D coatings

Review

Recent Emerging MOF Textiles for Catalytic Degradation of
Chemical Warfare Agents and Their Simulants

Jia Liu ¥, Yingqi Tang ¥, Huijuan Zhao * and Guodong Zhao *

check for
updates

Academic Editor: Jiri Militky

Received: 9 September 2025
Revised: 29 November 2025
Accepted: 12 December 2025
Published: 18 December 2025

Citation: Liu, J.; Tang, Y.; Zhao, H.;
Zhao, G. Recent Emerging MOF
Textiles for Catalytic Degradation of
Chemical Warfare Agents and Their
Simulants. Coatings 2025, 15, 1495.
https://doi.org/10.3390/
coatings15121495

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

College of Textiles and Clothing, State Key Laboratory of Bio-Fibers and Eco-Textiles, Qingdao University,
Qingdao 266071, China

* Correspondence: hjzhao@qdu.edu.cn (H.Z.); zhaoguodong@qdu.edu.cn (G.Z.)

 These authors contributed equally to this work.

Abstract

Chemical warfare agents (CWAs) threaten peace and global security due to their extreme
toxicity and devastating effects. Prompt discovery and detoxification are imperative to
protect ourselves from these perilous agents. Metal-organic frameworks (MOFs), char-
acterized by high specific surface areas, tunable porosities, and chemical stability, have
attracted growing interest for the catalytic degradation of CWAs. However, the powder
form of MOFs hinders their application in protection, and it is challenging to combine
them with flexible carriers to protect humans. In this context, we provide an update on
the recent development of MOF textile materials for the efficient degradation of CWAs.
The research progress on different technologies for the catalytic degradation of CWAs
and their simulants in MOF textiles in recent years is presented. Furthermore, challenges
in developing MOF textiles for the catalytic degradation of CWAs and their simulants
are highlighted. It is expected that these useful insights will be beneficial in constructing
relevant MOF textiles for the degradation of CWAs.

Keywords: metal-organic frameworks; textiles; chemical warfare agents; catalytic
degradation

1. Introduction

Chemical warfare agents (CWAs), as a major component of chemical weapons, have
been a persistent threat to modern society and people for decades. Nerve agents and vesi-
cant agents are considered the two most typical forms [1-3]. Nerve agents are derived from
alkyl phosphonate esters, which can cause neurological disorders, damage the nervous reg-
ulatory system and respiratory processes, and lead to suffocation within minutes. Common
nerve agents include tabun (GA), sarin (GB), and soman (GD) [4]. Vesicant agents have
the capacity to cause intense skin corrosion, harm the respiratory and digestive systems,
and exhibit systemic toxic consequences, with the potential to cause fatality. Mustard gas
(HD) is a type of corrosive agent. Thus, the development of efficient, functional materials
to degrade CWAs is of utmost importance. Owing to the harmful characteristics of nerve
agents, their less toxic simulants are often employed in experimental studies to lower the
risk of accidental intoxication [5-7].

To date, different substances have been widely applied to degrade CWAs and their
simulants, such as metal oxides, activated carbon, and functionalized nanoparticles [8-10].
Among these, activated carbon has many advantages, such as its high specific surface area,
large porosity, and adjustable pore windows, so it has been widely used for CWA capture.
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However, saturation is easily attained via adsorption, which shortens the protection time
and causes secondary pollution [11-13]. In addition, some common metal oxides have
been used to react with CWAs through the elimination and oxidation pathways. Taking
CuO as an example, its surface structural properties, such as acidity or redox, change based
on changes in calcination temperature. An increase in temperature leads to a reduction in
acidic sites, and the adsorbed water /water components result in a decrease in the hydrolysis
matrix. Furthermore, the hydrolysis products are derived from surface hydroxyl and water
molecules inside the porous structures of nanosized metal oxides. The main drawback
of wearable garments made of elastomer butyl rubber is their lack of moisture delivery,
making the wearer feel uncomfortable, despite being impermeable to CWAs [12,14,15]. As
a result, researchers are now focusing on addressing these challenges and trying to find
alternatives to detect and detoxify CWAs and their simulants.

Recently, metal-organic frameworks (MOFs), assembled from the coordination of
metal ions/clusters and organic linkers, have demonstrated fascinating properties for the
catalytic degradation of CWAs and their simulants due to their high surface area, tunable
structures, and periodically distributed abundant catalytic sites [16-20]. Among all reported
MOFs, zirconium-based MOFs show great potential in detoxification of CWAs due to their
accessible Lewis acid sites and excellent chemical stability [21-23]. However, the poor
processability of MOF powders hampers their further applications. MOFs exist in powder
form, their intrinsic fragile nature renders them susceptible to being dislodged by gas
fluids, and their inherent self-agglomeration tendency increases pressure drops, eventually
leading to slow gas mass transfer [24-27]. To solve this issue, various supports (e.g.,
polymers, nanofibers, aerogels, and foams, etc.) have been used to load MOFs to obtain a
novel MOF composite, which can fully leverage their overall advantages [28-30]. On the
one hand, the mechanical stability of the MOF composites can be effectively improved.
On the other hand, the multiscale pore structure of MOF composites is favorable for the
catalytic degradation of CWAs. Thus, MOF composites exhibit good application prospects
in the catalytic degradation of CWAs and their simulants due to this unique combination
of properties.

In the past, researchers have reviewed the preparation and applications of MOFs
in the catalytic degradation of CWAs and their simulants [3,14]. However, different
approaches to developing MOFs into MOF textiles (e.g., electrospun membranes, fibrous
aerogels, cottons, and nonwovens) for efficient catalytic degradation of CWAs and their
simulants have not been covered, despite an increasing relevance of such materials. Based
on this consideration, this study summarizes the relevant research progress of MOF
textiles in the catalytic degradation of CWAs and their simulants. This review provides
a detailed overview of the preparation, characteristics, and functions of MOF textiles
in the catalytic degradation of CWAs and their simulants (Figure 1). Furthermore, the
challenges and prospects of the future practical application of MOFs and MOF textiles
are debated. We believe that this summary can greatly encourage readers to effectively
develop MOF textiles for application in the catalytic degradation of CWAs and their
simulants.
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Figure 1. Schematic illustration of MOF textiles for application in the catalytic degradation of CWAs
and their simulants. Reproduced with permission [24]. Copyright 2023, Springer Nature.

2. Characteristics of Typical Chemical Warfare Agents and
Their Simulants

In the past decade, various CWAs and their simulants have been widely developed,
which all have their own independent characteristics. Therefore, it is highly important to
understand their features comprehensively in relation to catalytic degradation. Moreover,
if the degradation of toxic substances is being studied, these features are of importance
for understanding the significant differences between CWAs and their simulants. Some
inherent characteristics of CWAs and their simulants are listed in Table 1.

Table 1. The inherent structure parameters of some CWAs and their simulants [31-37].

Water Solubility  Boiling Point ~ Vapor Pressure

Type Full Name (mg/L) ©0) (pa)

Nerve agents Tabun (GA) 98,000 (25 °C) 240 9.33
Sarin (GB) 1,000,000 (25 °C) 147 381.30

O-Ethyl S-(2-diisopropyl aminoethyl) o 0.11

methyl phosphorothioate (VX) 3000 (25°C) 298 0.12

Soman (GD) 21,000 (20 °C) 201 54.66

Erosive agents Mustard gas (HD) 684 (20 °C) 216 14.66
Simulants dimethyl methyl phosphonate (DMMP) >100,000 (25 °C) 181 128.25
dimethyl 4-nitrophenyl phosphate (DMNP) 3640 (20 °C) 170 0.00014

diisopropyl fluorophosphate (DIFP) 15,400 (25 °C) 183 77.19
2-chloroethyl ethyl sulfide (CEES) 1062 (25 °C) 156 453.29

Diethyl chlorophosphite (DCP) 18,030 (25 °C) 93.5 6586

Diethyl sulfide (DES) 3130 (20 °C) 92.1 8026

2.1. Chemical Warfare Agents

Recent studies primarily concentrate on the nerve agents and foaming agents for the
catalytic degradation of CWAs. Nerve agents are one of the most widely used targets, which
include G and V types. The common G agents are Tabun (GA), Sarin (GB), and Soman
(GD) [38—40]. Among these, GA is a compound based on cyanide (P-CN), while other
G-type reagents all belong to a compound based on fluorine (P-F). The existence of these
bonds is the reason for the toxicity of G-type agents. The common V agents are O-ethyl-
S-[2-(diethylamino) ethyl] ethylphosphonothioate (VE), O,0-diethyl-S-[2-(diethylamino)
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ethyl] phosphorothioate (VG), and O-ethyl-5-[2-(diethylamino) ethyl] methylphosphonoth-
ioate (VM).

2.2. Simulants of Chemical Warfare Agents

As is well known, due to the high toxicity of CWAs, it is difficult to obtain them
in experimental environments; therefore, simulants play a crucial role in experimental
studies [41-43]. As expected, simulants can simulate actual toxic substances in terms of
molecular structure, size, and degradation mechanisms, and their toxicity is much lower
than that of CWAs. In other words, this is a kind of molecule with complete bioavailability
but no biological activity [44,45]. As displayed in Figure 2, some typical CWA simulants
including DMMP, DIFP, DMNP, and DENP have recently been adopted as substitutes
for actual poison when MOFs adsorb or decompose CWAs [46—49]. For instance, Asha
and co-workers investigated the degradation performance of different types of Zr-MOFs
towards CEES and DMMP, with GB and HD as corresponding simulants, respectively [50].
In addition, Kalinovskyy and co-workers reported that MOFs activated by acetic acid were
utilized for the hydrolysis process of DMNP under microwave irradiation [51].
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| C 3
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Figure 2. Structure of some typical (a) CWAs and (b) their simulants.

In experimental scenarios, the selection of simulants is vital for assessing adsorbents for
the degradation of CWAs. If we plan to use a simulant as a substitute for a real agent, a high
level of resemblance is required, for example in terms of structure, size, physicochemical
traits, reaction pathways, adsorption characteristics, and degradation efficacy [52-54]. In
addition, factors like the toxicity of the simulant and its substitutability across diverse
settings merit consideration [55]. However, it must be emphasized that simulants may not
fully replace chemical warfare agents in different scenarios or environments.

3. Importance of Metal-Organic Frameworks

Over the past few decades, several types of materials, such as activated carbon,
nanoparticles, and MOFs, have been researched for the effective degradation of CWAs
and their simulants [56]. They have gathered some attentions in the catalytic breakdown
of CWAs, resulting from their remarkable adsorption, reactivity, and catalytic proficiency
when dealing with CWAs. Therefore, a comprehensive exploration of the catalytic degrada-
tion characteristics of MOFs is described below.

3.1. Metal-Organic Frameworks

MOFs, a newly emerging class of porous crystalline materials, are composed of metal
ions/clusters and organic linkers by strong coordination bonds [57-59]. For the detoxi-
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fication of CWAs, metal nodes formed via missing linker defects in MOFs act as Lewis
acid active catalytic sites, thereby leading to MOFs playing a potential catalysis role [60].
In addition, the strong Lewis acid metal nodes centered around metal ions demonstrate
good structural stability. As a result, they are widely used in the catalytic degradation of
CWAs [61]. The recently developed metal ions/clusters, organic ligands, and topology
structures of MOFs for the catalytic degradation of CWAs and their simulants are listed in
Table 2. Moreover, MOFs with highly valent and stable metal centers, such as Ti, Zn, and
Cu, are deemed advantageous for the catalytic degradation of CWAs and their simulants.
Take carboxylate Ti-MOF, namely MIP-177, as an example. It possesses good chemical
stability and special pore size. Furthermore, its titanium catalytic sites promisingly lead to
the fast degradation of some CWAs (e.g., GD and DMNP) [62].

Table 2. MOFs used for catalytic degradation of chemical warfare agents and their simulants.

Type Structure Metal Cluster Ligand Ref.

UiO-66 [63]
UiO-66-(OH), [64]
UiO-66-NH, [65]
Ui0-67 [19]
UiO-67-(NHy), [20]
HKUST-1 [66]
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Table 2. Cont.

Type Structure Metal Cluster Ligand Ref.

NENU-11 [67]
MOF-808 [68]
PCN-222 [69]

ZIF-8 [57]
MIL-100 [58]
MM-MOF-74 [59]

3.2. Catalytic Degradation Routes of Chemical Warfare Agents

Given the differences in the structural characteristics of CWAs, their degradation
routes vary accordingly. For instance, certain nerve agents such as GD, GB, and VX
undergo degradation by the hydrolysis process [70-72]. For mustard gas and its simulants,
the oxidative degradation approach is predominantly adopted due to their insolubility in
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water, with a small portion using hydrolysis [73]. As depicted in Figure 3, several catalytic
degradation routes of a number of CWAs and their simulants are summarized in detail.

a
0
N/ MOF catalyst o
N —— s + HF
O H,O, Buffer __ 4
GD

b 0 Y MOF catalyst <||) Y
[ —_ +

P N N
\O/|\ N \( H,0, Buffer \O/T\OH N Y

VX
‘ A0 HO OH + 2HCI
o~ Hydrolysis "\ g N\
4 0, I
HD Oxidation }[) g

Figure 3. Several catalytic degradation routes of (a) GD, (b) VX, and (c) HD. Reproduced with
permission [15]. Copyright 2021, American Chemical Society.

For example, for the degradation of GD, it was primarily by hydrolysis of the P-F bond
(Figure 3a). Some previously reported Zr-MOFs (e.g., MOF-808, UiO-66-NH,, and NU-1000)
have been widely utilized for the catalytic degradation of GD in alkaline N-ethylmorpholine
(NEM) buffer; the half-life of GD was lower than 1 min, and the conversion rate of GD
could reach 100% [74]. Notably, the NEM bulffer plays an important role in this process.
Specifically, the hydroxide ions in the reaction system are more prone to nucleophilic
attacks on the substrate than water molecules; therefore, hydrolysis reactions are usually
easier to carry out under alkaline conditions to ensure sufficient hydroxide ions. Overall,
the catalytic reaction of Zr MOFs highly relies on alkaline aqueous solutions as reaction
buffering agents, which can control the pH value of the reaction solution and continuously
regenerate active sites. Figure 3b shows the hydrolysis process of VX. Recently, some newly
developed Zr-MOFs have been adopted for achieving the swift and selective degradation
of VX. Among these, UiO-67-N(Me), exhibits the most remarkable performance under
catalytic conditions, because the half-life of UiO-67-N(Me); is only 1.8 min. Notably, this
catalyst also demonstrates selectivity, relying solely on water, and it can eliminate the
harmful matrix. In addition, some other types of MOFs (e.g., MOF-808, UiO-66-NH,, and
PCN-777) have been put into use in both NEM buffer and pure water. The experimental
results indicate that PCN-777 and MOF-808 might degrade VX faster than UiO-66-NH, and
NU-1000. This disparity was attributed to their relatively lower connectivity [75]. Therefore,
developing MOFs-based composites has become an effective strategy for producing novel
detoxifying substances. Typically, the dehydrated NU-1000/PEI composites have been
applied to break down VX. Furthermore, the higher the molecular weight of NU-1000/PEI
composites, the faster they can degrade VX [76].

In the realm of HD degradation, some common methods of oxidation, dehalogenation,
and hydrolysis are involved [17]. It is worth highlighting that dehalogenation presents
difficulties in real-world applications. Comparatively, the oxidation-based degradation
approach outperforms hydrolysis when dealing with HD. In addition, it also generates some
by-products including sulfoxide and sulfone derivatives during the complete oxidation
process of HD (Figure 3c). Specifically, sulfone derivatives had analogous toxicity with the
matrix, and sulfoxide could be innocuous. To avoid the generation of sulfone derivatives,
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partial oxidation might be adopted. For example, Liu and co-workers chose NU-1000
as an effective target for the catalytic degradation of HD with the assistance of UV LED
irradiation [77]. Besides oxidation, there has been a certain degree of exploration regarding
HD hydrolysis. For example, Ko and co-workers investigated the degradation process
of HD in a mixture of ethanol and water; the result reflected a much faster degradation
process of OA-UiO-66-NH, [78]. Of course, specific solutions may promote the hydrolysis
of HD, although at a slower rate than oxidation-based degradation.

4. Engineering Metal-Organic Frameworks into Textile Materials

Based on the high specific surface area, adjustable pore windows, and easy modifica-
tion, MOFs are gradually applied in the catalytic degradation of CWAs [79-81]. However,
with the increasing demand for effective protective materials against CWAs, single-function
materials are no longer sufficient to meet the requirements for complex protective func-
tionalities. Moreover, MOFs predominantly exist in powder form, giving rise to a series
of additional issues. Generally, the size of MOF crystals is very small, which may lead
to a heightened pressure drop, thus hampering the diffusion and transportation of gas
mass. As a result, the next step in development is to combine MOFs with porous textile
materials to further improve the structure, function, and degradation characteristics [82-84].
Correspondingly, a new type of MOF textiles has emerged, consisting of MOFs and other
auxiliary materials, which can effectively combine the inherent advantages of the original
textiles with the functions of MOFs [85-88]. In the following section, we will present several
distinct types of MOF textiles for the catalytic degradation of CWAs and their simulants.

4.1. Metal-Organic Frameworks/Electrospun Membranes

Nanofibers, as a typical representation of textiles, have many fascinating properties,
such as high aspect ratio, large specific surface area, multiscale porosity, and high flexibil-
ity [89-92]. Recently, electrospinning has been deemed as an effective method to develop
MOFs into composites with structural stability and functional richness. For example, the
prepared MOEF/ electrospun nanofiber membranes feature a multiscale pore architecture,
which also demonstrates some exceptional properties including structural flexibility, low
weight, and tunable pore size [93-95]. Furthermore, the highly open and interconnected
pore structure can considerably strengthen the transport of gases and liquids, thereby im-
proving the mass transfer efficiency [96]. Thus, compared to some other polymer supports
(e.g., cottons and nonwovens), the electrospun nanofiber membranes have been widely
used to load many types of MOFs and applied in different research fields.

Lee et al. employed the typical direct electrospinning method (Figure 4a) to prepare
fibrous UiO-66-NH;/PAN mats, which were designed for the catalytic degradation of
CWAs [97]. The fibrous mats made with UiO-66-NH, nanoparticles showed an excellent
dispersion of MOFs in the polymer matrix (Figure 4b), resulting in very fine and uniform
thickness of the fibers. The hydrolysis rate was found to be more than three times faster
for HD than without catalysts, and the hydrolysis conversion of GD and VX was possible
up to 98 and 96.2% for 3 h, respectively. Li and co-workers reported a promising strategy
for preparing UiO-66-NH;-coated nanofiber membranes, which were equipped with the
ability to execute photothermal catalytic degradation of CWA simulants (Figure 4c) [98].
The magnified SEM images revealed that the nanofibers were conformably covered by
a nanoparticle film with a particle size of 30-100 nm (Figure 4d), without any bare fiber
surface being found. As depicted in Figure 4e, PA-6@PDA@UiO-66-NH, enabled 40% and
85% DMNP conversion under room light and SSL illumination, respectively. Similarly,
Li and co-workers reported an in situ strategy for the rational growth of UiO-66-NH; on
PAN nanofibers, thus achieving interesting bead-on-string structured UiO-66-NH,@PAN
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fabrics for the degradation of a mustard gas simulant of CEES (Figure 4f) [99]. In contrast to
relying on template assistance and pretreatment, trifluoroacetic acid (TFA) was introduced
to decelerate the crystallization and generate more defective sites between the modifiers
and MOF units to ensure that UiO-66-NH, was firmly and continuously dispersed on
nanofibers (Figure 4g). The obtained compounds showed a high specific surface area and
abundant pore volume, contributing to the absorption of more toxic gases, impeding their
diffusion, and then ultimately providing an extended protection time. Moreover, Chen and
co-workers used electrospun ZrO; nanofiber mats as the precursor and took advantage
of the pseudomorphic oxide-to-MOF transformation to realize fibrous structured Zr-MOF
filters that exhibited significantly swifter CWA simulant degradation relative to previously
reported composite MOF fabrics [100].

A VX degradation
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Figure 4. (a) The fabrication process of the fibrous UiO-66-NH,/PAN mats. (b) Photograph of
the fibrous UiO-66-NH;/PAN mats with different amounts of UiO-66-NH,. Reproduced with
permission [97]. Copyright 2022, American Chemical Society. (c¢) A schematic diagram of the
catalytic degradation of DMNP on PA-6@PDA@UiO-66-NH; nanofibers. (d) SEM images of PA-
6@PDA@UiO-66-NH; nanofiber membranes. (e) Conversion of DMNP using PA-6@PDA@UiO-
66-NH; nanofiber membranes as filters against a DMNP aerosol under room and SSL irradiation.
Reproduced with permission [98]. Copyright 2020, American Chemical Society. (f) Illustrated diagram
of the preparation of UiO-66-NH), fabrics and the removal process. (g) SEM images of the prepared
UiO-66-NH;@PAN nanofibers under different reaction times. Reproduced with permission [99].
Copyright 2021, American Chemical Society.
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4.2. Metal-Organic Frameworks/Fibrous Aerogels

Fibrous aerogels have recently attracted significant attention in the catalytic degra-
dation of CWAs and their simulants owing to their fascinating features including three-
dimensional structure, large porosity, and adjustable pore structure [101-103]. Capitalizing
on these features of aerogels, large efforts have concentrated on preparing MOEF/fibrous
aerogel composites to enhance the catalytic degradation capabilities for CWAs. In one as-
pect, fibrous aerogels can serve as a foundational support for MOFs, effectively preventing
agglomeration. From another perspective, the formed multiscale pore structures within
MOFs/fibrous aerogels effectively promote efficient gas transfer in terms of the dynamic
gas sorption process [104]. Therefore, it is expected that the catalytic degradation efficiency
of CWAs by MOFs/ fibrous aerogels will be enhanced based on the strong collaborative
interactions. Currently, the utilization of aerogels to amplify the catalytic degradation
performance of CWAs for MOFs is gradually attracting researchers” widespread atten-
tion [105].

For instance, Si et al. investigated MOFs undergoing spatial realignment to form
superelastic lamellar-structured fibrous aerogels by means of a ceramic network-assisted
interfacial engineering approach (Figure 5a) [24]. As shown in Figure 5b, the MOF was
evenly distributed in the interconnected pathways and maintained its porosity, crystallinity,
and accessible chemical active sites, providing a suitable platform for physical capture
and chemical catalysis in nerve agent treatment. In addition, the invading ceramic compo-
nents within the interconnected channels provided a van der Waals barrier, promoting the
preferential adsorption of active MOF sites towards nerve agents. The MOF aerogels had
stable and swift adsorption and detoxification capabilities towards DMMP in NEM butter,
converting it into nontoxic products completely within 30 min (Figure 5¢,d). Similarly,
our group reported an in situ growth strategy for loading UiO-66-NH, onto the surface of
aramid nanofibers (ANFs) to prepare hierarchical porous UiO-66-NH;@ANF composite
aerogels [106]. The fibrous UiO-66-NH,@ANF aerogels had a high MOF loading amount
261%, high specific surface area value of 589.349 m?/g, and open and interconnected
cellular structure. The fibrous UiO-66-NHy@ANF aerogels demonstrated an impressively
high CEES removal rate of 98.9% and a short half-life of 8.15 min. Yang and co-workers
reported a reduced graphene oxide (RGO) aerogel, which was decorated with UiO-66-NCS
possessing elevate catalytic activity by in situ growing of UiO-66-NH, inside the RGO
hydrogels, converting the UiO-66-NH, to more active UiO-66-NCS, and freeze-drying for
realizing solar-thermally enhanced catalytic hydrolysis of DMNP [107]. In contrast to UiO-
66-NH;, the UiO-66-NCS exhibited greater efficiency in catalytically hydrolyzing DMNP
with a 30% reduction in half-life. Moreover, the in situ adornment of the RGO aerogel with
UiO-66-NCS further enhanced the catalytic hydrolysis proficiency, attributable to the more
accessible active sites of the UiO-66-NCS. Moreover, Sui and co-workers presented an in
situ strategy to integrate functional MOF and cellulose nanofibers (CNF) into a flexible
and porous sponge [108]. The main interactions between MOF and CNF were covalent
bond and physical entanglement. The functional sponge effectively maintained its catalytic
activity and showed rapid degradation of DMNP CWA simulant with a half-life as brief as
9 min.
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Figure 5. (a) Fabrication of SiO,/MOEF-808 aerogels. (b) Fiber morphologies of SiO, /MOEF-808
aerogels under different magnifications. (c) Catalytic degradation curves of DMMP. (d) Dynamic
simulation of DMMP /MOEF-808 component based on colored IGMH isosurfaces. Reproduced with
permission [24]. Copyright 2023, Springer Nature.

4.3. Metal-Organic Frameworks/Cottons

As is well known, cotton surfaces are difficult to modify due to the fact that cellulose,
which is the main component of cotton, consists of hydroxyl groups linked by hydrogen
bonds [109]. Compared to the easy preparation and surface modification of electrospun
nanofibers, there are currently few studies on MOF/cotton composites for the catalytic
degradation of CWAs and their simulants. Recently, the mercerization process has been
reported to improve the dye adsorption rate and mechanical durability, and is extensively
applied in the dyeing process. This process can destroy certain hydrogen bonds within
the cellulosic fabric and increase the content of free hydroxyl groups, modifies the crys-
tallinity of cellulose, and boosts the fraction of functional groups inducing the nucleation
of particles [22,110].

For example, Jung and co-workers reported that alkaline solution treatment was
carried out on cotton fabric to study the mass ratio of active hydroxyl groups, following
which it was functionalized with UiO-66-NH, [111]. The instrumental examination of the
fabric processed in this manner demonstrated that UiO-66-NH, crystals uniformly covered
its surface. The CWA protection performance of the MOF-coated fabric was evaluated using
the swatch test, indicating that the above-mentioned fabrics could effectively degrade GD
and HD, and the conclusion was drawn that the fabric was highly suitable for adsorbing
and degrading CWAs. Farha and co-workers reported the development of MOF-808/ cotton
composites that gave a rapid, visual, and sensitive color response when pre-wetted and
rubbed over a VX-contaminated surface, as depicted in Figure 6a [111]. The fabric was
composed of cotton textile modified with MOF-808 (Figure 6b) that possessed a bidentate
reactive dye, ditopic 5,5-dithiobis(2-nitrobenzoic acid) (DTNB), on its nodes. It was obvious
that DTNB@MOF-808 had a substantial improvement in catalytic performance compared
to previously reported materials. The improved catalytic performance was attributed
to the lower occupation of non-structural Zr(OH); sites on the Zr4 cluster in MOF-808
(6-connected) compared to NU-1000 (8-connected) (Figure 6¢) [112,113]. Similarly, Glover
and co-workers prepared a cotton fabric functionalized with UiO-66-NH,;. The composites
were made by seeding the growth of the MOF on the cotton by first bonding zirconium
(Zr) to the surface of the fabric utilizing cyanuric chloride modified with a thiol [114]. After
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seeding the fabrics with Zr, UiO-66-NH; was grown on the fabric using a hydrothermal
method, and the SEM image is displayed in Figure 6d. The functionalized cotton reacts
with DMNP, a chemical nerve agent simulant, as monitored by UV-vis spectroscopy. The
result showed that MOF/cotton composites could be created using natural fibers, and
the resulting composites provided CWA simulants with reactivity similar to MOFs and
synthetic polymer composite materials (Figure 6e).
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Figure 6. (a) Illustration scheme for preparation of DTNB@MOEF-808@cotton composites. (b) Physical
picture and SEM image of DTNB@MOF-808@cotton composites. (c) VX degradation by DTNB@MOF
catalysts in morpholinopropylsulfonic acid buffer at pH = 7. Reproduced with permission [115].
Copyright 2022, American Chemical Society. (d) SEM image of UiO-66-NH, /cotton composite
textiles. (e) Half-life of plain cotton, 1X MOF cotton, 2X MOF cotton, DMNP /buffer only, and two
different MOF powder samples. Reproduced with permission [114]. Copyright 2018, American
Chemical Society.

4.4. Metal-Organic Frameworks/Nonwovens

In addition to the aforementioned textile materials, a small number of MOF /nonwoven
composites are used to degrade CWAs and their simulants. For example, Ye and co-
workers prepared MOF-808-loaded polypropylene (PP) nonwovens through a tannic acid
(TA) and 3-aminopropyltriethoxysilane (APTES) hybrid coating (TA-APTES) [116]. The
PP@TA APTES@MOF-808 nonwovens showed a substantial mass loading of 23.4% and a fast
degradation half-life of 1.3 min for DMNP. Similarly, Parsonso and co-workers investigated



Coatings 2025, 15, 1495

13 of 20

simple template-free low-temperature synthesis, and for the first time achieved deployable
catalytic MOF/polymer textiles, demonstrating rapid hydrolysis and oxidation of various
active chemical warfare agents, including GD and HD and their mimetics [117]. This
method led to the advancement of a novel zirconium-porphyrin-based PCN-222 MOF
textiles. These composites had an adjustable MOF loading amount and showed good
mechanical adhesion on the surface of PP nonwoven fibers. The common untreated PP
nonwoven fiber could be evenly covered with nanocrystalline PCN-222 MOFs without
relying on a growth template, and the resulting PCN-222 textiles were doubly protective
by rapidly hydrolyzing GD and selectively oxidizing HD and corresponding simulants.
Significantly, when porphyrinic Zrg-based MOFs were employed, visible blue light played
a crucial role in substantially enhancing the rate of GD and simulant hydrolysis compared
to conditions in the dark or under normal room lighting. This functionality went beyond
previous reports that showed photo-oxidation of 2-CEES using blue, red, or white light.

In addition, Yu and co-workers designed photothermal graphene-based nonwoven
fabrics through wet-spinning and chemical reduction of graphene oxide fibers, subse-
quently followed by in situ growth of UiO-66-NH, [118]. The flexible graphene fabrics
adorned with UiO-66-NH; demonstrated an extremely rapid photothermal catalytic de-
contamination ability for DMNP, a representative simulant of CWAs. Under simulated
solar light irradiation, the half-life of the degradation reaction dropped from 3.4 to 1.6
min, which represented a substantial improvement compared to the values reported in the
existing literature. In addition, the graphene/UiO-66-NH; nonwoven fabric was able to
degrade DMNP within 20 min. Moreover, even after undergoing five cycles, its degradation
efficiency still remained above 92%.

Furthermore, Table 3 shows the degradation performances of MOF-based composites
towards CWAs and their simulants. It is clearly observed that the MOF composite materials
exhibit highly efficient catalytic degradation of CWAs and their simulants when compared
to MOFs. Therefore, the combination of MOFs and textiles can synchronously improve
the mechanical stability and dynamic gas transport process, thus enhancing the catalytic
activity and reactivity of MOF textiles towards CWAs and their simulants.

Table 3. Detoxification comparison of various CWAs and their simulants with different catalysts.

Materials MOF Loading  Agent Volume Condition Removal Half-Life Ref

Mass (%) (uL) (Buffer) Efficiency (%) (min) )

NU-1000 1 VX (50) 0.45 M NEM (pH = 10) / 5.3 [113]
UiO-66-NH, 1 VX (50) 0.45 M NEM (pH = 10) / 35 [74]
MOFEF-5 1 HD (10) / 78.1 / [119]

UiO-66 1 CEES (6) Phosphate (pH = 8) 83 78 [120]
UiO-66-NH, /PET 13 GD (0.3) 0.4 M NEM 774 20 [121]
[Cu3(BTC);z]s@chitosan 21 HD (4) / 90.1 63 [122]
OA-UiO-66-NH,@PAN 326 CEES (5) 0'5];%1?%31‘;“ 60.6 30 [97]
PA-6@PDA@UIO-66-NH;, 27.8 DMNP (4) 0.15 M NEM 80 0.5 [98]
MOF-808@SiO, 33 DMNP (4) 0.15 M NEM / 5.29 [105]
UiO-66-NH,@ANF 72.3 CEES (5) / 98.9 8.15 [106]
PP@TA-APTES@MOEF-808 234 DMNP (4) / 100 1.3 [116]

5. Conclusions

MOF textiles are attracting researchers’ attention due to their promising characteristics
in the catalytic degradation of CWAs and their simulants. Through persistent and long-
term endeavors, remarkable accomplishments have been achieved in the research realm of
MOF textiles. Based on recently published studies, utilizing the potential of functionalized
MOF textiles has gradually become a highlighted approach for detoxifying CWAs and their
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simulants. This combination of MOFs and textiles can not only address the drawback of fly
ash and intrinsic fragility of MOFs, but also create a hierarchical pore structure to promote
the dynamic gas transport process and enhance the utilization efficiency of active adsorption
sites, thereby improving the catalytic activity and reactivity of MOF textiles towards CWAs
and their simulants. As a result, we summarize the relevant research advances regarding
MOF textiles for the catalytic degradation of CWAs and their simulants.

Until now, most studies have still focused on improving the material properties
rather than their practical implementations. During this process, it is also important to
consider aspects such as breathability, low heat load capacity, and high filtration efficiency.
Furthermore, the current research is still in the laboratory stage. There have been no reports
of on-site experiments; thus, there is an urgent demand for large-scale and high-quality
production of MOF textiles with precisely controlled structures in the future.

Moreover, the simulants have similar structural characteristics to the real CWAs and
exhibit relatively low toxicity. There may be some differences in degradation performances
in different situations. Based on this, some theoretical calculations at the molecular level
should be used for analyzing the degradation of CWAs in the future, which is beneficial
for selecting MOF materials and investigating the degradation mechanisms. Furthermore,
simulation calculations can avoid contact with toxic CWAs, which seems to be a promising
approach to validate the experimental results. Therefore, it is essential to effectively
apply theory and experiments to explore the degradation approaches of CWAs from
multiple perspectives.

We expect that this summary of the development of MOF textiles for the catalytic
degradation of CWAs and their simulants, as well as the carefully selected research cases
and some individual perspectives, will provide some guidance for relevant researchers to
further study the development of MOF textiles. Although we face numerous challenges,
we believe that the overall goal of the fabrication of multifarious MOF textiles with pre-
cisely regulated pore structures, excellent mechanical properties, and superior catalytic
degradation characteristics of CWAs will be achieved.
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