
sorption were mainly responsible for the dye removal. The
ethylene diamine functionalized ZIF-8 was incorporated into
CS/PVA to form a membrane adsorbent to remove green 19.
The membrane adsorbent was highly efficient in removing the
dye, with a sorption capacity of 144.61 mg g~ ". The removal rate
is ascribed to the electrostatic interaction of ZIF-8 with dye
yielded through surface modification of ZIF-8.”

Zhang et al. (2022) described the synthesis of core-shell
hybrid aerogel using both ionic cross-linking and a coordination
bonding strategy.”> A three-dimensional network of cellulose
nanocrystals/carboxymethyl cellulose and MOF, respectively,
form the core and shell of the generated aerogel beads.
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The produced aerogel spheres have a methylene blue adsorption
capacity of 1112.2 mg g~ ". The dye adsorption is mainly due to
multilayer adsorption and follows the Freundlich isotherm
model. Even after five cycles, only 20% reduction in adsorption
capacity was observed.

Zhang et al. (2022) prepared different MOF-based adsor-
bents such as ZIF-8@attapulgite-CS, Zr-MOF@attapulgite-CS,
and Al-MOF-@attapulgite-CS respectively. Both CS and attapul-
gite were added as supports to aid adsorption and enhance
removal efficiency. Among these materials, Zr-MOF@attapulgite-
CS illustrated a sorption capacity of 442.86 mg g ' within
30 minutes of equilibrium time (methylene blue). This material
also displayed reusability for up to five consecutive cycles with-
out reducing removal efficiency. The system followed pseudo-
second-order kinetics. The n-r interaction among the methylene
blue and the organic ligand of Zr-MOF@attapulgite-CS is respon-
sible for the degradation mechanism.”*

Highly efficient CS/PVA/Uio-66/nanodiamond was developed
via electrospinning for the destruction of Congo red
(1430 mg g '). Rational design of adsorbent enhanced the
efficacy of the nanofiber which is ascribed to electrostatic
attraction and repulsion. The developed nanofiber composite
is flexible, porous, and permeable. Higher reusability is the
predominant advantage of electrospun nanofibers.”* Chen
et al. (2023) emphasized the fabrication of polyethyleneimine/
CS/Ce-UIO-66 hydrogels via an ex situ blend method. The
experimental studies indicated a maximum adsorptive elimina-
tion of methyl orange (900 mg g ). The electrostatic inter-
action of hydrogen bonding very much helped in the
reclamation of methyl orange.’

5.1.2 Pharmaceuticals. There is a steady increase in the
concentrations of pharmaceutical compounds found in the
aquatic environments due to the huge consumption of pharma-
ceuticals and improper waste management.’**” Researchers
also proved the existence of pharmaceuticals in different water
matrices, for example, ground and surface water.”®® The elim-
ination of pharmaceuticals is a prerequisite to safe water.'**'!

The MIL-101 (Fe)/ZnO-CS composite beads were fabricated
via ionotropic gelation. The morphological studies claimed
octahedral geometry and uniform size distribution for MIL-
101 (Fe). With the incorporation of CS, a uniform spherical
structure with a rough surface is observed with a surface area of
8.38 m”> g~ '. MIL-101(Fe)/ZnO-CS composite beads reported a
sorption capacity of 31.12 mg g~ ' toward tetracycline removal.
The sorbent also exhibited a removal efficiency of 90% even
after five consecutive cycles. The n-n interaction among the
aromatic rings of tetracycline and adsorbent was the respon-
sible mechanism for the degradation of tetracycline.'®® Yadav
et al. (2022) emphasized preparing highly recyclable Fe;O,-
functionalized MIL-101(Fe) CS beads using an ionotropic gela-
tion method to eliminate antibiotics from water. The presence
of CS is ascribed to the abundant number of active sites,
adsorption, and flexibility of the beads. Scanning electron
microscopy exhibited the greater adherence of the Fe;O, parti-
cles on the rough surface of MIL-101(Fe). The sorption studies
claimed a capacity of 45.33 mg g * for tetracycline. The bead
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(a) Diagrammatic representation of the CS/MOFs composite fabrication using the in situ growth method. (b) UV-vis spectra of tetracycline

solution treated with different adsorbents. (c) Adsorption capability of the different adsorbents. Reproduced with permission.2°> Copyright 2020, Elsevier.

also displayed excellent reusability for up to five cycles.
The major mechanism for removing antibiotics using beads is n—r
interaction and hydrogen bonding with electrostatic interaction.”®

In another study, the adsorptive removal of ketoprofen and
ibuprofen using MIL-101(Cr)/CS beads was carried out. The
prepared CS beads demonstrated a very incremented surface area
of 800 m> ¢! compared with their pristine form (48 m> g~ ).
Adsorption studies proved the viability of adsorbents in eliminat-
ing pharmaceuticals. The CS-MOF beads exhibited reusability for
up to 7 cycles by maintaining the adsorption stability. The n—r
interaction of aromatic groups between the adsorbent and pollu-
tants is ascribed to the adsorption."® Jia et al. (2021) conveyed the
immobilization of CS grafted carboxylic acid Zr-MOF onto porous
starch using a facile CS adhesives strategy. The presence of porous
starch offers a unique macro-porous structure skeleton to accom-
modate UiO-66-COOH particles. On the other hand, CS strength-
ens the electrostatic interaction and hydrogen bonding with the
MOF and porous starch. The CS binding decreased the adsor-
bent’s surface area to 52.4 m”> g~ *. The modified CS displayed an
adsorption capacity of 50.25 m* g~ ' and reusability up to four
cycles towards sulphanilamide.**

Later, Zhao et al. (2020) described the fabrication of MOF-
incorporated CS beads for the reclamation of tetracycline.
MOFs such as ZIF-8, ZIF-67, HKUST-1 and Fe-BTC were

5928 | Mater. Adv, 2023, 4, 5920-5947

incorporated to form a bead to avoid the problem of poor
reusability and the high cost of catalyst separation. Fig. 9a
illustrates the preparation of CS/MOF beads using the in situ
growth method. The CS/metal oxide beads from the acid-
dissolved/alkali-solidified self-sphering process were adopted
as a substrate for immobilizing MOFs. The metal oxide acted as
the base template for the growth of MOFs. Among these
materials, CS/ZIF-8 composite beads demonstrated a higher
adsorption capacity of 495 mg g ' and retained 90% and above
tetracycline removal efficiency even after a number of cycles (see
Fig. 9b and c). Both of these studies targeted enhancing the
reusability of the adsorbent.'®®

5.1.3 Heavy metals. The discharge of heavy metals from
industries has tremendously increased during the past decades,
alarming both man and animals.'® Unlike other pollutants,
heavy metals are not eliminated by microorganisms. As a result,
they remain unchanged in the environment by increasing
toxicity in soil, water, and the food chain. The heavy metals also
cause severe health problems, including liver damage, skin
disorders, damage to the nervous system, etc.'® Eliminating
heavy metals is a prerequisite to ensure manhood’s safety.

Hu et al. (2022) described the CS-assisted MOF dispersion
using covalent bonding interaction to eliminate heavy
metals from wastewater. Here, a new strategy was proposed to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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overcome the problems associated with serious agglomeration.
UiO-66-NH, was chosen as the MOF material and grafted on CS
via covalent interaction with the help of glutaraldehyde. The
study reported that grafting MOFs onto the CS structure
improved the MOF’s dispersion and retained the MOF’s
morphology. However, incorporating CS reduced the surface
area of Ui0-66-NH, from 781.5 to 363.9 m> g~ due to non-
porous CS. The experiments reported a maximum sorption
capacity of 364.96 and 555.56 mg g~ for Cu(m) and Pb(u) within
45 minutes, respectively.'®

Huang et al. (2022) emphasized the fabrication of MOF-
derived Co-Al-LDH@CS/Fe;0, for the elimination of Pb(u) and
Cr(vi). The Pb(u) and Cr(u) sorption capacities are 558.84 and
710.79 mg g ', respectively. The adsorption kinetics proved
that sorption occurred via chemisorption, and the rate-limiting
step is exterior dispersion. The prepared adsorbent displayed
better selectivity and reusability up to five cycles. The density
functional theory proved the -SH and -NH, present on the
surface of Co-Al-LDH@CS/Fe;0, exhibited good affinity
towards heavy metals. Chelation and electrostatic interaction
was the responsible mechanism for heavy metal removal, which
was proved via XPS analysis and zeta potential.'*®

Zhu et al. (2022) described the in situ growth of ZIF-8 on the
carboxymethyl CS beads for the enhanced adsorption of Pb(u)
ions present in wastewater. The sorption experiments reported
a maximum adsorption capacity of 566.09 mg g~ with reusa-
bility of 4 cycles. The studies proved the phenomenal role of
NH, and COOH in the carboxymethyl CS in the chelation of
lead ions."® Zaman et al. (2022) focused on the microwave-
assisted preparation of CS-UiO-66-glycidyl methacrylate MOFs
to remove Pb(u). The formulated sorbent indicated a pheno-
menal surface area of 867 m> g~ ' with a thermal stability of
400 °C. The CS-MOFs retained 83.45% removal efficiency after
5 cycles."" Wang et al. (2023) stressed the development of
magnetic MIL-125-NH,/CS towards the reclamation of Cr(vi).
The MIL-125-NH,/CS demonstrated a maximum sorption capa-
city of 109.46 m> g~' which is attributed to the uniform
suspension of MIL-125-NH,/CS in water, higher surface area
and greater number of active sites.""?

5.1.4 Other pollutants. Luo et al (2019) studied the
potential capability of Al-MOF/sodium alginate-CS beads to
eliminate bisphenol A. The surface morphology confirmed that
incorporating CS made the beads smoother and decreased
surface-exposed nanoparticles. Both sodium alginate and the
CS experienced strong encapsulation due to interactions
between the alginate and the CS leading to the formation of
denser beads. The hybrid beads exhibited a very high surface
area of 687.5 m”> g~ ! and a micropore volume of 0.19 cm® g~
BET studies proved that CS was major in generating new
micropores in the beads. The AI-MOF/sodium alginate-CS
beads displayed a sorption capacity of 136.9 mg g ' removal
of bisphenol-A at a pH of 8 and 18 hours, respectively. The
hydrogen bonding, n-r interaction, and cation-n bonding were
major adsorption mechanisms for bisphenol remediation.'"?

Motaghi et al. (2022) reported that magnetic CS/activated
carbon@UiO-66 usage for the ultrasound-assisted simultan-
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eous adsorption of different noxious pollutants like Co(u),
malachite green, and imidacloprid from aqueous streams.
The adsorption studies claimed 44.5, 62.1, and 25.2 mg g
of adsorption capacity for Co(u), malachite green, and imida-
cloprid in the ternary system. The adsorptive process followed
the PSO model, and thermodynamic studies indicate it is an
endothermic process. Magnetic CS/activated carbon@UiO-66 is
an environmentally friendly, cost-effective adsorbent with
greater efficiency and reusability."™* Le et al (2023) utilized
an in situ strategy for the successful development of Cu-MOF/CS
beads. The developed Cu-MOF/CS beads reported a 120 m*> g~ *
adsorptive removal of toluene at 25 °C."*

Huang et al. (2020) emphasized the removal of 2,4-dichloro-
phenoxyacetic acid using ionic liquid-modified CS/UiO-66. A
BET study claimed that the ionic liquid-modified CS/UiO-66
exhibited a surface area of 204.33 m* g~ '. Experimental studies
claimed that the adsorbent exhibited a sorption capacity of
265.25 mg g '. The better 2,4-dichlorophenoxyacetic acid
removal is due to the increment in oxygen-containing groups,
which promote the formation of hydrogen bonds in the
adsorption.''® Yang et al. (2021) developed nano ZIF-8@CS
micro-spheres using inverse emulsion and in situ growth methods.
The experimental studies reported a sorption capacity of
128.7 mg g ' for removing p-hydroxybenzoic acid from the
agro-industry. The ZIF-8@CS microspheres also exhibited a
maximum of three consecutive cycles."”

Overall, CS/MOFs exhibit exceptional properties in removing
different organic pollutants. The major advantages of CS/MOFs
are the high porosity with multifunctional groups functioning
as active adsorption and high stability attributed to forming
highly stable complexes with centered metal ions in MOFs.
Table 1 summarizes different CS/MOFs for the adsorptive
reclamation of noxious pollutants. Despite its excellent adsorp-
tion capacity, CS/MOF beads suffer several problems like:

e CS demonstrated lower solubility in water, negatively
affecting the fabrication of MOF composites. The alteration of
CS to a water soluble form is very difficult.

e The CS/MOFs beads are also susceptible to biofouling, and
organic fouling during the sorption of noxious pollutants.

e The selectivity of CS is yet another concern during the
adsorption process. This issue can be resolved by utilizing
molecular printed CS and MOFs.

e The stability and the reusability of the CS/MOFs must be
explored in detail. Special focus must be given to synthesizing
beads, aerogels, and nanofibers for their extended reusability.
Along with that, adsorption experiments using real waste-
water are highly desired to understand the feasibility of the
adsorbent.

5.2. Removal of gases and particulate matters

The primary cause of global warming is the unchecked genera-
tion of carbon dioxide from various human activities.’*® In
the past 150 years, carbon dioxide has increased from 250 to
418 ppm.” The higher concentration of carbon dioxide in the
environment causes health risks to human beings and the
environment.*® The adsorptive-based carbon dioxide removal
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Table 1 CS/MOFs for the adsorptive reclamation of noxious compounds
Adsorption
Preparation Metal capacity
Adsorbent route Form core  Pollutant (mg g™') Reusability Mechanism Ref.
ZIF-8 @CS poly vinyl — Nanofiber Zn/Co Malachite green 1000 — Electrostatic interaction =~ 118
alcohol
CS/UiO-66 Impregnation Composite Zr Methyl orange 370 4 Electrostatic interaction = 54
HKUST-1 modified cellu- — Aerogel — Methylene blue  526.3 5 Electrostatic attraction and 61
lose/CS composite hydrogen bonding
MIL-53/CS Hydrogel Fe Congo red 590.8 3 Pore filling and ionic 119
interaction
Citric acid cross-linked Zn- Immobilization Composite Zn Methyl orange 220 5 Electrostatic attraction and 120
MOF/CS cation-m interaction
ZIF-8@CS sponge In situ method Sponge Zn/Co Congo red 987 5 Electrostatic attraction 121
MIL-101(Fe)@ CS Immobilization Sponge Fe Acid red 94 4518 Hydrogen bonding and 122
coordinate interactions
CS/Fe;0,/MII-101(Cr) — Composite Cr Methyl orange 117 — — 123
CS/Ui0-66 Ice-templating Monolith  Zr Congo red 246 4 — 124
TIF-A!/CS Secondary growth Beads Al Pb(u) 397.3 5 Chelation 125
model
ZIF-67 modified bacterial In situ method and  Aerogel Co Cu(u) 200.6 5 Electrostatic interaction 126
cellulose/CS composite lyophilisation 5
ZIF-67@ aminated CS — Beads Co Cr(v1) 119.05 7 — 127
beads
CS-industrial hemp residue — Aerogel Co As(v) 22 — — 128
superfine powder-Fe@ZIF-
67
CS-ZIF-8 In situ method Beads Zn/Co Cu(m) 165 5 Ion exchange 129
Pb(u) 131 5
CS-grafted-poly(N-vinyl Electrospinning Nanofibers Zn/Co Cr(vi) 269.2 5 Physical adsorption and n- 130
caprolactam)-ZIF-8 As(v) 258.5 5 7 interaction
MIL-100(Fe)/Fe,0,/CS Grafting Composite Fe Sb(ur) — 4 Surface complex binding of 131
hydroxyl
ZIF-8@ CS microspheres Inverse emulsion and Beads Zn/Co p-Hydroxybenzoic 128 3 Electrostatic interaction, 117
in situ growth acid hydrogen bonding
Porous starch CS-UiO-66- Facile CS-adhesive Composite Zr Sulfanilamide — 4 Monolayer chemisorption 104
COOH strategy
CS/ZIF-8 composite mono- — Beads Zn/Co Uranium 629 4 Chelation 132
lithic beads
CS-UiO-66 Simple gelation and Beads Zr As(m) 47.9 5 Inner sphere complex 133
freeze casting
CS-graphene oxide/ZIF-8  In situ growth Foam Zn/Co Uranium 361 5 Electrostatic interaction, 134
intraparticle diffusion and
coordination
MOF-808/CS — Composite Zr Cr(vi) 320 6 Hydrogen bonding and 135
electrostatic interaction
Cu-MOF/alginate/CS/cellu- In situ growth Hydrogel Cu Pb** 531.38 5 Ion exchange 136
lose nanofibril composite
CS/Uio-66-NH, Composites Zr Hg™" 896.8 6 — 137

attained research importance due to its reversibility and versa-
tility. For instance, Singo et al. (2017) also reported the pre-
paration of CS-impregnated sodalite zeolite-metal MOFs to
capture carbon dioxide. The adsorption studies were conducted
in a packed bed reactor using 15% and 85% carbon dioxide and
nitrogen, respectively. The impregnated CS/MOF displayed a
maximum adsorption capacity of 978 mg g~ * at 25 °C.**°
Jiamjirangkul et al. (2020) utilized MOF-integrated CS/PVA
nanofibrous membrane hybrids to capture carbon dioxide. This
study adopted three different strategies for the preparation of
Cu-BTC/CS fibers hybrids via (i) direct mixing of Cu-BTC MOF
with the CS/polyvinyl alcohol solution before electrospinning
which was determined to be direct method, (ii) the formation of
Cu-BTC MOF in CS nanofibers through an in situ method, and
(iii) deposition of Cu-BTC MOF on CS nanofibre termed as the
deposition method as highlighted in Fig. 10(I). Fig. 10(II) shows

5930 | Mater. Adv, 2023, 4, 5920-5947

a diagrammatic representation of the preparation of Cu-BTC/
CS nanofibrous hybrids via deposition of Cu-BTC/CS nanofi-
brous membrane. The nanofibrous membrane was successfully
prepared via layer-by-layer deposition of Cu®" as a metal cluster
and BTC as an organic precursor to form Cu-BTC MOF nano-
particles on the surface of the fiber. Studies also proved that the
prepared material’s surface area and pore size is altered by
changing the order of precursor mixing. The prepared
membrane exhibited 14 times higher carbon dioxide sorption
capacity."*!

In another study, CS/ZIF-8 beads were developed by the
in situ growth method for carbon dioxide adsorption. The
coordination of the free NH, group present in the CS skeleton
with Zn”" and self-emulsifying properties played a phenomenal
role in the in situ growth of ZIF-8 on the CS beads. The CS-ZIF-8
beads exhibited 90% adsorption of carbon dioxide in compa-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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rison with pristine ZIF-8. Carbon dioxide adsorption occurred
via physical adsorption and exhibited more than 80% adsorp-
tion efficiency even after three consecutive cycles.'**

Some researchers also tried other gases like formaldehyde.
For example, Zhang et al. (2021) discussed the capability of CS
cross-linked MOF-199@ aminated graphene oxide aerogel for
the adsorptive removal of formaldehyde gas. The three-aerogel
exhibited good thermal stability and reported a maximum
sorption capacity of 197.89 mg g~ of formaldehyde gas.'*

Like carbon dioxide, air pollutants like particulate matter
(PM),s cause significant health issues.'*® Air filtration is
needed to overcome the exposure of particulate matter in our
atmosphere.'** Pan et al. (2021) reported a MOF-5/electrospun
CS/polyethylene oxide membrane to remove PM, ;. The CS/
PEO@MOF-5 nanofiber membrane exhibited predominant
PM, ;5 filtration efficiency and a quality factor of 99.95% and
0.0737."*7 A facile preparation strategy was proposed to effi-
ciently integrate MOFs with cellulose paper and ZIF-8. The
ZIF-8 was prepared via the in situ method in CS gel and followed
by inclusion into the cellulose pulp to the composite design
paper. The experimental studies reported 99.68% removal of
PM, 5 with a base weight of 60 g m®. Fig. 10(III) emphasis the
higher reusability of the CS/MOFs membrane with a PM2.5
removal efficiency of 96.46% at the 30th day with the increment

View Article Online
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in pressure drop. The morphological analysis of the CS/PEO/
MOF-5 membrane after the passage of polluted air affirmed
the homogeneous capture of particulates on the surface of the
membrane (Fig. 10(IV)(a) and (b)). In Fig. 10(IV)(c), the CS/
PEO@MOF-5 membrane possessed two sides, one side
indicates polluted air and the B side indicates filtered air.
The change in colour from white to yellow is seen with the
increase in the filter time for cell A affirming the higher capture
of particulate contaminants and the colour on the B-side
indicates minor variations.'*> Thus, the extraordinary struc-
tural integrity, durability and dust-holding capability of the
modified membrane is claimed.

Hao et al. (2022) reported that MIL-125-NH, incorporated
bacteria cellulose/CS foams were used as an efficient air filter to
remove particulate matter. The directional freeze-drying
approach successfully synthesized the foam matrix composed
of mesopores or macropores of the polymer skeleton, yielding
accessibility towards the MOFs and reducing gas diffusion
barriers. Studies reported a maximum filtration efficiency of
99.5% with long-term stability of 30 days (see Fig. 10(V)). The
electrostatic interaction between the CS/MOFs and particulate
matter was the predominant filtration mechanism.'**

Overall, the CS/MOFs were able to remove toxic gases and
particulate matter from the environment. The CS/MOFs
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(I) Schematic illustration of different preparation routes of Cu-BTC/CS nanofibrous hybrids, (ll) diagrammatic representation of the fabrication

route of Cu-BTC/CS nanofibrous hybrids via the deposition method. Reproduced with permission.*** Copyright 2020, Elsevier. (I1l) Reusability of the CS/
PEO@MOF-5 membrane towards the removal of PM,s, (IV) (a) SEM images of the CS/PEO@MOF-5 membrane treated with PM,s, (b) higher
magnification version of the SEM image, and (c) photos of the CS/PEO@MOF-5 membrane under different PM capture. Reproduced with

permission.**2 Copyright 2020, Elsevier. (V) Stability of MIL-125-NH, incorporated bacteria cellulose/CS foams. Reproduced with permission.

Copyright 2022, Elsevier.
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exhibited good efficiency and stability. However, very limited
studies were conducted using CS/MOFs. Continuing research is
necessary to check the feasibility of CS MOFs against toxic
gaseous pollutants. In addition, greater priority must be given
to the beads, aerogels, hydrogels or membranes to ensure
higher stability and reusability.

5.3 Catalytic applications

Photocatalysis is a highly utilized advanced oxidation process
for wastewater treatment.®>®%14® Pphotocatalysis attained
research importance due to its high efficiency, environmental
friendliness, no formation of by-products and complete miner-
alization of pollutants.”® Very few researchers synthesized CS/
MOF-based photocatalysts for environmental remediation. For
example, an immobilized Cus(btu),-graphene oxide-CS hybrid
photocatalyst was developed to remove methylene blue. The UV-
diffuse reflectance spectra revealed a reduced band gap of 2.75 eV
and an increment in the specific surface area to 947 m*> g~ ". The
photocatalytic degradation studies reported 98% methylene blue
removal at a pH of 7 (time: 60 minute) using ultraviolet light."*’

Vigneshwaran et al. (2022) emphasized the development of
Fe,O;-supported micropillared Cu-BTC tethered over CS via the
hydrothermal method. The MOF-based catalyst displayed 91%
removal of paraquat within 60 minutes at a pH of 5. The
hydroxyl radicals portrayed a major role in the reclamation of
paraquat and followed pseudo-first-order kinetics. The CS/MOF
displayed a maximum reusability up to 5 cycles. The improved
reusability is ascribed to the magnetic behaviour of the photo-
catalyst (saturation magnetization of 9.565 emu g '). The
studies also claimed that the tuned band gap and hindered
recombination increased visible light activity."*°

The Zn,(BDC),(DABCO)-CS-Fe;0, nanocomposites were pre-
pared by Ghourchian et al. (2021). SEM analysis reported the
homogeneous dispersion of magnetic CS particles on the MOFs
without any aggregation. The saturation magnetization of the

(@)
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prepared photocatalyst declined from 66 to 36 emu g .
However, an increment in surface area is reported from 49.67
(MOF) to 148.83 m”> g ' for the MOF-CS-Fe;0,. Experimental
studies reported 99% removal of methyl orange within
23 minutes.”” Novel AgO-CoO-CdO/poly-alanine-CS reduced
graphene oxide (rGO) nanocomposites were reported using
the sonication approach with a band gap of 1.51 eV. The
photo-studies indicated a 97.4% methyl orange redemption.
The better catalytic potential is ascribed to the incorporation of
poly-alanine-CS-graphene oxide nanocomposites, which easily
trap visible light photons and minimize the recombination
ratio of e -h*.'*?

Vigneshwaran et al. (2021) has researched the preparation of
MIL-88(Fe)-TiO,-CS heterojunction via a solvothermal method.
The composite removed 98.79% of monocrotophos within
30 minutes under visible light irradiation. The OH and O,°*~
radicals played a prominent role in the reclamation of pesti-
cides. The photocatalyst also exhibited stability for five cycles.
The prepared heterojunction consists of several high-speed
nano tunnels in the p-n heterojunction facilitating the move-
ment of photo-induced charge carriers and limiting electron
recombination.'”*

From the limited number of studies, it is clear that CS MOFs
can be used as an effective photocatalyst. The CS/MOFs photo-
catalysts can be recovered and reused for multiple cycles
without too many complications (Fig. 11a). The main advan-
tages of CS/MOF photocatalysts are illustrated in Fig. 11b.
Despite their phenomenal efficiency, the following points need
to be addressed.

¢ Extensive studies must be conducted on developing a low-
cost synthesis route for CS/MOFs.

e Developing highly reusable photocatalytic beads via immo-
bilization or using magnetic materials as support aids are
highly required.

¢ No studies have been reported using solar light-driven CS/
MOFs photocatalysis.
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of CS/MOFs as an efficient photocatalyst are also highlighted.
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(a) Pictorial representation of recycling CS/MOFs as a photocatalyst for the reclamation of dye wastewater under visible light. (b) The advantages
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e Further studies are necessary to develop highly compact,
cost and energy-efficient photocatalytic processes to enhance
the catalytic activity to a greater extent.

A tandem reaction is an important reaction in which bonds
are developed without isolating the intermediates, altering the
reaction conditions or through inclusion of chemical reagents.
Tandem reactions yield promising research attractions due to their
simplicity and efficient utilization of atoms. Tandem reactions
do not need any purification and separation of intermediate by-
products. Zhao et al. (2020) explained the fabrication of CS-coated
MIL-101(Cr) as effective catalysts for the tandem deacetalization-
Knoevenagel condensation reaction. The CS-coated MIL-101(Cr)
was fabricated via an in situ growth method, yielding good
chemical and thermal stability and reusability. The CS coated
MIL-101(Cr) exhibited a core (MIL-101(Cr))-shell structure (CS).
Here MIL-101(Cr) possesses Lewis acidic sites, and CS provided
both Brensted acidic sites and Lewis basic sites. The synergistic
effect between CS and MIL-101(Cr) offered a prominent catalytic
activity toward the condensation reaction. The prepared catalyst
also exhibited good reusability over five cycles.'>*

Yousefian et al. (2020) stressed the fabrication of Cu-MOF
immobilized modified CS via combinations of terephthalic
acid as an organic linker and Cu”* as the metal constituent.
The studies reported the Knoevenagel condensation reaction
and the synthesis of benzylidene malononitrile under Cu-MOF/
CS as an effective heterogeneous catalyst. The Knoevenagel
products attained high yields under mild conditions and mini-
mum time requirements. The catalyst is highly stable and
exhibited high recovery for preparing benzylidene malononitrile

(@)

. 1, Zn(NO3), ‘6H,0
Dopamine , 24 h
pH=8.5, 25 °C

Fig. 12
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derivatives. The catalyst is reused eight times without a
reduction in the efficiency of the catalyst.">

Wang et al. (2022) stressed the growth of MOF on CS as an
effective host for palladium as a catalyst for Suzuki reactions.
The ZIF-8 has been planted on CS microspheres using poly-
dopamine as the base substrate. The preparation of CS/PDA@-
ZIF-8@Pd by employing CS spheres as base templates to grow
MOFs as core-shell microspheres with the phenomenal surface
area is shown in Fig. 12a. The CS/PDA@ZIF-8@Pd exhibited
Kapp Of 0.0426 s~ for the reduction of p-nitrophenol. Fig. 12b
represents the proposed mechanisms of the Suzuki coupling
reaction using CS/PDA@ZIF-8,5;@Pd. The ZIF-8 shells attached
to CS microspheres via dopamine can fix Pd ions grown in its
pores and restricts the size of Pd nanoparticles which provide a
large number of active sites than larger Pd nanoparticles for
quick electron transfer from an electron donor substrate to an
acceptor to catalyze the p-NP and C-C coupling reaction.
The unique core-shell structure possessing a surface area of
353.1 m? g~ ! was responsible for the unusual catalytic activity.
The prepared catalyst demonstrated a reusability of 6 cycles
with a final yield of 94% for CS/PDA@ZIF-8,;@Pd which is
highlighted in Fig. 12c. The minor decline in yield of the
catalyst is ascribed to the agglomeration of the catalyst and
the presence of inorganic ions on the material surface.'®

5.4 Membrane separation

The mixed matrix membrane yielded from CS and MOFs are
highly popular in separation technology. The better performance
is ascribed to the special features offered by MOFs. The high

\l 2, 2-Methylimidazole \' N
3, In-situ growth BNy

CsIPDA@ZIF-8,5@Pd

@Pd

CSIPDA@ZIF-8,

Cs/PDA@ZIF-8,,@Pd

(a) Preparation route of CS/PDA@ZIF-8@Pd microspheres by employing CS spheres as the base template to grow MOFs as core—shell

microspheres with a phenomenal surface area, (b) proposed mechanism of the Suzuki coupling reaction using CS/PDA@ZIF-8@Pd as the catalyst, and (c)
reusability of different catalysts for Suzuki reactions. Reproduced with permission.*>® Copyright 2022, Elsevier.
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porosity, crystallinity, and surface area are important properties
affecting the membrane’s performance. Due to their improved
mechanical properties, the CS/MOFs membrane exhibits high
selectivity and withstands aggressive chemical environments.
As a result, researchers are working in this field to enhance its
potential applications.

Ma et al. (2017) developed a facile method for preparing a
positively charged nanofiltration membrane. The membrane is
prepared by blending both MOFs into the CS matrix for
enhanced removal of cations. The MOFs, such as NH,-MIL-
101(Al) and NH,-MIL-101(Cr), were uniformly dispersed in the
CS matrix. Studies proved that the morphology of MOFs influ-
enced the permeability of the membrane. The nanofiltration
membrane of MOFs exhibited rod-shaped morphology and
attained two times more flux. The rejection ratio of the nano-
filtration membrane is found to be 93%.">” Wang et al. (2022)
described the fabrication of sulfonated polyether sulfone/N-
phthaloyl CS/MIL-101(Fe) as a novel mixed matrix cation
exchange membrane. The presence of MIL-101(Fe) improved
the ion-selective separation by forming a hydrogen bond with
the CS matrix of the membrane. The desalination rate of the
membrane improved by 136%, while the energy consumption
was reduced to 90%."®

Shi et al. (2021) prepared a UiO-66/tannic acid/CS/polyether-
sulfone hybrid membrane to remove dyes and Cr(vi). The
prepared material was dense enough to perform filtration
experiments like a membrane to eliminate cationic and anionic
dye from water. About 99% filtration efficiency achieved within
200 minutes is ascribed to the dynamic filtration ability created
via an improved driving force that occurred via concentration
polarization. Studies also claimed that the MOF was core in
dispersing the tannic acid-CS mixture to enhance pollutant
removal."*®

Lakra et al. (2021) described the development of a cellulose
acetate-CS-MOF forward osmosis membrane to recover water
and nutrients. The forward osmosis is prepared by coating a CS
AIFu-MOF mix on a cellulose acetate membrane. The AlFu-MOF
membrane separation improved hydrophilicity and resulted in
greater water flux. Experimental studies reported 80% water
recovery in forward osmosis and 85% salt rejection from dilute
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draw solution using reverse osmosis. The nutrients in the
concentrated feed wastewater are recovered as struvite by
precipitating the reject water of reverse osmosis."®°

Pervaporation is a highly economical method for separating
azeotrope mixtures, recovering heat-sensitive compounds, and
eliminating low-concentrated noxious compounds from the
aqueous streams. Xu et al. (2022) reported the capability of
the CS/ZIF-8 mixed matrix membrane to effectively separate
methanol/dimethyl carbonate. Experimental studies reported
that the 15 wt% CS/ZIF-8 membrane exhibited outstanding
selectivity of 11.2 and MeOH performance of 97.7 GPU at
50 °C. The excellent efficacy is ascribed to the greater affinity
of MeOH towards CS."®

Zhu et al. (2022) described the effective separation of metha-
nol/dimethyl carbonate using the UiO-66 MOF/CS membrane. The
studies emphasized that UiO-66 fillers improved the CS membra-
ne’s permeance and selectivity. A total flux of 355 gm™>h ™" and a
separation factor of 337 were achieved, almost 25 times greater
than the pure CS membrane.'®® Vinu et al. (2018) synthesized
the microporous AI-MOF (Al(OH)(MBA)) using the hydrother-
mal and solvothermal methods. The MOFs were incorporated
with the CS to form a mixed matrix membrane. The prepared
MOF membrane effectively separated the water/ethanol mixture
through pervaporation.'®

The MOF (ZIF-8 or HKUST-1)/ionic liquid/CS mixed matrix
membrane was successfully prepared to separate carbon diox-
ide/nitrogen. The presence of MOFs improved the selectivity of
ionic liquid CS hybrid continuous polymer matrix. The experi-
mental studies reported the permeability of the CO,/N, selec-
tivity performance is yielded for 10 wt% ZIF-8, and 5 wt%
HKUST-1/ionic liquid CS membrane was 5413 Barrer and 11.5
and 4752 and 19.3 respectively. This is indicated by the better
adhesion properties.'®*

Zhu et al. (2021) emphasized the preparation of the UiO-66-
NH, CS composite membranes for oil-water separation. The
prepared membrane demonstrated high hydrophilicity in the
air and super-oleophobic performance underwater. During
the separation of petroleum ether water emulsion, the filtration
flux is reported to be 2000 L m> h™', and the filtration
efficiency is greater than 95%. Even after ten cycles flux of

Table 2 Different applications of CS/MOF membranes in environmental remediation in an agueous matrix

Analyte Membrane MOF Separation mechanism Observations Ref.
Ethanol CS MOF-801 Pervaporation Flux = 1937 g m > 167
Isopropanol CS ZIF-8 Pervaporation Flux =410 g m > h 168
Ethanol CS ZIF-7 Pervaporation Flux=322gm > h 169
Methanol Cs MIL-53 Pervaporation Flux=2329 gm >h™' 170
Nitric oxide Cs Cu-BTTri Filtration — 171
BSA protein Polyvinylidene fluoride/CS UiO-66-NH, ZIF-8 Ultrafiltration Flux=470 Lm > h 172
Rejection = 98.1%
Cr(v1) Rejection= 95.6%
Pb(u) Polyvinyl alcohol/CS Ui0-66-NH, Filtration Flux=452Lm *>h*' 173
Removal = 94%
Cd(n) Flux=463 L m > h™*
Removal = 89%
Cr(vi) Flux=479 Lm >h™*

5934 | Mater. Adv., 2023, 4, 5920-5947
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the membrane was very high, four times greater than the mixed
cellulose membrane.'®® Si et al. (2023) focused on the separa-
tion of oil/water using ZIF-8@cellulose nanofiber/chitosan
aerogel developed using a freeze-drying strategy. The predomi-
nant advantages of aerogels are higher porosity, light-weight
and low density. The aerogel could easily separate oil from
mixtures with assistance of gravity and displayed a reusability
of 20 cycles.'®®

The CS/MOFs membranes are diverse materials exhibiting
different applications in the allied areas of environment,
separation and energy. Table 2 summarizes the different CS/
MOF-based membranes for environmental remediation. Some
of the challenges exhibited by CS/MOFs are.

e The pre-synthesis of MOFs particles are highly necessary to
ensure the removal of residual foreign molecules. The MOFs
under vacuum may destroy pores and affect the sieving effect
upon doping into the membrane matrix. The stronger pressure
may also decrease the porosity. Activating the pore structure of
MOFs using lower surface tension solvents is beneficial.

e The requirement of high temperature and organic solvents
is necessary for the research of CS/MOFs. The preparation of
MOFs at a higher temperature may cause secondary pollution
to nature by forming toxic by-products and consuming organic
solvents. It is always desirable to develop greener pathways for
developing CS/MOFs.

e The majority of researchers emphasized the separation of
pollutants via size exclusion selectivity. However, it is not easy
to employ size-exclusion during the separation of molecules
with more similar sizes and polarizability.

e The biopolymer-supported MOFs are highly prone to
fouling, impacting the permeate quality and reducing the flux.
The surface engineering of CS/MOFs may overcome this issue.

5.5 Energy storage devices

Ever-increasing energy demands and the continuous shortage
of fossil fuels have compelled us to explore renewable energy
resources. The challenge with energy storage devices must be
addressed to exploit renewable energy sources.'’* The need for
sustainable elevated performance electrochemical energy sto-
rage and conversion devices is an emergency. The renewability,
mechanical stability, flexibility, and durability makes the CS/
MOFs suitable in different electrochemical energy storage and
conversion devices such as supper capacitors, batteries and
fuel cells.

Super capacitors are electrochemical energy storage devices
that received the most research interest owing to their high
power density, fast charging, and good cycle life.'”® Novel
electrode and electrolyte materials need to be developed to
enhance the stability and durability of supercapacitors. Ehsani
et al. (2020) reported the preparation of ternary poly-ortho
aminophenol (POAP)/CS/MOF-1 using the electropolymeriza-
tion method as an effective electrode in a pseudo-capacitor.
Here, [Zn,(bdc),(dbco)], is used as a MOF in this study and was
prepared via simple chemical routes with a surface area of
124.18 m”> g~ ' for the ternary composite. The specific capaci-
tance of the POAP/CS/DMOF-1 electrode is 3150 mF em ™2 at an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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optimum current density of 1 mA cm 2. The predominant
capacitive activity is indicated by the synergistic effect of the
CS/DMOF-1. The Faradaic contribution of the DMOF-1
enhanced the electrochemical performance of the electrode.
The device retained 93% of its initial capacitance over 1000
cycles at 10 mA cm > The key merits of this composite
electrode are higher active surface area, stability and easiness
during the preparation.’”®

The hierarchically porous carbon derived from MOF/CS
composites was used for the high-performance supercapacitor.
A facile method was adopted for synthesizing porous carbon by
calcinating MOF/CS composites. Studies claimed the prepared
composite displayed a surface area of 2375 m> g~ ' and a pore
volume of 2.49 cm?® g~'. The electrode exhibited a better
specific capacitance of 199 F g ' in 1 M H,S0, electrolyte and
a good rate capability of 75% from 0.05 to 4 A g~ *. The supreme
activity of the electrode is ascribed to the high surface area,
pore volume, and the porous structure.’”” Recently a team of
researchers demonstrated the effective mechano-chemical
route for the fabrication of ZIF-8 nanocrystals and ZIF-8@CS
for battery applications. A novel lithium-ion battery anode
material was developed by pyrolyzing the ZIF-8@CS nanocom-
posites. The material exhibits a high specific capacitance, lower
impedance, and greater stability.’”®

A ZIF-8-derived porous carbon supported on carbon aerogel
derived from CS was recently developed using the facile in situ
deposition method followed by carbonization. Fig. 13(i) con-
firmed the deposition of ZIF-8 polyhedron on the CS aerogel
through the co-precipitation followed by calcination. Fig. 13(ii)
compares the carbon aerogel with the CS aerogel obtained at
the end of the carbonation process resulting from the pyrolysis
of CS. The prepared aerogel is also found to be lightweight and
capable of standing on a flower petal. The stacked layer-by-layer
three-dimensional porous structure is exhibited by carbon
aerogels with interlaced nanosheets (Fig. 13(ii)(c)). The struc-
tural analysis also proved that the carbon aerogels boost-up the
electron and ion transport and can be utilized as a base
skeleton for the growth of ZIF-8 possessing a polyhedral struc-
ture. The prepared ZIF-8 exhibited an average particle size of
0.5 um (Fig. 13(iii)(a)) and the corresponding SEM image in
Fig. 13(iii)(b). Fig. 13(iii)(c) and (d) depict the SEM and TEM
images of ZIF-8-C, which affirms the polyhedral shape after
converting ZIF-8 to ZIF-8-C, respectively. The ZIF-8-C is uni-
formly supported and well-distributed on the nanosheets of
carbon aerogels to restrict the aggregation of ZIF-8-C as
observed in Fig. 13(iii)(e). The TEM image of the ZIF-8-
derived porous carbon reinforced on carbon aerogel derived
from CS affirms the uniform deposition of ultrafine nanocrys-
talline powder on the carbon sheets (Fig. 13(iii)(g)). The results
also indicated the development of homogenously supported
ZIF-8-C on the three-dimensional carbon aerogel nanosheets.
Fig. 13(iii)(f) and (h) show the occurrence of nitrogen and
carbon. The presence of nitrogen functional groups incremen-
ted the pseudo-capacitance in the charging-discharging pro-
cess. The prepared material exhibited a three-dimensional
mesoporous structure with interlaced nanosheets acting as a

Mater. Adv., 2023, 4, 5920-5947 | 5935


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00413a

Open Access Article. Published on 08 November 2023. Downloaded on 7/19/2025 5:51:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

(i)

2-MIM

(iii) @

Fig. 13

View Article Online

Review

800 °C N2

(i) Schematic illustration of the formation of ZIF-8-carbon supported on carbon aerogel derived from CS. (ii) (a) A photograph of CS aerogel and

carbon aerogel, (b) light-weight carbon aerogel on a flower, and (c) SEM images of the carbon aerogel. (i) SEM images of (a) ZIF-8 and (b) ZIF-8-C, TEM
images of (c) ZIF-8 and (d) ZIF-8-C, (e) SEM images of ZIF-8-carbon supported on carbon aerogel, (f) elemental mapping of carbon, (g) TEM images of
ZIF-8-carbon supported on carbon aerogel, and (h) elemental mapping of nitrogen. Reproduced with permission.t’”® Copyright 2020, Elsevier.

skeleton to grow ZIF-8-derived carbon. The presence of both
mesopores and micropores creates more channels for electro-
lyte ions and provides electrical double-layer capacitance. Elec-
trochemical performances revealed that the composite
electrode exhibited a specific capacitance of 241.6 F g " at a
current density of 0.5 A g~ " and retained a capacitance reten-
tion of 90% after 5000 cycles. The superior capacitive behaviour
of the composite is indicated by the greater porosity of the
continuous 3D structure which accelerated the electron/ion
transport.'”®

The CS/MOFs are not well explored as a material for super-
capacitors and batteries. Even though the results are good,
further enhancement of the performance of the supercapacitor
is necessary. The following parameters may require immediate
attention to strengthen the efficacy of CS/MOFs as a super-
capacitor or battery material. The fundamental mechanism
behind the energy storage must be explored for interfacial

5936 | Mater. Adv., 2023, 4, 5920-5947

reactions at the electrode. In addition, adequate control of
interfacial interactions is important to attain a high electro-
chemical efficiency. To develop a full CS/MOFs-based super-
capacitor, CS-based electrodes should be assembled with CS/
MOFs electrolytes in a single device, and the performance must
be evaluated.

Fuel cells are energy conversion devices that are capable of
generating electricity via an electrochemical reaction using a
fuel and oxidant. Recently, Kumar et al. (2022) stressed the
fabrication of sulfonated CS and copper-based MOF (HKUST-1)
based membranes using the solution casting technique for
direct methanol fuel cell applications. The surface morphology
proved the incorporation of HKUST-1 as a pore-filling agent
and the creation of finger-like hydrophilic channels into the
sulfonated CS matrix. The intermolecular hydrogen bonding
between the carboxylic group of HKUST-1 and SO3;H groups of
sulfonated CS improves the performance in terms of ion

© 2023 The Author(s). Published by the Royal Society of Chemistry
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exchange capacity, thermal stability, and proton conductivity.
The prepared membrane possessed greater proton conductiv-
ities of 5.38 x 10> and 6.19 x 10> S cm™" at 25 and 80 °C
respectively. However, because of its small ionic size, the
sulfonated CS membrane exhibited lower methanol permeabil-
ity and selectivity than the pristine sulfonated CS and commer-
cial membrane. The phenomenal pore reduction ability of
HKUST-1 allowed proton and blocked methanol permeation
in the membrane matrix."®

In another study, a highly efficient proton exchange
membrane SO;H-UiO-66 coated halloysite nanotube-modified
CS was formulated using a one-pot in situ growth method. Later
it was used as an additive in the CS matrix to prepare the proton
exchange membrane. The prepared membrane displayed
strong mechanical strength and methanol resistance. The
core-shell nanohybrids consist of 1-D halloysites nanotubes
and MOFs with rich functional groups that enhance the water
absorption characteristics. The core-shell nanohybrids even-
tually led to the development of interconnected water networks
for speed proton transfer. As a result, the composite membrane
displayed a conductivity of 46.2 mS cm ' and a maximum
power density of 84.5 mW cm™>."®" Further research is neces-
sary to understand the capability of the CS/MOF.

5.6 Sensor applications

CS-based MOFs are a highly interesting material for sensing
applications due to their gel-forming ability, hydrophilicity,
better permeability, mechanical strength, and ease of employ-
ing reactive functional groups.

Choi et al. (2020) developed a co-hemin MOF/CS biosensor
to detect lactose. The biosensor Co-hemin MOF was fabricated
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using the self-assembly of CoCl, with an organic linker. Here,
Co-hemin MOF acted as a mediator for the development of
biosensors. The Co-hemin MOF was later adsorbed on a glassy
carbon electrode through the electrodeposition method.
Experimental studies reported that the prepared MOFs dis-
played phenomenal electrochemical performance in detecting
lactose with a greater high sensitivity of 102.3 pA mM ™" (time =
5 s) and a lower detection limit of 4 mM."®? The biosensor also
reported lactose in milk (46 g L"), goat’s milk (42.76 g L™,
drinking yogurt (5.99 g L") and chocolate milk (12.44 g L),
respectively.

Huang et al. (2020) emphasized the development of CS/thiol
functionalized MOFs for the detection of lead and cadmium
ions in food samples. Under the optimized conditions, the
detection limits of lead and cadmium ions were 0.33 and
0.008 ug L. The results of method validation offer excellent
selectivity, high sensitivity and simple operation. The authors
also validated the presence of lead and cadmium ions in three
different certified reference materials (CRM) such as rice, wheat
and tea. For example, the detected value of lead and cadmium
are 0.021 pgg ', 7ngg ', 0.059 pg ¢~ ' and 15 ng L™ " for wheat
and 1.6 pg g~ " and 64 ng L~ for tea, respectively. The certified
and the reported values were found to be in agreement with
each other. Because the highly rich and accessible -SH func-
tional groups of the CS/MOFs may accelerate the detection of
lead and cadmium ions.'®

Miao et al. (2022) emphasized the preparation of CDs@
ZIF-8/CS as a portable, disposable test strip. Fig. 14(I) describes
the CDs@ZIF-8/CS dual-function thin-film sensor assembly.
The sensing material was developed by encapsulating lumines-
cent porous composites and incorporating CS into it. The CS

' ) aIm av)
( ) = R (a) 8F /XC Dimethametryn
B - 4F 1.95
"°i0:/un 365Am Vnm ‘. 6 =. 0 -
Yy Hydrothermal o g g 00 05 1.0 15 20 25 3.0 35 40
[
HNTNNH; cDs 5 & Prometon
£ 5t 1.84
=, 8
oc on Zn* Evaporation = > 0 L
ow: Onm %‘ : S 00 05 1.0 15 20 25 30 35 40
em Crosslinking | COs@2ZIF-8 CDS@2IF-8/CS film = X 6
™ J & 3f /XC' 193 Ametryn|
-; .
D (a) T T T T T g O SN
400 450 500 550 600 650 a
Wavelength (nm) E g.O 05 10 15 20 25 30 35 40
g Prometon
(bho £ 3 i
z = | I — L a———.
@«
£ 031 00 05 10 15 20 25 30 35 40
E 4F Desmetryn
= o061 oF /X(, 1.64
A 0 ? T
E 0.44 ‘:).0 05 10 15 20 25 30 35 40
= Atraton
«
£ 02 2f /X('L“
5 0 —_—r e
Z 004 - | 00 05 1.0 15 20 25 3.0 35 40
BLANK PEN GRI ERY STR THI KANA Time (mm)

Fig. 14

(I) Schematic preparation of the CDs@ZIF-8 CS dual function thin-film sensor (Il) (a) TEM image of ZIF-8, (b) SEM image of ZIF-8, (c) TEM image

of CDs@ZIF-8, and (d) SEM image of CDs@ZIF-8. (lll) Performance for detection, selectivity, and adsorption of CDs@ZIF-8/CS film for tetracycline: (a)
fluorescence quenching, and (b) selectivity of CS/MOF to tetracycline. Reproduced with permission.®®* Copyright 2022, Elsevier. (IV) HPLC-MS/MS
chromatograph of the different samples. Reproduced with permission.®> Copyright 2021, Elsevier.
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was an appropriate support to reduce the constraints related to
secondary pollution impacted by powder composites. Along
with this, the desired shape was also achieved. The formation
of the CDs@ZIF-8 was indicated by the effective coordinate
interaction between the Zn>* and N-containing groups on the
CDs surface during the ZIF-8 growth. The highly uniform
sodalite zeolitic structure of ZIF-8 possesses a hexagonal shape
with a size of 200 nm (Fig. 14(II)(a)~(d)). The introduction of the
ZIF-8 to the CDs@ZIF-8 did not alter the morphology of ZIF-8.
The film exhibited better sensitivity and selectivity for detecting
tetracycline using a concentration quenching mechanism with
a maximum detection limit of 0.60 pm (Fig. 14(II1))."%*

The preparation of the MIL-101(Cr)/CS functionalized hydro-
philic sponge column with the help of a simple infiltration
method was reported. The CS minimized the problem of
adsorption and hydrophobicity. The role of CS was to act as
both adhesives during the functionalization of an adsorption
adjuvant in detecting herbicides. The formulated material was
used as an adsorbent in a vortex-assisted slid-phase extraction.
It was combined with HPLC tandem MS to determine six
triazines in water samples such as prometryn, desmetryn,
atraton, ametryn, prometon, and dimethametryn as shown in
Fig. 14(IV). The proposed method could determine these com-
pounds in five real water samples. The triazine herbicide
detection limit in spiked water samples ranges from 0.014 to
0.045 ng mL "% The key highlights of this study include
simplicity, higher sensitivity, and minimum requirements of
organic pollutants.

Si et al. (2022) specifically focused on preparing MIL-53(Al)/
CS/polyethylene oxide composite columnar foam to determine
estrogen in an aqueous solution. Here, polyethylene oxide was
used to serve as a porogen to enhance the MOF loading capacity
of the prepared foam. The lower limit of estrogen detection is
0.3 to 6.6 ng L "."% Due to outstanding characteristics like
surface area and porosity, they were suitable for detecting
different pollutants and compounds. The synergistic effect of
CS and MOF leads to enhanced efficiency in sensing heavy
metals and pharmaceutical compounds.

5.7 Packaging

Food wastage is a predominant concern for a sustainable
society.'®” Active food packaging strategies can be adopted to
reduce food waste, including incorporating active components
into the packaging materials.”® Packaging can overcome the
problems of traditional preservation methods like freeze-drying,
microwave and fermentation as they cause a difference in the
quality and taste of food."®® So, the CS/MOFs can be used as an
active agent to increase shelf life and to ensure human health.
The active agent, CS/MOFs packing, can be conducted via
coating, sachets and an impregnation method, as shown in
Fig. 15. However, a limited number of papers on CS/MOFs for
food packaging are available.

The Ag@MOF-loded p-coumaric acid-modified CS/CS nano-
particle/PVA-starch bilayer film is used for food packing film.
The novel bilayer film comprises two layers (i) Ag-MOF-p-
coumaric acid-modified CS and (ii) PVA/starch as the top and
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Fig. 15 CS/MOFs used in food packaging to preserve the food quality.
Three methods for food packaging are adopted using MOFs: sachets,
coatings, and impregnated packing.

bottom layers, respectively. The bilayer film displayed good oil
resistance, antioxidant activity, cytotoxicity and optical proper-
ties. The film exhibited outstanding antibacterial activity
against E. Coli and S. aureus. The surface of the bilayer film
was highly smooth and exhibited a tensile stress of 27 MPa.
The good UV-blocking properties, transparency, and ability to
prevent bacterial infections make this film suitable for food
industries.™

Kohsari et al. (2016) developed electrospun CS-polyethylene
oxide nanocomposites composed of ZIF-8 using an electrospin-
ning method. Studies reported that the CS-PEO-3%-ZIF-8 NPs
could be highly adaptable for edible food coating due to its
enhanced hydrophilic behaviour. The scanning electron micro-
scopy affirmed the spherical ZIF-8 nanoparticles of 60 nm and
the nanofibers with a diameter of 70 to 100 nm, respectively.
Studies reported that the prepared nanoparticles were highly
used for food packaging due to hydrophobicity and thermal
and tensile properties.'®°

One pot-assisted silver-based MOF synthesis via CS cross-
linking was proposed for fresh fruit keeping. The one-step
preparation of Ag-MOFs@CS suspension with improved anti-
bacterial properties. The interaction of silver ions with CS’s
NH, and hydroxyl groups helps grow Ag-MOFs in the prepared
matrix, which improves the effective dispersion and stabili-
zation of Ag-MOFs and minimizes the release of Ag ions.
The NH, and OH of the CS interacted with the silver MOFs
strengthening the aqueous stability and minimizing the silver
toxicity. The weight of the untreated strawberries declined by
50%, and the sprayed CS/MOFs retained more than 70% of
their initial weight. The problems related to food safety are also
minimized via washability."*

The CS/MOFs possess potential applications due to their
composition, structure and ability to form any shape. The
major challenges to be addressed to meet large-scale food
packaging applications are listed below:

e Further research is mandatory to predict the mechanical
and functional features of CS/MOFs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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e Continuing research is mandatory to determine the level of
hazard that CS/MOFs can cause, and studies on suitable
materials can be selected for CS/MOFs packaging.

5.8 Medical applications of CS/MOF

CS/MOFs exhibited prominent applications in bio-medical
fields due to their excellent antibacterial properties, environ-
mental suitability and safety, biodegradability, biocompatibility
and recyclability. The presence of the CS in CS/MOF minimizes
the cytotoxicity of MOFs and hinders the penetration of metal
ions into biological samples through isolation of metal ions.

5.8.1 Antibacterial applications. With the growing popula-
tion, the effects of bacterial diseases are also rising, which
causes extreme stress to human and animal health.'®! In recent
years, several nanomaterials have shown potential capabilities
against eliminating the resistances and growth of bacteria.™>
As per the reports, a few studies are also conducted for CS/
MOFs for antibacterial applications. Fig. 16 indicates the anti-
bacterial activity mechanism of CS/MOFs.

Asl et al (2022) developed Cu(un)-MOF@polydimethyl-
siloxane (PDMS) nanocomposite sponges coated with CS via
blending of Cu-MOF into the PDMS sponge, followed by CS
coating on the sponge via dip-coating. The developed sponges
displayed good antibacterial efficiency against S. aureus and
E. coli. The decline in the number of viable cells of bacteria is
also reported. The biological studies also stressed that the
prepared material provided adequate surface adhesion of cells,
proliferation and viability.'®® In the same year, MOF-derived
ZnO/porous carbon-13X zeolite composite modified with CS
and Ag nanoparticles was developed to study the antibacterial
properties. Experimental studies reported that ZnO-MOFC/13X/
CS/Ag displayed a high antibacterial activity depending on the
inhibition zone diameter of 14.5 and 1.5 mm on both S. aureus
and E. coli. The ZnO-MOFC/13X/CS/Ag demonstrated a higher
surface area.'®*

Wang et al. (2020) incorporated Cu-MOF (HKUST-1) with
electrospun CS/PVA fibers using the electrospinning method.
HKUST-1/CS/PVA fibers displayed phenomenal antibacterial
activity towards S. aureus and E. coli with an efficiency of
99%. The cytotoxicity test proved biocompatibility and cell

i. Metal ion release Mass leakage

ii. Accumulation in cell wall of cellular
iii. Linker release content
Chitosan/MOF
§ . Disruption
Disruption of DNA
of enzyme

Disruption

Deactivation
of cell wall

of protein

Fig. 16 Mechanism of antibacterial properties of CS/MOF. The mecha-
nism includes three pathways of metal ion release, accumulation in the cell
wall, and linker release. This pathway causes enzyme disruption, cellular
content mass leakage, and DNA and cell wall disruption.
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adhesion."®® Zhang et al. (2021) described the ZIF/CS prepared
by the in situ method to enhance the antibacterial effect. The
synergistic interaction between the ZIF and CS strengthened
the antibacterial effect more than its pristine form. The inhi-
bitory rate for S. aureus and E. coli reaches 96 and 100% within
15 hours. The CS/ZIF composite could destroy the bacterial cell,
and internal nucleic acid leakage and protein leads to an
effective antibacterial effect. The HKUST-1/CS/PVA fibers exhib-
ited higher stability for at least five days.'*®

The UiO-66-NH, MOF nanoparticles with peroxidase and
oxidase mimetic activities were blended with CS. The UiO-66-
NH,/CS membrane exhibited peroxidase-mimicking behavior
under peroxide, causing better antibacterial properties against
Escherichia coli. The advantages of this membrane are its high
stability, compatibility and hydrophilicity."®”

Overall, CS/MOFs exhibited prominent antibacterial proper-
ties. However, most studies were conducted on S. aureus and
E. coli, respectively. In addition to Gram-positive and Gram-
negative organisms, experiments must be conducted on various
organisms to understand the study’s scope. Studies must be
conducted in both in vivo and in vitro modes to assess the
activity of the CS/MOFs. Utilizing polysaccharides and chemical
agents can increase the activity of the CS/MOFs.

5.8.2 Drug delivery and therapeutic treatment. Drug deliv-
ery systems comprise one or more pharmacologically active
compounds with a respective carrier. During the past decade,
polymers have been extensively used in drug delivery, devices
for drug encapsulation and controlled release. The CS/MOF is
also adopted for drug delivery applications. CS exhibits several
properties, such as safety, biodegradable, biocompatible, easy
modification, etc., making CS/MOF unique. It is expected that
CS/MOFs will work well for cancer therapy and other therapeu-
tic applications (see Fig. 17).

Dizaji et al. (2020) focused on the fabrication of PLGA/CS/
MOF (ZIF-8 & MIL-101) nanofibers through electrospinning.
The prepared PLGA/CS/MOF nanofibers were highly useful for
the controlled release of paclitaxel against prostate cancer via
in vivo and in vitro methods. The prostate loading capacity of
the PLGA/CS/NaY, PLGA/CS/ZIF-8, PLGA/CS/ZSM-5, and PLGA/
CS/MIL-101 are 81.2%, 91.2%, 83.9% and 87% respectively. The
cell viability of the normal fibroblast cells treated with different
samples was >85%, which highlights the lower cytotoxicity of
the prepared carriers in normal cells and proves the biocom-
patibility of the nano-fibrous CS based MOF. A higher degree of
drug release rate was observed in the acidic pH. The PLGA/CS/
ZIF-8 loaded with paclitaxel reported 86% of cells are dead after
three days.'”®

In another study, vancomycin, an antibiotic, was loaded into
ZIF-8 nanocrystal for pH-controlled release. The ZIF-8/vanco-
mycin was loaded into CS scaffolds to yield 3-D structures
through wet spinning. The experimental studies reported that
vancomycin loaded into ZIF-8 nanocrystals was released in pH
control conditions from the CS scaffolds. Almost 70% of
vancomycin was released in the 8th hour at a pH of 5.4. The
scaffolds can act as a substitute for bone, and drug carriers may
be used to treat infections like osteomyelitis."*® Lin et al. (2020)
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treatment.

described the fabrication of carbon dot-embedded MOF@CS
core-shell nanoparticles for drug delivery and vitro dual-mode
imaging. Experimental studies were reported for doxorubicin as
amodel drug (50 mg g ). It is noticed that the doxorubicin was
released suddenly at a pH of 3.8, and the extent of release
greatly differed at a pH of 7.4. Cytotoxicity proved the biocom-
patibility and suitability of drug transportation in humans and
animals.?*°

Cao et al. (2021) described the CS-coated biocompatible ZIF-
90 for the delivery of the methotrexate. The methotrexate was
loaded into ZIF-90 via a Schiff base reaction between the NH, in
methotrexate and the aldehyde group of the imidazole-2-
carboxaldehyde ligand with a loading of 250 mg g '
(Fig. 18(a)). The outer layer modification of CS enhanced the
PpH responsiveness of the composite during drug release. The
greater release of methotrexate under acidic conditions com-
pared with under normal conditions under the normal environ-
ment. The cytotoxicity revealed that the prepared material
CS@methotrexate@ZIF-90 minimized the growth of liver can-
cer HepG2 cells, prostate cancer DU145 cells and gastric cancer
SGC7901 cells.>** A group of researchers studied the therapeutic
efficacy of 5-fluorouracil and gemcitabine with minimum
influence using MIL-101. The impregnation effect was used to
encapsulate 5-fluorouracil alone and with the gemcitabine in the
MIL-101. Studies claimed all nanocarriers displayed anti-cancer
activities and induced apoptosis in the MCF-7 cells. The cytotoxi-
city in the HUVEC cells is because of the chemotherapy drugs.**>

Abdelhamid et al. (2020) discussed the carbonized CS
encapsulated ZIF-8 for gene delivery. The mesoporous carbon
materials were used as non-viral vectors to deliver genes using
luciferase-expressing plasmid and splice-correction oligonu-
cleotides. The illustration of surface modification of mesoporous
carbon derived from CS-oligo nucleotides-two cell penetrating
peptides and their gene delivery is indicated in Fig. 18(b). The
carbon derived mesoporous carbon was effectively used as non-
viral vectors for the delivery of two oligonucleotides named

5940 | Mater. Adv., 2023, 4, 5920-5947

luciferase-expressing plasmid and splice correction oligonucleo-
tides. These materials exhibited low toxicity and biocompatibility.
The transfection using mesoporous carbon with and without cell
penetrating peptides. The phenomenal transfection efficiency is
due to the synergistic effect of mesoporous carbon and cell
penetrating peptides.>*

In another study, folic acid and doxorubicin incorporated
UiO-66 loaded onto carboxymethyl CS/polyethylene oxide/poly-
urethane core-shell membrane for the controlled release.
The drug loading efficiency of folic acid and doxorubicin is
95%. The maximum cell death percentage of the fibres under
0.3, 0.5, and 0.8 mL h™* are 82, 83, and 8% after 168, 240, and
240 hours respectively. Studies also proved the enhancement of
the apoptotic nuclei and the suitability of the fibers for cancer
treatment.”*

The MOF-808 based on zirconium tricarboxylate decorated
folic-acid conjugated CS was efficiently used to deliver querce-
tin. The cytotoxicity was explored using MTT assay against the
folate-receptor-negative HEK-293 and folate receptor-positive
MCF?7 cells. The MTT assay affirmed the internalizing efficiency
of the nanoparticles, additional to the cytotoxic and apoptosis-
induced properties. The mechanism of selective internalization
of the MOF-808 loaded quercetin by CS-folic acid through the
receptor-mediate endocytosis. The key merits of this material
include low-cost, easiness in fabrication, high stability, higher
drug release in acidic tumor environments, and active tumor-
targeting through its higher affinity of folic acids on the tumor
cell surface.”®

Table 3 summarizes different applications of CS/MOFs in
drug delivery. The studies show that CS/MOFs can be highly
used for drug delivery and therapeutic applications due to their
biocompatibility and biodegradability. However, lower solubi-
lity and high swelling properties are undesirable for incorpor-
ating hydrophobic drugs. The immunological and toxicological
profiles of CS/MOFs must be studied for the endurance of
complete safety.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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peptides and their gene delivery. Reproduced with permission.2°® Copyright 2020, Elsevier.

5.8.3 Tissue engineering. Bone tissue engineering and
wound healing medicines are growing in regenerative medicine,
which can be implemented by adopting different techniques
such as nanotechnology, biomaterials, polymeric science and
cell biology.

Khalili et al. (2020) focused on developing electroactive poly-
(p-phenylene sulfide)/r-graphene oxide CS scaffolds for wound
dressing applications. Studies reported a decline in the hydrogel
swelling ratio from 800 to 200% via poly(p-phenylene sulfide)/r-
graphene oxide inclusion. The prepared material exhibited good
biocompatibility and cell attachment as well. The porous struc-
ture was a prominent method for improving cellular activity and
growth. The developed scaffolds displayed a porosity of 85%.*'*

© 2023 The Author(s). Published by the Royal Society of Chemistry

Recently, Karakecili et al. (2022) focused on the preparation of
UiO-66 acting as a double actor in CS scaffolds for the osteogenesis
promoter. Studies reported that the wet-electrospun CS scaffolds
possessing fosfomycin-loaded UiO-66 nanocrystals exhibited a fiber
mesh structure with integrated micro-scale fibers and extremely
high mechanical strength. The CS scaffolds were biocompatible with
MC3T3-E1 pre-osteoblast, up-regulated the osteogenesis-related gene
expression, and boosted the extracellular matrix mineralization.**®

6. Future prospects

CS/MOFs offer outstanding physical and chemical properties,
which are mandatory for various applications. CS is commonly
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Table 3 Drug delivery and therapeutic applications of CS/MOFs
Material Form Purpose Observation Application  Ref.
Fe;0,@Bio-MOF-coated folic Composite Tumor targeted delivery of curcu- Efficient drug loading capacity, controlled Cancer 206
acid-CS conjugate min and 5-fluorouracil release of drugs, hemocompatibility and therapy
selective toxicity against cancerous cells
Ni/Ta core-shell MOF coated with Composite Targeted delivery of doxorubicin Higher efficiency, high chemotherapeutic =~ Cancer 207
folic acid-activated CS and curcumin efficiency therapy
nanoparticles
PAA-CS/PU/MIL-53 Fibers Co-delivery of paclitaxel and — Cancer 208
temozolomide against cancer cells therapy
PVA/Ag-MOF and PV/CS bilayer =~ Hydrogel Tissue engineering of lung Good antibacterial activity and poor Lung scaffold 209
scaffolds biocompatibility
Carbon dots embedded magnetic Targeted doxorubicin delivery pH-Responsive drug release Cancer 210
nanoparticle@CS@MOF therapy
Cu(un) MOF@polydimethylsilox-  Sponge Tissue engineering Reduced number of viable bacteria cells Wound 193
ane nanocomposite sponges healing
coated with CS
MOF(HKUST-1) CS/PVA Membrane Wound healing The prepared material heals the wound and Skin repair 195
minimizes inflammation
CS/bio-MOF Composite Targeted delivery of doxorubicin The maximum drug loading efficiency of 92% Cancer 211
therapy
Chitosan/bacterial cellulose sup- Composite Wound healing — Tissue repair 212
ported silver MOFs
CS/AI-MOF/GO Composite Drug delivery Biodegradability Cancer 213
therapy

employed as a modulator, support and binder for MOFs. The
CS/MOFs are highly porous with multi-functional groups.
Major advantages of CS/MOFs include (i) easy formulation into
any shape, (ii) high porosity, flexibility, and better stability, and
(iii) biodegradability. Despite the progress in the fabrication
methods of CS/MOFs, some challenges must be addressed
as follows:

(i) Complications in attaining ordered crystalline materials
and predicting their topologies due to the poor symmetry of the
bio-ligands.

(i) Difficulty in maintaining porosity and open active sites in
CS-MOFs.

(iii) Relatively harder to attain stability under relatively
humid conditions.

e CS has a lower solubility in water, a major challenge in
forming CS/MOFs materials. It is ascribed to the transforma-
tion of CS into a water-soluble form, which is highly beneficial
during the fabrication of nanocomposites.

o All the MOFs do not exhibit the same mechanical strength.
For example, HKUST displays a much lower mechanical
strength. So, materials like graphene oxide and reduced gra-
phene oxide can be blended into CS/HKUST to ensure the
mechanical strength. However, low-cost materials can be used
instead of graphene oxides for the endurance of mechanical
stability.

e The structural stability of the CS/MOFs can be further
increased via post-preparation modification which is beneficial
for introducing several properties like the enhancement of
porosity, number of catalytic sites, etc. Structural stability can
be achieved via

(a) functionalization of the polysaccharides cross-linker.

(b) adopting covalent functionalization as a post-synthetic
tool for modifying CS/MOFs. The combination of post-treat-
ment methods can achieve the desired properties. Based on

5942 | Mater. Adv., 2023, 4, 5920-5947

their properties, the post-synthetic modification for CS/MOFs
must be selected.

e The CS/MOFs demonstrated several applications in energy,
environment and medicine. In previous years, several studies
were reported for preparing CS/MOFs. The basic relationship
between the highly complex structures and the properties
needs further research. Very minimal research is conducted
in supercapacitors, fuel cells, batteries, packaging, and drug
delivery. So, apart from the experimental studies and theore-
tical calculations, computational modelling is beneficial for
understanding the relationship between various MOF units.

e CS/MOF composites are also prone to fouling which
minimizes the pore size and surface roughness and block the
functional groups of CS/MOFs. Fabricating fouling-resistant
CS/MOFs is important to ensure the efficiency of the material.

e The cytotoxicity studies of the CS/MOFs must be per-
formed in-depth in the allied areas of bio-medical and genetic
engineering.

e CS possesses a unique specialty as it can be formulated
into any desired shape, such as film, foams, beads and 3D
scaffolds, with the help of 3D printing technology. For the
preparation, researchers must use low-cost chemicals to ensure
economic feasibility.

e CS/MOF composites are prominent adsorbents that
remove dyes, pesticides, heavy metals and pharmaceuticals.
However, utilizing CS/MOFs on a large scale still requires
extensive studies. The preparation routes of most of these
composites are time-consuming, and the processes are uneco-
nomical. From an industrial perspective, simple and alternative
preparation routes must be developed using low-cost and
minimum consumption of toxic chemicals. Furthermore, these
materials must exhibit higher reusability and ease of recover-
ability. The cost-effective regeneration tool is always an asset for
commercialization.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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e Continuing research is necessary on the current applica-
tions of CS/MOFs in the fields of energy storage devices,
sensors, food packaging, and biomedical applications.

7. Conclusions

CS/MOFs are an evolving group of hybrid materials in materials
science. Combining biopolymer CS within the MOF structure
enhances the structural flexibility and robustness and even-
tually improves the physical-chemical characteristics of the
hybrid materials. The CS/MOFs exhibit biological compatibility
and flexibility due to the existence of CS in their structure.
Studies also proved that the ligand is critical in altering func-
tional MOFs’ size, shape, and fabrication. The different pre-
paration routes of the CS/MOFs and the post-modification
methods are emphasized in detail. The potential applications
of CS/MOF in the environment, energy and medical field are
thoroughly highlighted. Among different applications, CS/MOF
is highly reported as an adsorbent, in which ZIF-8@CS/poly-
vinyl alcohol exhibited 1000 mg g ' of adsorption capacity
against the removal of malachite green. As a hybrid material,
CS/MOF is promising in different areas, such as supercapaci-
tors, fuel cells, and food packaging. It is also evident that the
CS/MOF found its importance in drug delivery and tissue
culture. The major challenges of CS/MOF are difficult to attain
a well-ordered crystalline structure with greater porosity and
open active sites which accounts for the efficiency of CS/MOFs.
Despite the clarity of mechanisms, it can be anticipated that
CS/MOFs are a highly smart and versatile material in the allied
areas of materials science and technology.
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