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ARTICLE INFO ABSTRACT

Article history: Since the first use of a chemical warfare agent (CWA), specific methods of protection have been devel-
Received 31 January 2022 oped to protect human body from such lethal compounds. The first protection systems rely on imperme-
Accepted 29 April 2022 able clothing or the capture of the toxics species by an adsorbent such as activated carbon. However, both

Available online xxxx present important limitations, i.e. heat stress for impermeable protection and a risk of saturation or

release of toxic compounds for the adsorbent. The optimal protection should therefore be active, i.e. be
Keywords: able to both capture and detoxify CWASs. In this optic, this review describes active porous textiles com-
Chemical warfare agents - - : - -
. posites (PTC) used as protective garments against CWAs. To this day, a large variety of porous compounds
Porous solids . . . .
such as zeolites, metal organic frameworks (MOFs) or aerogels have shown catalytic degradation of

Eee):g,lj;cation CWASs. The integration of these active solids to textile fibers is then detailed, highlighting the importance
of the electrospinning technique or the pre-functionalization of fibers. Concerning the detoxification pro-
cess, MOFs have focused a large part of the PTC research due to their exceptional properties (high surface
area and tunable porosity combined to a catalytic activity). More particularly, Zr-based MOFs exhibit
exceptional results in terms of CWA detoxification and are currently highly studied. Besides, this present
state of art includes other active PTCs (functionalized activated carbon fibers ACFs or zeolite composites)
rarely discussed in reviews, to give a full overview of the existing PTC used against CWA.
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1. Introduction

Chemical warfare agents (CWAs) are one of the most toxic man-
made compounds with incapacitating or lethal effects on humans.
Natural poisonous extracts, from plants or animals, were used
since Middle Ages but the use of synthetic chemical agents in bat-
tle fields were only developed at large scale since the 19th century
[1]. Their first massive deployment was during World War I (WWI)
with chlorine, phosgene and mustard gases [2]. Since then, the uti-
lization of nerve agents was reported in recent wars (Iran-Irak in
1988, Syria in 2013) or by terrorist groups (Tokyo subway in
1995) [3]. Assassinations were also planned recently using CWAs,
with the use of VX in 2017 at Kuala Lumpur (Malaysia) or with a
Novichok nerve agent in 2018 in UK [4]. These examples, combin-
ing with the fact that CWAs are relatively easy and inexpensive to
synthesize, evince the importance to provide protective methods
for military and civilians. Furthermore, the variety of CWAs (vesi-
cants, nerve agents, blood agents, chokings agents, ...) highlights
the necessity for full protection against various ways of attack (in-
halation, penetration by the skin, ...). The first reported personal
protection equipment (PPE) was developed during WWI with the
combination of a gas mask containing active carbons and an imper-
meable clothing to isolate the body from any contact with the
CWAs [5]. Although being efficient, problems of heat stress with
the impermeable clothing motivated the development of alterna-
tive solutions.

Chemical protective clothing relies on two possible and comple-
mentary processes, the adsorption and/or the decontamination (i.e.
chemical neutralization or physical sequestration) of CWAs. The
most efficient materials nowadays for the adsorption of toxic spe-
cies are solid porous compounds such as activated carbons (or
derivatives), which are currently used in armies worldwide [6].
The adsorbent acts as a filter to avoid the contact between the skin
and CWAs while allowing the moisture vapor diffusion. Neverthe-
less, as toxic species are only captured in the porous media, several
drawbacks remain such as the saturation of the adsorbent, as well
as the handling and the disposal of the contaminated materials.
Whereas decontamination solutions for Personal Protective Equip-
ment (PPE) after exposure exist, their efficiency is limited to some
toxic compounds [7]. The detoxification of CWAs by a catalytic
adsorbent compound is an attractive alternative. Indeed, since dec-
ades a library of materials have been tested for CWA decontamina-
tion, from aqueous NaOH to catalyst materials like metallic or

metal oxide nanoparticles, polyoxometalates or metal-organic
frameworks (MOFs) [3,8,9].

Among the compounds adapted to PPE for the adsorption and
decontamination of CWAs, active carbons and MOFs are the most
studied nowadays. Active carbons, and more especially Active Car-
bon Fibers (ACFs), have proven excellent in terms of adsorption
due their high specific surfaces (up to 2500 m?/g) and accessible
microporosity [10]. On the other side, MOFs also possess large sur-
face areas generally comprised between 1000 and 3000 m?/g with
tunable pore sizes. Furthermore, Zr-based MOFs such as UiO-66,
MOF-808 or NU-1000 show adequate porosity and good catalytic
activity due to numerous accessible Lewis acid Zrg clusters
[11,12]. This double capacity, i.e. adsorption with porous proper-
ties and decontamination with catalytic properties, have made
MOFs an obvious candidate for the capture and the decomposition
of CWAs [9,12-14]. In this review, we extend this knowledge to
porous textile composite (PTC) against these toxic agents.

2. Detoxification of chemical warfare agents (CWAs) and their
simulants

The regulation and destruction of chemical weapons began in
1993, with the writing of the Convention on the prohibition of
the development, production, stockpiling and use of chemical
weapons and on their destruction (shortly named the chemical
weapons convention) [15]. This document is nowadays ratified
by 193 countries and is managed by the Organization for the Pro-
hibition of Chemical Weapons (OPCW). The latter defined a chem-
ical weapon as “a chemical used to cause intentional death or harm
through its toxic properties. Munitions, devices and other equip-
ment specifically designed to weaponise toxic chemicals also fall
under the definition of chemical weapons” [16]. Depending on
their toxicities and their utilizations for authorized applications
(e.g. research or agriculture), toxic chemicals have been classified
from schedule 1 to 3. Schedule 1 includes the most toxic com-
pounds and their precursors such as Sarin, VX, Sulfur Mustard or
Lewisite. These latter are commonly classified as Chemical Warfare
Agent (CWA). Other toxic compounds such as Amiton and arsenic
trichloride (Schedule 2), or HCN and phosgene (Schedule 3) will
not be further discussed here as this review is devoted to CWAs.

Among the toxic chemicals in Schedule 1, the majority of the
current research about detoxification focuses on five specific
CWAEs: sulfur mustard, Tabun, Sarin, Soman and VX, as well as their
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regular simulants, presented in Fig. 1. Details about these CWAs
will be discussed in the next sections.

2.1. Sulfur mustard and simulants

Sulfur mustard, also called mustard gas, Yperite or HD (H for the
munition grade and D for distilled), is a blistering agent (vesicant)
with a bis(2-chloroethyl) sulfide structure (Fig. 1). It is one of the
most used CWAs during military conflicts, recognizable by its gar-
lic or mustard smell. HD is highly toxic as vapor or liquid and is
persistent (see Table 1). Its high reactivity leads to the irreversible
alkylation of guanine nucleotides composing the DNA and the
rapid cells death [11,17]. Until now, it still does not possess a
known antidote [18].

Four methods of degradation of HD exist (Fig. 2). Dehydrohalo-
genation (or elimination) process is a nucleophilic substitution
(Sy1 mechanism), forming the non-toxic products Vinyl HD
(VHD) and Divinyl HD (DVHD or DVS), and releasing HCI [19].
The degradation, or recombination path, is a radical reaction with
the cleavage of S-C bond and the formation of ethyl sulfide radicals,
which recombine into non-toxic but malodorous diethyl disulfide
(DEDS) [20]. Hydrolysis mechanism relies on the formation of a
sulfonium ion to produce hemi sulfur mustard and thiodiglycol
(TDG), but is limited due to the hydrophobicity of HD [21]. The last
method for HD degradation corresponds to its partial oxidation to
nontoxic sulfoxide [19]. However, the oxidation of HD could lead to
sulfone, a known harsh blistering agent. A 100 % selective reaction
to sulfoxide demands mild oxidant agents such as photosensitizers
or hydrogen peroxide [22-24].

Coordination Chemistry Reviews Xxx (XXXX) XXX

The selection of a simulant considers several parameters such
as structural similarity, electronegativity of the functional groups,
chemical stability or size [9]. The most usual simulant of HD is
chloroethyl ethyl sulfide (CEES or 2-CEES) (see Fig. 1). It possesses
an analogous structure to HD with C-S and C-Cl bonds, same size
(5.9 A for HD vs 5.8 A for CEES) [25], and close sorption/desorption
behavior [21,26,27]. However, the toxicity of CEES remains high
and precautions are still needed. Few others simulants, having less
similarities with HD, are also reported in the literature such as
diethyl sulfide (EES or DES) or 2-chloroethyl methyl sulfide
(CEMS). The detoxification paths of CEES, as well as other sulfide
mustard simulants, are similar to those reported for HD.

2.2. Nerve agents and simulants

Nerve agents are organophosphorus derivatives that can be
fatal by any route of exposure at sufficient concentrations. Indeed,
they act on the chemical communications of the nervous system by
forming irreversible phosphonate esters bonds with the neuroen-
zyme acetylcholinesterase. An accumulation of the neurotransmit-
ter acetylcholine leads to a constant neuron stimulation, causing
muscle contraction, exhaustion, paralysis and death [4,18]. Con-
trary to HD, antidotes for nerve agents exist, like atropine sulfate
or pralidoxime chloride [28].

Nerve agents are usually classified in two mains classes. The G
series, named G because Germans scientists first synthesized them
in the 1930-1940s, gathers three notorious species: tabun (GA),
sarin (GB), and soman (GD). GA possesses a cyanide group con-
nected through phosphorous via a P-CN bond, while GB and GD

Chemical warfare agents CWAs

[} o [e]
|| I )\ n
ct/\/s\/\u NWT\O/\ /T\o /T\o /T\s/\/N
A F g :
Sulfur mustard Tabun Sarin Soman VX
HD GA GD
Simulants
NO,
1LY ﬁ |
S
m/\/ ~ \O/T\O \O/T\O/ )\o/T\o)\
e} F
/
CEES DMNP DMMP DIFP

Fig. 1. Most common CWAs (Schedule 1) and their simulants.

Table 1
Characteristics of common CWAs (HD and nerve agents) [3,21,25,29].
HD Tabun GA Sarin GB Soman GD VX

Chemical formula C4HgCl,S CsHy1N,0,P C4H;0FO,P C;H;6FO,P Cy1H26NO,PS
Size (A) 5.9 ~ 6-6.5 ~6-6.5 6.7 7.6
Vapor pressure (mmHg 20 or 25 °C) 0.11 0.037 at 20 °C 2.10 at 20 °C 0.40 at 25 °C 0.0007
Volatility (mg/m?) at 25 °C 920 610 22,000 3900 10.5
Water solubility (g/L) at 25 °C 0.92 98 Miscible 21 30
Persistence 30.5-51.2 h at 25 °C 24-36 h 2-24 h at 2-25 °C Relatively persistent 2-6 days
Allowed exposure for 30 min (mg/m?) 0.7 0.1 0.1 0.05 0.003
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Sulfone (Toxic)

Cl \/\E/\/CI . Cl \/\S/\/CI

o
Sulfoxide (Non toxic)

CI\/\S/\

Oxidation

HO\/\S/\/OH

Vinyl HD

Cl Cl
- \/\S/\/ .

Thiodiglycol TDG

+
o . . e
/\S /\ Elimination HD Hydrolysis HO, \/\s /\/CI
Dinyl HD DVHD or DVS Hemisulfur Mustard
+ Degradation 5
HCI HCl

VAT AV

DEDS

Fig. 2. The four decomposition pathways of HD.

have a fluorine substituent group (Fig. 1). Thanks to their relative
high volatility and/or water solubility (Table 1), these colorless lig-
uids diffuse very quickly in the human body by skin contact and
inhalation [3,21]. The V series (V stands for Venomous) was discov-
ered after the second World War in Great Britain and contains the
extremely toxic VX agent, known as more deadly than sarin [3].
This thiophosphonate compound is odorless, less volatile than G
agents and is a persistent liquid on surfaces (Table 1) [21].

The main route to detoxify nerve agents is based on hydrolysis,
which induces nucleophile substitution around the phosphorus
atom (Fig. 3). Therefore, the hydrolysis of organophosphorus nerve
agents generates different intermediates, mainly depending on the

Q 0
Y ]
= I\O /FI,\O

F

F
Sarin GB Soman GD
H,0 \ HO ‘
i i
P. /P\
e |\O | ~o
OH Of
IMPA PMPA
\ o] /
I
—l|3—OH
OH
MPA

Fig. 3. Hydrolysis path for the decomposition of sarin (GB) and soman (GD) into
methylphosphonic acid (MPA).

pH occurring during the reaction. For example, GD and GB, which
possess a similar structure, react both with water. The phosphorus
Sn2 nucleophilic attack (hydrolysis) produces hydrofluoric acid and
nontoxic isopropyl methylphosphonic acid IMPA for sarin (GB) and
pinacolyl methylphosphonic acid (PMPA) for soman (GD), respec-
tively. This reaction can continue to form methylphosphonic acid
(MPA) [3].

Simulants of nerve agents are numerous due to the rich library
of toxic organophosphorus derivatives. To evaluate their analogy to
nerve agents, classifications have been proposed considering their
properties or using simulation methods [26,27,30]. Generally, sur-
rogates still include the P=0 bond, whereas P-C==N (for GA), P-F
(for GB and GD) or P-S (for VX) bonds are scarcer. Indeed, even if
these functions are generally involved in the hydrolysis reaction
of nerve agents, the simulants containing these chemical groups
remain too toxic for a safe use in academic research. For Tabun,
diethylcyanophosphonate (abbreviated as DCNP or DECP) is a suit-
able simulant, thanks to a very similar structure and a lower toxi-
city [4,31]. Other simulants such as diethyl ester phosphonic acid
(DEHP) or diethyl ethyl phosphonate (DEEP) have also been pro-
posed, but they do not contain the P-C==N bond [26]. Simulants
for Sarin (GB) and Soman (GD) are usually identical, due to their
very close structures. According to DFT calculations, dimethyl 4-
nitrophenyl phosphate (DMNP, also called methyl-paraoxon) was
shown to possess similar adsorption to Soman on porous MOF
solids while dimethyl methyl phosphonate (DMMP) is closer to
Sarin behavior [30]. The use of di-isopropyl fluorophosphate (DFP
or DIFP) also proved to be a promising option as it owns a P-F bond.
Aside from these usual simulants, others can be also considered for
GB and GD such as di-isopropyl methyl phosphonate or dimetyl
chlorophosphate [26,27]. For VX, there is no convincing simulant
which can mimic the -S-(CH,),-N(i-Pr), chain occurring in this
CWA [4]. It is admitted that amiton (VG), which conserves P = O
and P-S bonds could be a good simulant for VX. However, this
agent is listed in the schedule 2 substances, due to its high toxicity.
Others simulants less toxic, such as malathion, parathion or DEMP
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(0,S-diethyl methylphosphonothioate), are therefore preferred
[26,27,32].

3. Precursors of PTC: Porous materials and textiles
3.1. Current equipment of protection

To isolate the skin and the respiratory tracks from any contact
with CWAs, the first personal protective equipment (PPE) used
during WWI, was impermeable. It consisted of butyl rubber cloth-
ing with gloves, boots and respiratory masks to cover the entire
body. This kind of resistant protection ensures a complete barrier
to liquids, vapors and aerosols (see Fig. 4). Nevertheless, it showed
a severe disadvantage, as the diffusion of moisture vapor is
blocked. The heat stress created limits its use to short periods of
times [33,34]. Therefore, for decades researches have been focused
on optimizing the quality of protective clothes, by considering the
comfort of people [35].

Contrary to impermeable protection, permeable clothing usu-
ally allows a good moisture vapor transport rate (MVTR), limiting
heat stress. The protection against CWAs is provided by adsorption
and/or detoxification processes, filtering the toxic chemicals. Vari-
ous levels of permeability can be reached such as semi-permeable,
air-permeable or selectively permeable membranes (SPM) (Fig. 4).
Semi permeable and air permeable clothing are similar, as they
both rely on a multilayers composite with at least a layer made
of a sorbent material (e.g. activated carbons). Air and moisture
vapor can cross the garment, while liquid is generally blocked by
the outer repellent layer. The difference between air and semi-
permeable membranes relies on their reaction toward aerosol, as
the first one allows its diffusion when the second blocks it [6,33].

The composition of an air-permeable garment generally con-
sists in a combination of three layers. The inner layer, in contact
with the skin, acts as a support to avoid the direct contact between
the skin and the sorbent. The in-between layer containing a sor-
bent absorbs the toxic vapors due to their adapted porosity. Finally,
the outer layer (e.g. plastic membrane) protects from liquid and
aerosol, while being permeable to vapor [36]. Examples of air-
permeable protection are the Joint Service Lightweight Integrated
Suit Technology (JSLIST) overgarment used by the US military or
the FELIN combat clothing developed by the French army. They
consist in an outer layer of nylon/cotton with a water-repellent
coating and an inner layer with activated carbon to adsorb a wide
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library of toxic agents [34]. This equipment is supposed to offer a
protection against CWAs for at least 24 h.

The last protective textile is a SPM which allows the moisture
vapor evacuation, while blocking the penetration of organic mole-
cules [6,33]. They are composed of multilayer composite polymers
such as poly(vinyl alcohol), cellulose acetate, cellulosic cotton or
poly(allylamine) [37]. The lightweight, thinness and durability of
SPM-based clothes made them also attractive for commercializa-
tion [38].

The permeable protections presented above have become the
reference garments for long-term use [33]. However, as the toxic
gases are only physisorbed (weak interaction), the handling and
disposal of these protective cloths are an important issue, as des-
orption and further human contamination remains possible
[13,35,39]. Furthermore, the absorbents can reach saturation over-
time, which makes the protection ineffective. This saturation rate
is usually measured and designed as the breakthrough time (tg),
which corresponds to the permeation rate of the toxic compound
reaching 0.1 pg/(min/cm?) (according to norms European EN
16523-1 or American ASTM F739-20). To solve these problems, a
recent strategy of research is dedicated to active protection tex-
tiles, able to both adsorb and decontaminate CWAs. Among the
possibilities, porous catalysts appear as the privileged solution
for active protective textiles [9].

3.2. Porous catalysts against chemical warfare agents (CWAs)

Thanks to their high internal surface area, porous adsorbents
are well adapted for the capture of large amounts of toxic species.
Due to the small size of CWAs (e.g. 5.9 A for HD or 7.6 for VX), their
immobilization is usually optimized with small pore diameters, i.e.
around 20 A [20,25]. Microporous (Zpore < 20 A) and mesoporous
solids (20 A <@pore < 500 A) are therefore the most suitable to
retain CWAs within their network. In this family, solids like MOFs
[11] or zeolites [40] contain reactive metal sites which can induce
the catalytic decomposition of CWAs into less toxic species. On the
other hand, when the porous solid is inert against CWAs, function-
alization or addition of a catalyst is required, like metallic and
metal oxides nanoparticles (NPs). These species can be stabilized
within porous solids, while keeping their catalytic activity for the
degradation of CWAs [33,41].

The porous materials detailed in the next sections focus on
those already used for the capture and/or detoxification of CWAs

. Liquid
Air V.
apor Aerosol
Air Air I
Liquids Liquids
Vapor Vapor
Aerosol / Aerosol
/a ;
Impermeable Semi-Permeable Selectively permeable
|
<=l
Sorptive layer
Moisture
; vapor
Moisture Moisture P
vapor \ vapor

/ Skin / Skin

/ Skin

Fig. 4. Impermeable, semi-permeable and selectively permeable membranes (SPMs) of protective garments (inspired from Truong and Wilusz) [6].
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(Fig. 5). Although all have not already been used for an active pro-
tective garment (clay or aerogel for example), their presentation
allows to give an overview of the existing materials for CWAs
deactivation.

3.2.1. Zeolite and clay

Zeolites and clays are mainly aluminosilicate materials with
open structures [42], usually possessing surface areas of several
hundreds of m?/g. Their natural occurrence and their good adsorp-
tive properties make them attractive for the production of low-cost
sorbents. Clays, such as montmorillonite, vermiculite or saponite,
are 2D structures of tetrahedrally coordinated silicate and octahe-
drally coordinated aluminate layers, encapsulating cations and/or
H,0 molecules [43]. In comparison, zeolites possess a crystalline
3D structure constructed from the connection of only AlO4 and
SiO,4 tetrahedral units. They possess a well-defined structure with

Metal Organic Framework
MOF

Hybrid
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a uniform distribution of micropores and channels/cavities, as well
as relatively high specific surface area (<1000 m?/g) [44]. In addi-
tion, zeolites exhibit high thermal stability and possess strong
acidic centers. They are also known for their excellent cation
exchange properties (H*, Na*, K*, Ca%*, Cu* or Mg?* for example).
However, the diffusion and the transport of species can be limited
through its channels due to their small pores size (usually 1-10 A).
The main applications of zeolites concern the petrochemistry, oil
refining and wastewater treatment using their catalytic, ion
exchange and adsorption properties [45,46].

The adsorption and retention capacity of clays, linked to their
structures and properties, have made them interesting candidates
as solid decontaminants of CWAs [47-49]. To enhance the degrada-
tion capacity of clays, several functionalizations have been tested
[50]. The addition of oximes (R'C(=NOH)NR?R?), known for their
ester hydrolysis capacity and nucleophily, has been used for the
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Fig. 5. Illustration of porous materials used for the capture and/or decontamination of CWAs, with illustrations of structures for zeolite (mordenite), MOF (MIL-53) and POF

(COF-1).
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degradation of nerve agents or simulants [51]. So far, the shortest
half-life for GB decomposition was obtained with a
montmorillonite-oxime composite (0.3 h) [52]. Modified Montmo-
rillonite (MT) and vermiculite were also tested for chemical (HD)
and biological (bacterial strains) warfare agents absorption [53].
Yperite breakthrough time was higher with MT (1180 min vs
448 min for vermiculite) due to an easier penetration (and there-
fore retention) of the organic species into its interlamellar porosity.
Metal doped clays have also been tested for the degradation of HD
or its simulant CEES [41,43,47,54]. Ag,0 NPs supported on MT gave
excellent results, with a full decontamination of HD within 2 h,
while others (Fe,03, ZnO, CeO,, MgO, ...) required at least 16 h
[41].

Despite small pore diameters (1-10 A), limiting the diffusion of
the largest CWAs agents [55,56], some zeolites showed good effi-
ciency for the decontamination of several toxic agents [57-65]. A
pioneer study was made in 1994 about the interaction of gaseous
HD within zeolite 13X [57]. The dried zeolite showed a high
absorption capacity up to 1.4 mmol of S-mustard per gram of zeo-
lite. Furthermore, degradation products were detected using 'H
and '3C NMR, but not certainly assigned. In the late 90 s, Wagner
and Bartram studied the reactivity of doped-zeolites against CWAs
and simulants [58]. They showed that AgY was efficient for HD
decontamination while NaY was more active towards VX by P-S
bond cleavage. Typically, the good results obtained with Ag-
doped clays and zeolites are attributed to the affinity of silver for
the complexation of sulfur-containing compounds
[41,55,58,60,61]. In addition to these works, zeolites have also
been used as sensors for CWAs (or simulants), evaluating their
properties using ionic conductivity measurements or a quartz crys-
tal microbalance [56,62].

3.2.2. Activated carbons (ACs) and activated carbon fibers (ACFs)

Activated carbons (ACs) or activated charcoals, are naturally
available materials, produced from multiple natural or synthetic
precursors (e.g. wood, bamboo, coconut shells, petroleum pitch or
synthetic macromolecular system) [66,67|. They can be shaped
under various forms (powders, granules, fibers, etc.). Their struc-
ture is analogous to a disorganized graphite network, with a dom-
inant microporous behavior. The porosity is directly associated to
an activation step (physical or chemical treatment), which is
needed to create and clear pores [10,68]. Thanks to their high
specific surface (usually > 2000 m?/g), activated carbons find a
lot of applications involving adsorption process, such as air decon-
tamination [69,70]. Since World War I and their use in protective
mask [5], activated carbons have remained prototypical materials
for the study of CWAs adsorption [22,71,72].

To further improve the protection filtration systems based on
activated carbons, several derivatives of those materials have been
developed, like activated carbon impregnation foam, activated car-
bon nanoparticles or activated carbon-based clothes (woven or
non-woven). Among these, activated carbon fibers (ACFs) or cloths,
developed from the 1960 s, exhibit a particular interest. Indeed,
their micropores opening are directly connected to the external
surface of the fibers, providing minimum resistance to mass trans-
fer, minimizing pressure drops, while keeping high specific surface
area (800-2500 m?/g) [73]. They possess excellent adsorption
capacities with fast adsorption/desorption rates, as well as an easy
and rapid regeneration. Furthermore, these fibers are very flexible,
allowing a large variety of shapes to be produced (i.e., cloths,
papers, felts or monoliths) [73,74]. Compared to other porous com-
pounds like zeolites or MOFs, activated carbon fibers possess the
unique advantage of being woven, allowing cohesive and bendable
fabrics. They are already commercially available (for example,
Kynol®), and used in various domains, such as water purification
[67,75-77], air purification [78-81], CWAs adsorption
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[20,25,82,83], gas sensing [84,85] or electrochemical capacitors
[86-88].

3.2.3. Aerogels

Aerogels were discovered by Kistler in the 1930s with the for-
mation of a silica-based ultralight material [89]. This class of mate-
rials can be defined as low density porous compound having a
great surface area (up to 1200 m?/g), usually obtained by supercrit-
ical drying. Their composition was extended to other metals (Ti, Al,
...), chalcogenides, polymers or carbons [90-92]. Their porosity,
combined with a low density, and a low thermal conductivity
made aerogels excellent candidates for various applications such
as environmental clean-up (water and air) [92,93], thermal insula-
tion [94,95] or in biomedical applications [96]. However, very few
studies on the absorption and/or degradation of CWAs have been
made with aerogels. The reactivity of MgO and Al,O3 aerogels have
been studied, with a degree of conversion of sulphur mustard to
non-toxic products up to 70 % after one hour for the aluminum
oxide aerogel and 40% after 3 h for MgO aerogel [97,98]. The
adsorption and the preconcentration of Sarin and a simulant
(DMMP) were studied using a hierarchical porous graphene aero-
gel [99]. It showed excellent adsorption efficiency for Sarin and
an equilibrium adsorption capacity for DMMP of 148 mg/g.
Recently, TiO, mesoporous aerogels supporting Cu NPs were tested
on the simulant DMMP, showing that the high concentration of OH
surface groups at the Cu/TiO, junctions enhances the hydrolysis
efficiency [100].

3.2.4. Mesoporous metal oxides

Mesoporous metal oxide materials are of particular interest for
CWAs degradation due to the combination of large pores giving
high specific surface areas (up to several hundreds of m?/g) and
the occurrence of catalytic metallic centers [101]. Mesoporous
metal oxides are usually made according two ways of synthesis.
The soft template method is based on the utilization of surfactants
(either cationic, anionic, or nonionic) to form micelles, while the
metal oxide forms by condensation in-between, allowing to form
a porosity replicating the size and shape of the micelles after calci-
nation. With the hard template method, typically mesoporous sil-
ica (MCM-41, SBA-15 for example) or carbon (CMK-1, CMK-3)
serve as templates and are impregnated by the metal oxide precur-
sors. The hard template is removed in a second step, by using
NaOH or HF solution. A large variety of ordered mesoporous metal
oxides have been made (Ti-, Mg-, Al-, or Mn-oxides), as well as
solids mixing at least two metals [101]. Among the different meso-
porous metal oxides studied for the degradation of mustard gas
[102-114] and/or nerve agents [31,105,110,112-116], excellent
results were obtained with nanosized mesoporous MnO, which
degrades 95, 56 and 99% for HD, GD and VX, respectively into non-
toxic products in 1 h [113]. High activity against HD and VX have
been linked to the oxidizing character of MnO, while GD hydroly-
sis necessitates more surface hydroxyl groups. SiO, NPs also
showed promising results due to the combination of physisorption
and degradation functions, with half-life of 12 min for GB and
under 3 min for HD when functionalized by trichloroisocyanuric
acid [110].

3.2.5. Porous organic frameworks (POFs)

Porous Organic Frameworks (POFs) are porous materials gener-
ated from only organic building blocks. Depending on the crys-
tallinity of the materials, one can distinguish two types of POFs
[117]. Covalent Organic Frameworks (COFs) are multidimensional
crystalline porous materials made of light elements (H, C, B, N,
and O) connected to each other through stable covalent bonds
[118,119]. They show a rigid structure with excellent thermal sta-
bility (up to 600 °C), low density, large pores diameter (up to 58 A)
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and high specific surface area (up to 5000 m?/g) [120,121]. In con-
trast, Porous Organic Polymers (POPs) are crosslinked amorphous
polymers usually integrating microporosity. They can be divided
into several groups, such as Polymers of Intrinsic Microporosity
(PIMs), Conjugated Microporous Polymers or Porous Aromatic
Frameworks. The synthesis of POPs generally consists in a poly-
merization of highly connected and rigid monomers. They typically
possess similar pores size analogous to COFs but lower surface
area, ranging from 300 to 1100 m?/g [119,122-124].

Concerning the decontamination of CWAs, recent works have
shown interesting results [123,125-131]. The breakdown rate of
methyl paraoxon by methanolysis was studied with two porous
organic polymers (POPs) functionalized by lanthanum or
aluminum(porphyrin)-based compounds [123,125]. They high-
lighted the importance of pores accessibility for methyl paraoxon
degradation, as the increase of pores size (from 9 to 27 A) enhances
the catalytic activity. Recently, an imine-based COF was used for
the hydrolytic degradation of DIFP [131]. They showed that the
presence of imine (i.e. pyrrolidine or N-methylpyrrolidine) could
replace usual basic co-catalysts such as N-ethylmorpholine
(NEM) for a heterogeneous decomposition of organophosphorus
compounds. As we will see hereafter (section 5.2), the presence
of a basic co-catalyst (carried by the porous composite or added
to the medium during the degradation analysis), is necessary for
the degradation of phosphorous agent. For the mustard gas simu-
lant, selective photo-oxidation of CEES to 2-chloroethyl ethyl sul-
foxide (CEESO) was achieved with a yield over 99 % after 1 h, by
using carbazole-based conjugated microporous polymers as photo-
sensitizers [126].

3.2.6. Metal-Organic Frameworks (MOFs)

Crystalline porous metal organic frameworks consist of metal
ions or clusters connected to each other by organic ligands. Devel-
oped for two decades, they attract an ever-increasing attention due
to their very high porosity (up to 7000 m?/g) [132], tunable pore
opening and broad possibilities of chemical functionalization.
Almost all cations (from alkaline to actinides) have been used to
construct MOF structures. For the organic ligands, anionic or neu-
tral multidentate ligands with N- or O- donor atoms are privileged,
like carboxylates, phosphonates, polyamines, cyano or pyridyl
groups [133]. A large variety of synthesis methods are also avail-
able such as hydrothermal, electrochemical, mechanochemical or
microwave-assisted irradiation. The precise choice of the primary
building units (PBUs, i.e the precursors), synthesis method and
parameters (T°C, pH, etc.) allow therefore for a controllable size,
shape and functionalization of MOFs pores [134]. Furthermore,
depending on the target properties (luminescence, magnetism, cat-
alytic, .. .), a selection of the adequate precursors is possible, offer-
ing a wide range of potential applications. Among the most famous
MOFs, one can cite the MIL-n series, HKUST-1, MOF-5 or UiO-n ser-
ies [135-138], which are commercially available, for some of them
[134].

The first example of MOFs utilization for CWAs capture was
reported in 2010, when a Zn-based MOF was found to be efficient
for the encapsulation of the nerve agent surrogate methylphospho-
nic acid (MPA), with an adsorption density of 3.42 mmol/g [139].
Researches involving CWAs degradation have therefore been
developed with MOFs possessing unsaturated metal centers, show-
ing a catalytic activity for the decomposition of toxic species [140-
144]. Among them, highly stable Zr-based MOFs (i.e UiO-6n series,
NU-1000 or MOF-808) have showed interesting results in the
domain of CWAs decontamination [145,146]. Indeed, they possess
high amounts of Zr(IV) sites which act as Lewis acid and promotes
the degradation of CWAs [12]. Over the years, the increased knowl-
edge has allowed to distinguish several important factors driving
CWAs degradation. For organophosphorus compounds, the func-
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tionalization of ligands or the pores size control can modulate
the degradation efficiency. Peterson et al. highlighted the increase
of the degradation of DMNP when adding an amino -NH, moiety
to the organic ligand, which acts as a Bronsted base and improves
proton transfer for hydrolysis reactions [147]. Passing from UiO-66
to UiO-66-NH,, half-life drops from 25 to 0.9 min. This study also
showed that increasing pore size from 6 A (Ui0-66) to 8-11.5 A
(Ui0-67) reduces DMNP half-life by a factor 7, due to an easier
access to active sites and better diffusion [147]. Interestingly, com-
bination of Ui0-66 (functionalized by -H or _NH, groups) and por-
ous cellulose aerogel has also been developed, showing highly
effective degradation of DMNP (t;, < 10 min) [148,149]. For the
degradation of HD and its simulant, recent studies showed that
the photo-oxidation is an efficient way as it leads to the selective
generation of non-toxic sulfoxide products [23,150]. A photosensi-
tizer is generally required (e.g. porphyrin or pyrene), to generate
under UV light singlet oxygen '0,, accelerating the degradation
of HD or its simulant [151]. Thanks to this approach, half-life below
15 min for CEES can be reached [152,153].

3.3. Textiles fibers

Fibers can be defined as a unit of matter that is at least 100
times longer than its width or diameter. To be used into a yarn, this
basic unit of textiles requires to meet specifications. It needs to
have a length of at least 5 mm, be flexible, cohesive and to show
sufficient strength. Furthermore, properties such as elasticity, uni-
formity, durability, comfort, fineness or lustering are also impor-
tant for textiles. These features are directly linked to the nature
of the fiber and the process used for the yarn manufacturing [154].

Fibers are generally divided into two categories: natural and
man-made (or chemical) fibers (Fig. 6). The natural fibers designate
those obtained by physical or mechanical transformation of a nat-
ural material, without any modification of its composition. One can
find natural fibers from plants (e.g. cotton, linen), animals (e.g. silk,
wool) or minerals sources (e.g. metal, asbestos). The man-made
fibers mostly contain regenerated fibers, obtained by the modifica-
tion of natural fibers, or synthetic fibers, i.e. from petrochemicals
mainly [155].

Although single fibers do not present significant catalytic activ-
ity or porosity (except for ACFs), their nature is important for the
anchoring of reactive species. Generally, natural fibers contain var-
ious surface functional groups (hydroxyl, carboxyl...) facilitating
the deposition of active species whereas synthetic fibers surface
are almost inert. The following discussion will describe fibers (nat-
ural or synthetic) usually used as supports for CWAs adsorption or
detoxification.

3.3.1. Natural fibers

Cotton are the most widespread natural fibers, used since 5000
BCE. Its main component is cellulose (between 88 and 96.5%) with
few hemicellulose (~6%), which makes it one of the purest sources
of cellulose known [156]. Cellulose is a polysaccharide consisting
in linear chains of D-glucose linked by B-1,4-glycosidic bonds (sin-
gle oxygen atoms bridging the C1 of one pyranose (6-membered
ring) and the C4 of the next one (see Fig. 7)). Hydroxyl groups of
the cellulose can link neighboring chains by hydrogen bond, giving
to the cellulose its mechanical strength, chemical stability and
insolubility in common solvents [157,158]. Cotton fabrics possess
interesting properties such as high absorbency, softness, washabil-
ity, breathability, flexibility and are relatively cheap [19,159].

To improve the properties of cotton, cellulose can be easily
functionalized thanks to the presence of reactive hydroxyl groups.
Mercerization is widely used as a finishing treatment of cellulose
based-materials, improving its hygroscopic properties, mechanical
durability and adsorption rate. This process consists in immersing
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Fig. 6. Classification of the textile fibers used for porous textile composites (PTCs) against chemical warfare agents (CWAs).
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the fibers in an alkaline solution (usually NaOH), which increases
the content of free hydroxyl groups and facilitates the grafting of
additional species (e.g. MOFs) [160]. Another common functional-
ization method is carboxymethylation, based on the creation of
carboxylic functions at the surface of the fibers using chloroacetate
salt and sodium hydroxide as catalysts [161,162]. Several other
functionalization techniques exist for both natural and synthetic
fibers, like the addition of a surface modification agent (dopamine,
cyanuric chloride with cysteamine, ...) or atomic layer deposition
(ALD) [163-165].

Chitosan is a derived of chitin, a naturally abundant polysac-
charide generally found in arthropod exoskeletons (e.g. marine
crustaceans). It is the second most abundant biopolymer after cel-
lulose. Chitosan is obtained from a N-deacetylation of chitin, and
possesses linear polysaccharides of D-glucosamine (deacetylated
unit) and N-acetyl D-glucosamine (acetylated unit), depending on

the degree of N-deacetylation (from 50 to 90%). The polymer is
semi-crystalline, with a direct link between the degree of crys-
tallinity and the degree of deacetylation. The structural difference
with cellulose lies in the replacement of the hydroxyl at the C2
position to an acetamide group, giving chitosan between 5 and
8 wt% of nitrogen. Chitosan is chemically active thanks to the
occurrence of amine and hydroxyl groups on each deacetylated
unit. It possesses biodegradable, bio-adhesive, bio-compatible,
non-toxic and hemostatic properties along with a notable antibac-
terial activity, making it highly interesting for biomedical applica-
tions [166]. In terms of functionalization, carboxymethylation is
one of the most used methods [157,167,168].

Silk is a commonly available natural biopolymer from various
animal sources (e.g. spiders, scorpions, mites, bees and worms).
Silk contains approximately 18 amino acids, the principal ones
being the glycine, alanine and serine (see Fig. 7). They self-
assemble into an anti-parallel B-sheet structure through intra
and inter molecular forces (H-bonding, Van der Waals and
hydrophobic interactions), giving to silk fibers their mechanical
properties (e.g. strength and elasticity) [169]. Physical and chemi-
cal functionalizations are commonly employed, which is facilitated
by abundant available groups (carboxyl, hydroxyl and amino) asso-
ciated to amino acids of silk fibroins. The easy accessibility of their
chemical groups and controllable biodegradability makes them
interesting for water treatment and silk is already used in tissue
engineering and biomedical applications [170,171].

3.3.2. Man-made fibers

This section will focus on carbonaceous fibers and polymeric
fibers from petrochemicals. Regenerated fibers like Lyocell or vis-
cose rayon, obtained from regenerated cellulose [156], were not
applied to CWAs decontamination, so far. They are not be dis-
cussed in this review.

3.3.2.1. Carbonaceous fibers: Carbon fibers (CFs) were first synthe-
sized in 1883, by the pyrolysis of cellulose fibers. It commonly
leads to fibers containing at least 92 wt% of carbon, being a mixture
of amorphous carbon and crystalline graphite. The proportion of
graphite in the fiber can vary from 0 up to 100 %, the latter mate-
rials being called graphite fibers. The most used precursors nowa-
days for carbon fibers are polyacrylonitrile (PAN) and pitch [172].
Carbon fibers are light and possess high mechanical strength (1.7
GPa) and tensile modulus (400 GPa), good electrical and thermal
conductivity, as well as a good stability to high temperature, chem-
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Fig. 8. Photograph and SEM image of an activated carbon fibers (ACFs) fabric.
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icals and harsh conditions [173]. They are largely used in aero-
space, construction, and automobile industries.

When carbon fibers are submitted to an activation step, they are
called Activated Carbon Fibers (ACFs) (Fig. 8) [10]. The activation
can be done using physical methods, such as hot gas, plasma or
supercritical fluid, or chemical methods, with the incorporation
of reagent (ZnCl,, NaOH, etc.) in the carbon fibers. This leads to
an increase of surface area by clearing pores and creating new ones
[68]. The resulting specific surface area is up to 2.500 m?/g and the
micropores are directly available at the surface of the fibers. These
properties make ACFs particularly adapted for the adsorption and
removal of toxic compounds (liquid or gas) [75,78,79,174,175].
Furthermore, ACFs fabrics are comfortable thanks to their low
weight, flexibility and excellent air permeability. They are already
manufactured as combat suits for NBC (Nuclear Biological Chemi-
cal) protection, with generally a 24 h protection against HD liquid
and 6 h against HD vapors [10].

Graphene consists in a two-dimensional (2D) single layer of
carbon atoms. The formation of graphene fibers is possible using
the wet-spinning method and requires the precise alignment of
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graphene sheets along the fiber axis. Graphene fibers possess
extraordinary mechanical properties, with a record tensile strength
(130 GPa), excellent elastic modulus (1.1 TPa), and electronic
transport efficiency, good stability, high thermal conductivity and
notable flexibility [173].

Graphene oxide (GO), prepared by the oxidative exfoliation of
graphite, combines the 2D structure of graphene and a large
amount of oxygen-containing functional groups (hydroxyl, epoxide
and carbonyl). These functional groups give to graphene oxide its
hydrophilic nature, which is furthermore chemically stable and
easy to fabricate [176]. Graphene as well as graphene oxide are
well adapted for gas and liquid detection or separation [177-
179]. They are of particular interest for CWAs garments protection,
as they both possess high moisture permeability and are almost
impermeable to small gases [180]. Combination with active species
(e.g. TiO,, Zn(OH),, .. .) have also being used for the decomposition
of CWAs [181-184].

3.3.2.2. Synthetics organic fibers. The development of synthetic
fibers made from petrochemicals started in the early 20th century.
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Nylon, from the polyamides family, was commercialized by
DuPont industry in 1938 as the first synthetic polymer. The polye-
ster polyethylene terephthalate (PET) was patented three years
later by a British textile company and corresponds to the first
ester-type fiber. Nowadays, 98 % of the synthetic fiber production
include polyamides (nylon), polyolefin (i.e polyethylene and
polypropylene), polyesters and polyacrylates. Their fast develop-
ment is related to their properties associating strength, durability,
chemical resistance, low moisture absorbency, and their durability
versus crease [185]. The most common synthetic fibers (Fig. 9)
used for the capture of CWA will be briefly described in the follow-
ing paragraphs.

Polyamide fibers contain chains of aliphatic or aromatic sub-
units bonded by amide (RCO-NR'R”) functions. Among them, the
most common are aliphatic nylon 6 and nylon 6,6, which are
described in Fig. 9. They possess a semi-crystalline structure with
an excellent tensile strength, resistance to most chemicals and to
abrasion, good elastic recovery and low initial modulus. Their
applications are various like carpets fibers, parachute fabrics,
ropes, fishing nets or safety airbags [185,186].

Polyesters correspond to polymers containing ester groups. The
most known polyester being the thermoplastic polyethylene
terephthalate (PET), which represents 60% of the worldwide syn-
thetic fibers production. They are hydrophobic, allowing a quick
drying of the fibers. They are recyclable and resistant (vs. stretch-
ing, abrasion, wrinkle, chemicals and mildews). They possess
excellent tensile strength and have negligible shrinkage. These
properties made polyesters excellent for technical textiles applica-
tions [185,186].

Polyolefin fibers are by definition composed of at least 85 % by
mass of ethene, propene or other olefin C,H,,, units. The most used
polyolefins fibers are the thermoplastic polypropylene (PP) (90% of
the polyolefin fibers production) and polyethylene (PE). Theses
fibers exhibit excellent chemical resistance (especially to acids,
alkalis and organic solvents), high strength and toughness. These
low-cost fibers are interesting for protective cloths due to their
cut-resistance or in biomedical applications (implants or devices)
[187].

Polyacrylate fibers contain at least 85 % of the acrylonitrile
monomer, the most known being polyacrylonitrile (PAN) fibers.
They were first developed by DuPont in 1941, under the name
Orlon. To facilitate the fibers processing, acrylonitrile monomers
can be combined with others monomers, such as methyl acrylate,
methyl methacrylate (also known as plexiglass) or vinyl acetate.

(a)

Polymer
solution

B

Needle

Fiber formation —» ¢ )

High
voltage

Base collector
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They have been commonly adapted for clothing due to their
strength and warm properties. Furthermore, they are resistant to
acids, oxidants, organic liquids and weak alkalis, and also to UV
radiation and micro-organisms [187].

In addition to these families of synthetic fibers, some other
polymers have been used as fibers in CWAs protective garments.
Polystyrene (PS) is a thermoplastic polymer, which can be electro-
spun to produce fibers [188]. Polyvinylidene fluoride (PVDF) is bio-
compatible and possess high mechanical strength and thermal
stability. It is mainly used in biomedical and energy harvesting sys-
tems [189]. Also, polyvinylidene fluoride was shown to be particu-
larly adapted to MOFs deposition, which is an interesting point for
the application aimed in this review [190]. Poly(urethane urea)
(PUU) is formed by the combination of urethane -NH-COO- and
urea -NH-CO-NH- functions, which give elastomeric properties
by an alternation of hard and soft segments [191].

4. Porous textile composites (PTCs) synthesis

Composite materials used as active protective garments against
CWAs combine textiles and active materials, in our case porous
solids. The two constituents must present strong adherence to
insure durable resistance and efficiency [192]. Common synthesis
methods used to achieve these goals can be gathered into two
groups: the direct integration of a porous material within the
fibers, or the attachment of the adsorbent at the surface of the fiber
[193-195]. Details and examples of these methods will be
described in the next part, with a focus on MOFs and activated car-
bon fibers compounds, as they represent the prominent part of the
compounds showing great performances for the capture and/or
degradation of CWAs.

4.1. Direct integration by electrospinning

Electrospinning is a well-adapted fabrication method to process
solutions, mainly polymer-based, into continuous nano- or micro-
fibers. The polymer solution is pushed through a needle and pre-
cipitated on the base collector to generate fibers following the
application of a high voltage (Fig. 10.a) [193,196]. For about
10 years, the electrospinning technique was developed to mix var-
ious compounds, like metal sulfides or metal oxides, within the
fiber matrix [197,198]. The particles (or their precursors) and the
polymers solution are mixed to create the electrospun composite
fibers. Depending on the nature of the particles and the polymer,

(b)

Fig. 10. (a) Scheme of electrospinning method and (b) SEM images of polyacrylonitrile (PAN) and ZIF-67/PAN electrospun fibers obtained by in-situ growth [219]. Reproduced

with permission from the Royal Society of Chemistry.
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Fig. 11. SEM images of HKUST-1 deposited on (a) bare cotton fiber and (b) carboxymethylated fibers [239]. Reproduced with permission from Wiley Online Library.

optimization of the experimental conditions (viscosity of the mix-
ture, particles concentration, chemical compatibility, . ..) is manda-
tory to obtain a homogeneous composite [193]. Therefore, the
resulting fibers contain particles (from nm to pm) embedded
within the polymer. This method was developed for many applica-
tions, such as energy storage systems (supercapacitors), mechani-
cal enhancement or catalysis [197].

The first MOF-fiber composite obtained by direct electrospin-
ning was produced from a mixture of zeolitic imidazolate frame-
work called ZIF-8 and polyvinylpyrrolidone (PVP) [199]. Fibers of
PVP with a diameter from 150 to 300 nm were obtained and homo-
geneous distribution of ZIF-8 was observed within the composite
porous fibers (specific surface area: 530 m?/g). Since then, numer-
ous new combinations of MOF-polymer have been investigated via
electrospinning, mainly using synthetic fibers [128,191,200-207].
Only a few works reported the direct electrospinning of natural
fibers, more specifically to form chitosan-MIL-68(Al) and
chitosan-MIL-101(Fe) composites, with high content of MOF
(80 wt%) [208,209]. The obtained fibers have a spider web struc-
ture with excellent specific surface areas, up to 1460 and
3300 m?/g for MIL-68 and MIL-101(Fe), respectively.

One of the main limitations of the direct electrospinning of
MOF-polymer composites is the inactivity of MOFs crystallites
trapped within dense polymeric fibers. In this case, the external
pores of the solids are blocked by organic matter, reducing the
porosity and the efficiency of the composite [193]. To overcome
these issues, Peterson et al. have investigated the effect of different
solvents for the direct electrospinning of a suspension of polystyr-
ene and UiO-66-NH, [210]. Pure DMF solvent led to a deposition of
MOF crystals on the surface of the fibers while a DMF/THF solvent
mixture resulted in the dispersion of crystallites within the fibers
due to the formation of a yarn-like composite. The use of porous
polymer fibers is a second strategy for limiting MOF inertia within
the polymeric matrix, as exemplified with ZIF-8 [211-213]. Other-
wise, simultaneous electrospinning of nylon-6 and electrospray of
UiO-66 have been tested and resulted in a selective immobilization
of the MOF at the surface of the fibers [214].

Alternatively, in-situ growth of MOF crystals onto the surface of
fibers has been developed to keep MOF fully accessible, according
two methods [193]. In the first one, called seed-assisted growth,
MOF crystallites can be incorporated as a seed to the polymer solu-
tion prior to electrospinning deposition. The crystal growth is thus
triggered by immersing the fibers in a solution containing MOFs
precursors (metal salt and ligand) [193,215,216]. As an illustration,
this approach was adapted to popular HKUST-1 and ZIF-8, which
were grown under a solvothermal treatment of seeded polystyrene
(PS) surfaces, resulting in defect-free and uniform coatings. A
threefold enhancement of the specific surface area was measured
after the secondary growth, from 300 to>900 m?/g for both MOFs
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[217]. The second method consists in adding a MOF precursor
(metal ions or organic ligand) to the polymer solution. The crystal-
lization and the growth of the porous solid will start after a second
impregnation in a mixture containing the remaining reagents,
needed for the MOF production [218-220]. For instance, a mixture
of polyacrylonitrile (PAN) and Co(AC), was electrospun and the
generated fibers were then immersed into a 2-methylimidazole
solution to form homogeneous ZIF-67 at the surface of the fiber
(Fig. 10.b) [219].

4.2. Functionalization and surface decoration of the fibers

Due to the presence of numerous accessible functional groups
(-OH, -COOH, -NH,) at their surface, natural fibers are suitable
for straightforward deposition. In the case of cotton, the available
hydroxyl groups of cellulose are well adapted sites for the growth
of MOFs, like HKUST-1 (Fig. 12) [221]. The same approach was also
adjusted to inorganic zeolite crystals which can be directly depos-
ited on cellulose fiber via classical methods such as hydrothermal
treatment or spray-coating [222,223]. An original approach has
been validated recently, using an ionic liquid welding technique
to improve the anchoring of UiO-66-NH; on cotton [224]. Deposi-
tion of pre-formed MOFs by simple immersion of the textile in a
suspension have also been reported for the deposit of MOF-808
on cotton [32]. Direct deposition of MOFs (HKUST-1, ZIF-8) is also
possible on other natural fibers, like wool or silk, involving hydro-
xyl, carboxyl or amine functions [225-228].

To improve the anchoring of MOFs on fibers, functionalization
of the fiber surface with a function analogous to one chemical
group existing within the MOF structure has been usually
exploited. Typically, these species are carboxylate (R-COO) mim-
icking ligand or hydroxyl groups (R-OH) analogous to those bridg-
ing cations in the inorganic clusters in the MOFs structures. For
natural fibers, these chemical functions are easily produced by
mercerization or carboxymethylation techniques (Fig. 12). Uniform
and dense coatings of various MOFs have been successfully
obtained on mercerized fibers using a layer-by-layer or a
solvothermal techniques [229-235]. In the case of Zr-MOFs, Kim
et al. used a solvothermal process to grow UiO-66-NH, from 60
to 200 nm large with excellent crystallinity on mercerized cotton
[160]. Carboxymethylation has been successfully adapted to cotton
and chitosan fibers for the anchoring of Cu, Zn or Zr-based MOFs
[161,162,236-239]. The homogeneous deposition of MOFs on a
carboxylate-bearing surface is well illustrated in the case of the
composite cotton/HKUST-1, where SEM images clearly show par-
tially covered fibers without carboxymethylation whereas pre-
treated fibers display an uniform growth of HKUST-1 over the
whole surface (Fig. 11) [239].
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Fig. 12. Usual functionalization and surface decoration pathways of natural fibers (cotton) and synthetic fibers (ALD = Atomic Layer Deposition; PDA = Polydopamine).

For synthetic fibers, the absence of functionalization sites at the
surface limits the anchoring of additional materials. This limitation
can be bypassed with mixed natural-synthetic fibers. In the case of
Nyco (mixed nylon-cotton fibers), Kalaj and Cohen developed a
spray coating deposition of a post-synthetically modified UiO-66-
NH, with excellent adhesion to the textile support, as evaluated
by scratching and tape test [240]. On pure synthetic fibers, some
examples of direct deposition were also mentioned [241-246].
Ma et al. described the solvothermal deposition for Zr-based solids
(MOF-808 and UiO-66-NH,) via a three-steps process (aggregation,
formation of MOFs and growth), leading to the deposition of
approximately 1 pm-thick layer of MOF on the polymer fibers
(PE, PAN or PP) [246]. In this case, the efficiency of MOF deposition
was associated to the use of trifluoroacetic acid as a synthesis mod-
ulator. Indeed, the higher acidity of trifluoroacetic acid slows down
the crystallization in order to favor a continuous and homogeneous
MOF crystallization on the fiber. Furthermore, the composite
shows a particular resistance to vigorous washing, highlighting a
strong binding between the fiber and the crystallites. Another solu-
tion for direct deposition of MOFs without fiber functionalization is
the sorption-vapor synthesis [247]. The fiber is first submerged in a
solution containing all the Zr-based MOF precursors and modula-
tor. The adsorbed precursors on the fiber were then placed in a sol-
vent/modulator mixture at 100 °C for several hours and the
formation of a homogeneous growth of MOFs crystals on the fibers
was observed.
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Like natural fibers, synthetic supports can be also functionalized
by various organic (polydopamine PDA, polyvinylamine, etc)
[163,248-252] or inorganic chemical species (Al;03, ZnO or TiO3)
[165,253,254] in order to facilitate solids deposition (Fig. 12). For
example, polydopamine possesses various functional groups (i.e.
amine, imine and catechol) and serves as nucleation centers for
MOFs growth (e.g. HKUST-1, ZIF-8, MOF-5, MIL-100) on several
fibers (PP, PE, PS and PVDF) [251,255,256]. The atomic layer depo-
sition (ALD) route allows the functionalization of a large range of
fibers (PP, PET, PA, cotton) by inorganic oxides like ZnO to facilitate
the heterogeneous nucleation and growth of MOF particles. It is
now a well-developed method and good results have been
obtained using various polymers fibers and MOFs (HKUST-1, UiO-
66, Ui0-66-NH,, Ui0-67, Zn-MOF-74, Mg-MOF-74 and MOF-525).
For all these composites, the target applications aimed were the
detection and removal of toxic gaseous compounds (H,S, NHs,
CWAs or simulants) [165,253,254,257-259|. However, the ALD
method remains an expensive and time-consuming method, show-
ing a possible lack of covalent attachment with the synthetic fibers
[240].

4.3. Activated carbon fibers (ACFs) functionalization
The porous properties of ACFs can be tuned by post synthetic

modification, via the introduction of functional groups on the walls
and/or the embedding of inorganic particles within the pores [73].
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Fig. 13. Scheme of UiO-66 and UiO-66-NH, synthesis by a layer-by-layer deposition on functionalized activated carbons [283]. Reproduced with permission from the

American Chemical Society.

Table 2
CWAs adsorption and detoxification using porous textile composites (PTC) containing ACFs.
PTC CWA and amount  Adsorption/Permeation Degradation  Degradation products Ref
Composition Amount or  SSA time
size m?/g)
ACFs/Barium titanate 20 mg 613 CEES (20 pL) 313 mg/g after 7 days Ace, EtOH, Eth-Cl, iPrOH, EVS  [292]
nanospheres and DEDS
ACFs 20 mg 956 CEES (20 pL) 324 mg/g after 7 days EVS, DEDS, Ace and Eth-Cl [20]
ACFs 200 mg 939 to CEES (70 ppm) Maximum weight increase: [25]
1300 3.24 wt%
ACF/MgO or ACF/Al,03 9 mg CEES (30 pL) Adsorption rate constant: ti2 = 16 min [281,282]
4.8 min~!
ACFs 483 CEES (amount ~ 20 mg/g-ACF [290]
unknown)
ACFs 483 DIMP (amount ~ 100 mg/g-ACF [290]
unknown)
ACF/SiO, NPs 4*8 cm DMMP (100 ppm)  0.824 g/g-ACF [278]
ACF (A-15) 008 g 1500 DMMP (2.55 mg/L) 0.59 g/g-ACF [83]
at tg = 90 min
Ozonized ACF 300- TMP (3 g) 31.8 % after 336 h [294]
350 mg
ACF/Ui0-66 40 mg 840 DIFP (1.25 pL) 80% in [283]
1440 min
ACF/Ui0-66-NH, 40 mg 745 DIFP (1.25 pL) 40 % in [283]
1440 min

* Ace: acetaldehyde; Eth-Cl: chloroethane; EVS: ethyl vinyl sulfide; DEDS: diethyl disulfide; t;,: Half-life; ts: breakthrough time.

Surface functionalization of ACFs is often realized through the
addition of oxygen functional groups such as phenolic, carboxylic
or lactonic groups or through nitridation to add amines, amides
or pyridines groups. Several methods have been developed, such
as chemical oxidation [260-263], nitridation [264,265], plasma
treatment (oxygen [266,267] or nitrogen [268]), halogenation
[269,270], gamma-ray irradiation [271] or electrochemical oxida-
tion [272,273]. Whereas wall decoration is well adapted for
enhancing gas sorption (CO,, SO,) [260,268], the decomposition
of trapped species needs the presence of an embedded active mate-
rial such as metal oxide nanoparticles within the framework
[175,274]. Several difficulties have been identified such as pores
obstruction of ACFs or the agglomeration of NPs which could
reduce their activity [73]. Despite these obstacles, various NPs have
been successfully implemented into the ACFs frameworks such as
TiO,, Fe;03, MnO,, CuO, Cu or Ag, making the composites particu-
larly attractive for air [174,274-278]| and water decontamination
[73,175,279-282]. Recently, UiO-66 and UiO-66-NH, MOF have
been deposited on functionalized ACFs using a layer-by-layer
deposition (Fig. 13) [283]. The association of ACFs and MOFs is
almost inexistent surprisingly [284], the combination of activated
carbons and MOFs being more developed so far [285-288].
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5. Activated carbon fibers (ACFs) composites for CWAs
adsorption and decontamination

Due to their excellent properties of adsorption, non-
functionalized ACFs have been mostly applied (and already com-
mercialized) to the capture of CWAs rather than for detoxification.
However, the functionalization of ACFs allows the combination of
adsorption and detoxification properties. The next section (and
Table 2) will therefore describe recent works on porous textile
composites containing ACFs against mustard gas and nerve agents
(or their simulants) and the results in term of adsorption and
detoxification of CWAs, when available.

5.1. Mustard gas and its simulant CEES

ACFs efficiency for the protection against HD has been already
proved in the literature and they are currently used in several mil-
itary combinations [10,289]. Studies using bare ACFs suggest that
the pore diameter needs to be controlled for optimizing the cap-
ture and the immobilization of toxic species [290]. Typically, the
highest loading of CEES is obtained for mesoporous over microp-
orous fabrics, with an optimum pore diameter of 2.9 nm [25]. This
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Fig. 14. Weight uptake and desorption evolution for 4 ACFs of various structures
after exposure to CEES vapors up to 7 days (CCm: Stedcarb without the two outer
protective nylon layers, KnT: Knitted ACF, DWe: Double Weave ACF, WWp: From
the Oak Ridge National Laboratory. Structures are described in the scheme below
the graph) [20]. Reproduced with permission from Elsevier Science & Technology
Journal.

selectivity has been assigned to the slowest diffusion of CEES
within ACF microporous apertures. A 1-day exposition shows
weakly absorbed CEES in the largest pores but longer exposition
times let gaseous compounds diffuse into micropores, where CEES
is strongly adsorbed [20]. After 7 days, the uptake of CEES reached
324 mg/g, one of the best weight uptakes reported nowadays
(Fig. 14).

Whereas the incorporation of reactive agents within ACFs could
reduce the accessible specific surface area of the composite, this
approach favors the degradation of the targeted species. While
such studies are scarce on CWAs, a recent work dealing with the
addition of barium titanate perovskite nanospheres on ACFs
proved the efficiency of this strategy to detoxify CEES vapor or dro-
plets [291,292]. Products of degradation were analyzed by GC-MS
after 7 days of exposure to CEES vapors, showing high concentra-
tion of degradation products (acetaldehyde, ethyl vinyl sulfide, iso-
propanol and diethyl disulfide) which are not formed when using
bare ACFs. In addition to the catalytic effect for the degradation
of CEES, perovskite NPs enhances the retention of the adsorbed
species, since only 14 wt% was released after 48 h of desorption,
compared to 30 wt% after 24 h for non-modified ACFs. The other
studies on ACFs including reactive species were made using vari-
ous contents of crystalline MgO or amorphous Al,0; NPs embed-
ded in activated carbon fibers [281,282]. Detoxification of CEES
was followed by GC giving half-life time between 16 and 78 min.
The best result was obtained for a sample with 20 wt% of Al,03
NPs due to a higher resulting specific surface area [282]. Unfortu-
nately, no degradation product was mentioned in this last study.
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5.2. Nerve agent simulants

Like mustard gas and its simulant, the studies involving ACFs
versus nerve agent simulants remain focused on their capture
(Table 2). To the best of our knowledge, no work about nerve agent
detoxification by an ACF composite has been reported in the liter-
ature. Pore sizes and surface areas remain the main parameters
driving the adsorption of nerve agent simulants [293]. For diiso-
propylmethyl phosphonate (DIMP), six different ACFs were tested,
showing that the higher adsorption capacity was obtained with the
solid having the larger micropores (11.6 A) [290]. Also, a compara-
tive study was carried on the removal efficiency of an ACF and
metal-doped (Ag, Cu and Cr) activated carbon materials against
DMMP vapor [83]. Better efficiency of the ACF was highlighted,
as an adsorption of 0.585 g/g was measured, which is 7.4 times
higher than the metal-impregnated activated carbons. Moreover,
the authors have shown that the physically absorbed DMMP on
the ACF can be totally removed by a short thermal treatment
(121 °C, 30 min).

The functionalization of ACFs has been tested to improve the
adsorption of nerve agent simulants (e.g. DMMP, trimethyl phos-
phate, ...). Surface functionalization was studied by comparing tri-
methyl phosphate sorption efficiency with pristine and ozonized
ACF [294]. The higher adsorption and retention measured with
the ozonized ACF was associated to important hydrogen bonding
between the oxygenated surface of ACF and trimethyl phosphate.
Inorganic species such as SiO, NPs have also been incorporated
to ACFs to test the adsorption capacity [278]. An important
decrease of the adsorption capacity of DMMP was measured in
the presence of SiO, NPs within the pores: 0.824 g/g of ACF vs
0.219 g/g of ACF-SiO, NPs. This was explained by the higher hydro-
philic capacity on the modified ACF, which leads to an increased
adsorption of H,0, instead of DMMP. Recently, UiO-66 and UiO-
66-NH, MOFs deposited on ACF were used to follow the degrada-
tion of diisopropylfluorophosphate (DIFP), with respectively 80
and 40 % of detoxification after 24 h [283]. The proposed mecha-
nism was divided in three steps: (1) the strong adsorption of DIFP
on the ACF materials, (2) the slow migration of physisorbed DIFP
towards MOFs active sites due to desorption and (3) the hydrolysis
by the Zr-MOF pore structure.

Table 2 summarizes the discussion above, confirming the pre-
dominance of studies on the adsorption of CWAs for ACFs. Func-
tionalization of ACF is still scarce but has confirm its ability to
detoxify some simulants. Moreover, the first combination of ACF
and MOF is a promising idea to create a new type of protection,
mixing the adsorption capacity of ACF and detoxification efficiency
of MOF.

6. MOFs composites for CWAs

Contrary to ACFs, MOFs deposited on textiles for CWAs capture
and/or detoxification is a quite new technology. What makes MOFs
so interesting for CWAs detoxification is the combination of very
high surface areas for adsorption with a significant catalytic activ-
ity brought by the metallic cluster (especially the Zr-based MOFs).
Usually with MOFs, the detoxification path and by-products of
mustard gas or its simulant, are identified by GC/MS analytical
technique. For nerve agents, the presence of phosphorus allows
to follow the degradation using >'P NMR. UV-Visible spectroscopy
can also be used in the case of colored products, such as DMNP and
the p-nitrophenoxide. When comparing studies on CWA degrada-
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tion, one has to pay attention to the analytical method and the
modus operandi, since different approaches and additives (e.g. co-
catalyst) are used in the literature. Next sections present the main
results on the capture and/or detoxification of gas mustard or
nerve agents (and their simulants) using MOFs deposited on vari-
ous textile fibers, which are summed up in Tables 3 and 4. For an
easier comparison, the analysis method and the addition of the
N-ethylmorpholine (NEM) co-catalyst for the degradation of nerve
agents have been specified in Table 4.

6.1. Mustard gas and simulants

While adsorption studies with ACFs discuss their performances
on the basis of their gravimetric uptake, CWAs capture by MOFs
are principally evaluated in terms of permeation or breakthrough
time tp (i.e. when the permeation reaches 0.1 pg/(min.cm?)). These
two different approaches make difficult the comparison between
these two families of materials. With HD, Kim et al. used an AVLAG
(Aerosol Vapor Liquid Assessment Group) test cell to evaluate the
permeation of their cotton/UiO-66-NH, composite [160]. They
showed that the permeation rate of HD was decreased by a factor
10 in the presence of the amino functionalized MOF, passing from
184 ng/cm? with cotton to 16 pg/cm? with cotton/Ui0-66-NHs,.
Furthermore, after HD diffusion through the fiber, they were able
to detect by GC/MS the formation of thiodiglycol (TDG), proving
the hydrolysis of HD. With CEES, following the ASTM F739-12
norm, a breakthrough time (tg) of 50 and 126 min were measured
for Ui0-66-NH, and MOF-808 deposited on PET respectively, while
PET alone does not provide any protection [246]. Respecting the
same standard (Fig. 15.a), a membrane composed of a block
copolymer  polystyrene-polyisoprene-polystyrene (SIS) was
impregnated with various amounts of HKUST-1 (up to 50 wt%)
[295]. The increased quantity of HKUST-1 delayed the break-
through time up to 4000 min (Fig. 15.b). The same experiment
was repeated on an aged sample (left 1 day in water), and CEES
permeation through the composite was two times faster than prior
exposure to water. This loss of efficiency was assigned to the par-
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tial MOF hydrolysis. In addition to the great performance of
HKUST-1 for CEES capture, this MOF is a good optical detector
for sulfur-based species, since the exposition to CEES leads to a
color change from blue to yellow-green. This transformation is
related to the reduction of copper Cu(ll) —» Cu(I) from HKUST-1
associated to the oxidation of CEES in sulfoxide or sulfone. Another
study on CEES permeation over a HKUST-1 composite (PP/ZnO/
HKUST-1) was made but only a steady-state permeation rate of
2.5 pg.cm~2.min~! was mentioned [296].

Detoxification of HD (or its simulant) has been assessed using
UV-Visible spectrometer, or MS/GC to analyze the degradation
products and determine the degradation path (mainly hydrolysis
or oxidation). Mustard gas degradation on chitosan fibers deco-
rated with HKUST-1 or silver-doped MOF-5 (Chitosan/MOF-5/Ag)
was followed by UV-Vis [236,238]. Excellent decontamination
was achieved with both materials, reaching 87.3 % after 30 min
for chitosan/HKUST-1 and 90.8 % after 120 min for chitosan/
MOF-5/Ag. As discussed before with zeolites (section 2.2.1), the
presence of Ag allows an enhancement of the HD uptake due to
affinity of S or Cl atoms towards Ag/Ag,0 [238]. In these two stud-
ies, the hydrolytic degradation path was deduced from the detec-
tion by GC/MS analysis of 2-HEES by-products from the
detoxification of CEES. The same degradation path was reported
with lithium tert-butoxide (LiOtBu)-doped Zr(IV) MOF materials
deposited on silk fibroins, with a half-life of CEES of 8 min [297].
However, a surprising low half-life of approximately 75 min was
measured for blank without any comments on this value. The anal-
ysis method and the solvents used (H,O, EtOH, DMF) being quite
standard, such low half-life for a blank could suggested an easy
degradation of CEES in the conditions described and have certainly
an impact in the degradation kinetic in the presence of MOFs.

When the degradation of CEES is undertaken following the oxi-
dation path instead of hydrolysis (see section 1), a special care is
necessary to avoid the formation of toxic 2-chloroethyl ethyl sul-
fone (CEESO,). To produce solely non-toxic sulfoxide CEESO, a mild
oxidant such as singlet oxygens '0, need to be generated to favor
selective oxidation (Fig. 16.a). The usual method to generate '0, is

Table 3
HD and CEES adsorption and detoxification using PTC containing MOFs.
PTC Amount Permeation or t;  Degradation efficiency Degradation path Ref
Composition Amount or size  SSA of CWA Half-life t;; 1 (%) Time and products
(m?/g) (minutes) (minutes)

Sulfur mustard HD

Cotton/UiO-66-NH, 4.5 cm diameter 4 pL 16 pg/cm? Hydrolysis to TDG [160]

Chitosan/MOF-5(Zn)-Ag 15 mg 4 pL 63 90.1 120 [238]

Chitosan/Cu;(BTC), 15 mg 4 pL 87.3 30 [236]

PP/PCN-222 14 mg 120 0.7 puL 720 100 1440 [298]

PET/UiO-66-NH-CI 1*5cm 34 L ~3 80 5 Selective oxidation [300]
to sulfoxide HDO

CEES

PET/UiO-66-NH-CI 1*5cm 3L 99 5 Selective oxidation [300]
to CEESO

PP/PCN-222 7 mg 120 21.5 uL 6 100 100 [298]

PP/AI-PMOF 8.5 mg 233 23 pL 4! ~ 100 20 Selective oxidation [152]
to CEESO

Silk fibroins/UiO-66-LiOtBu 20 mg 130 2.5 uL 8 ~ 100 40 Hydrolysis to ESOH [297]

Chitosan/MOF-5(Zn)-Ag 20 mg 4 pL Hydrolysis to 2-HEES ~ [238]

PP/TiO,/MOF-525(Zr) 14 mg 104 21.5 pL 100! 70 [259]

Polyester/ MOF-808 1 in. diameter 480 300 mg/m> tg: 126 min [246]

Polyester/UiO-66-NH, 1 in. diameter 95 300 mg/m> tg: 50 min [246]

SIS/HKUST-1 1.5 * 1.5 in. Flow rate: tg: 67 h [295]

300 mL/min
PP/ZnO/HKUST-1 1 in. diameter 300 mg/m? tg < 15 min [296]

*TDG: thiodiglycol; HDO: sulfoxide HD; CEESO: 2-chloroethyl ethyl sulfoxide; ESOH and HEES: 2-hydroxy ethyl ethyl sulfide; tg: breakthrough time; SIS: polystyrene-block-

polyisoprene-block-polystyrene.
1 Under blue light irradiation.
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Table 4

Nerve agents (and their simulants) adsorption and detoxification using porous textile composites containing MOFs.

PTC Amount Permeation Analysis method Degradation efficiency Degradation Ref
Composition Amount or size SSA (m?/g) of CWA or ts Half-life t;, n (%) Time products
(minutes) (minutes)
Soman GD
Cotton/UiO-66-NH, 4.5 cm diameter 5 uL 5 pg/cm? PMPA and MPA [160]
PA-6/Ti0,/Ui0-66 14 mg 143.9 26l 31p NMR (NEM buffer) 3 > 80 10 PMPA [257]
PA-6/Ti0,/Ui0-66-NH, 14 mg 205.9 26 L 31p NMR (NEM buffer) 3.7 > 80 10 PMPA [257]
PA-6/TiO,/Ui0-67 14 mg 356.2 2.6 uL 31P NMR (NEM buffer) 2.3 >80 10 PMPA [257]
Polyester PET/UiO-66-NH, 0.5 * 5 mm 95 2.5 uL 31p NMR (NEM buffer) 8 ~ 100 100 Hydrolysis [246]
Polyester PET/MOF-808(Zr) 0.5 *5 mm 130 2.5 uL 31p NMR (NEM buffer) 2 ~ 100 20 Hydrolysis [246]
PS/Ui0-66-NH, 20 mg 45 26 L 31p NMR (No NEM) 95 100 360 PMPA [210]
PVDF/Ui0-66-NH, 5 mg (1 cm?) 225 2.6 uL 31p NMR (No NEM) 131 PMPA [303]
PA-6/UiO-66-NH, 10-40 mg 108 Unknown GC/MS (No NEM) 65 1440 [247]
amount
PVDF/Ti(OH),4-Ui0-66 1*2cm 26 L 31p NMR (No NEM) 35 100 180 PMPA and MPA [309]
Cotton/MOF-808-PEI 1*1cm 24 pL 31p NMR (No NEM) 12 96 60 PMPA and MPA [302]
Cotton/MOF-808/BPEIH 1*1 cm 220 3L GC/MS (No NEM) ~ 10 ~ 70 60 Hydrolysis [32]
PP/PCN-222 14 mg 120 45 L 31p NMR (No NEM) 620 100 1700 [298]
PP/TiO,/Ui0-66-NH, 1 cm? 3l 31p NMR (No NEM) 177 100 600 PMPA [304]
VX
Cotton/MOF-808-PEI 1*1cm 24 L 31p NMR (No NEM) 100 60 EMPA and DESH [302]
Cotton/MOF-808/BPEIH 1*1 cm 220 3L GC/MS (No NEM) ~5 > 90 10 Hydrolysis [32]
Cotton/MOF-808/DTNB 1*1 cm 25 mM 31p NMR and LC/MS 6 > 90 30 Hydrolysis [310]
(MOPS buffer sol.)
Simulant DMNP
Cotton/MOF-808(Zr)-PEI 1*1cm 4L 31p NMR (No NEM) 24 100 240 DMP [302]
Cotton/MOF-808/BPEI 1*1cm 220 4L 31p NMR (No NEM) 1 99 15 4-NP [32]
PP/PCN-222 14 mg 120 4L UV-Vis (NEM buffer sol.) 6' 100 90 [298]
PP/TiO,/UiO-66-NH, 14 mg 6.2 mg UV-Vis (NEM buffer sol.) 49 4-NP [304]
Polyester PET/ MOF-808 0.5 * 5 mm 130 4L 31p NMR (NEM buffer) >05 100 15 DMP [246]
Polyester PET/ UiO-66-NH, 0.5 *5 mm 95 4L 31p NMR (NEM buffer) 5 100 15 DMP [246]
Cotton/UiO-66-NH, 125 45 L UV-Vis (NEM buffer sol.) ~ 50 ~ 60 90 4-NP [163]
PA-6/Ti0,/UiO-66 14 mg 143.9 4 pL UV-Vis (NEM buffer sol.) 135 4-NP [257]
PA-6/Ti0,/Ui0-66-NH, 14 mg 205.9 4L UV-Vis (NEM buffer sol.) 73 > 90 60 4-NP [257]
PA-6/Ti0,/Ui0-67 14 mg 356.2 4L UV-Vis (NEM buffer sol.) 74 > 90 60 4-NP [257]
PA-6/PDA/Ui0-66-NH, 17.6 mg 270 4L UV-Vis (NEM buffer sol.) 052 > 95 32 4-NP [251]
PA-6/Ui0-66-NH, 14 mg 280 4L UV-Vis (NEM buffer sol.) 74 [247]
PVDF/Ui0-66-NH, 12 mg 225 4L UV-Vis (NEM buffer sol.) 12 ~70 30 4-NP [303]
PMMA/Ti(OH), 12 mg 264 4L UV-Vis (NEM buffer sol.) 26 ~ 90 120 4-NP [307]
[Ti0/Ui0-66-NH,
PMMA/Ti(OH)4/Ui0-66 3 mg 185 4L UV-Vis (NEM buffer sol.) 29 94 120 4-NP [308]
PP/Zn0O/Ui0-66-NH, 17.6 mg 211 6.2 mg UV-Vis (NEM buffer sol.) 2.8 > 95 90 4-NP [258]
PP/TiO»/MOF-525(Zr) 14 mg 104 4L UV-Vis (NEM buffer sol.) ~ 80 ~ 65 120 4-NP [259]
PP/Zn0/Ui0-66-NH, 14 mg 145 6.2 mg UV-Vis (NEM buffer sol.) 10 90 60 4-NP [253]
Graphene oxide/Ui0-66-NH, 20 mg 305 4 L UV-Vis (NEM buffer sol.) 16° >99 30° DMP and 4-NP [244]
Cotton/Ui0-66-NH, 58 Unknown UV-Vis (NEM buffer sol.) 4 4-NP [224]
amount
PAN/PDA/Ui0-66-NH, 12 mg 254 4L 79.9 mg/g UV-Vis (NEM buffer sol.) 1.8 min * 100 304 4-NP [306]
PIM/PAN/UiO-66-NH, 15-18 mg 574 4L UV-Vis (NEM buffer sol.) ~ 45 70 140 4-NP [128]
PA-66/Ui0-66-NH, 3 +/-0.2 mg 107 25 mM UV-Vis (NEM buffer sol.) Hydrolysis rate: 4-NP [252]
~ 35 mM/sec x10°
Nyco/UiO-66-NCS-PTU ~0 10 pL UV-Vis (NEM buffer sol.) Hydrolysis rate: [240]
320 mM/sec x10°¢
PUU/UiO-66 12 * 8 mm 8.7 20 pL UV-Vis (NEM buffer sol.) Hydrolysis rate 4-NP [191]

4.8 mM.sec'.mg! x 10

(continued on next page)
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the use of using photosensitizers such as porphyrins [24,298].
These groups can be integrated to MOFs as the organic linker
[23,151] or by post-synthetic modification [299]. In the case of
MOF-PTC, an Al-porphyrin-based MOF on polypropylene was pre-
pared and the photocatalytic properties of the ligand was used to
generate '0,. A short half-life of 4 min was obtained for CEES
degradation under blue LED irradiation and CEESO was the only
product detected (Fig. 16 b and c) [152]. The same porphyrin linker
was used to synthetize Zr-based PCN-222 attached on polypropy-
lene fibers, tested for sulfur-based agents (HD, CEES) detoxification
[298]. For theses toxics, blue light irradiation induces higher degra-
dation rates, passing from 35 % degradation in dark to 100 % after
24 h for HD, and <10 % to 100 % degradation under irradiation for
CEES after 100 min. Recently, a new method for the selective oxi-
dation of HD and CEES was proposed by using haloamine groups,
which are known to be efficient oxidants for sulfur-containing
compounds [300]. With the formation of UiO-66-NH-CI on poly-
ethylene terephthalate fibers, half-life under 3 min were noted
for both CEES and HD, and the unique products detected were
the sulfoxide ones.

According to the data sum up in Table 3, the higher degradation
efficiency against both HD and CEES has been obtained by oxida-
tive detoxification using a UiO-66-NH-Cl composite, with impres-
sive half-life under 5 min. Concerning the permeation, the
combination of block copolymer polystyrene-polyisoprene-poly
styrene SIS and HKUST-1 gave the best protection with a break-
through time of 67 h.

Ref

[191]
[309]
[32]

[309]
[283]
[283]
[297]
[297]
[221]

Degradation
products
4-NP

4-NP
Hydrolysis
EMPA

IDP and DP
Hydrolysis
Hydrolysis
Hydrolysis
Hydrolysis
DMP

Time
(minutes)
120

10

1440
1440

n (%)
~ 40
100
80
40

Degradation efficiency
19.5 mM.sec’'.mg~' x 10

Half-life t;»
(minutes)
Hydrolysis rate
<1

744

~ 240

20

50

6.2. Nerve agents and simulants

Farha et coll. proposed that the hydrolytic pathway is the most
suited route to detoxify efficiently organophosphorus compounds.
Efficiency of materials relies to different steps (Fig. 17) [12]. First,
the toxic organophosphorus species is coordinated to an open
metal site and its hydrolysis is possible thanks to a nearby water
molecules adsorbed on the terminal hydroxyl group. After this
step, the addition of a basic agents is needed to release the coordi-
nated phosphorous species. In this case, the basic function acts as a
co-catalyst removing acidic by-products connected to the metallic
center and regenerating the MOF catalyst. The positive effect of
basic species or basic chemical groups was already mentioned for
other family of materials [3].

In the case of Zr(IV) based MOFs, the very strong Lewis acidity
associated to the inorganic cation makes this family of stable MOFs
very attractive for nerve agents detoxification. This efficiency is
reinforced by their functionalization with amine groups (Brénsted
base), connected to the ligand or adsorbed at the MOF surface.

However, to further optimize the detoxification of organophos-
phorus compounds, the addition of an additional base as a co-
catalyst has been largely developed [32,297,301]. The most famous
one is the N-ethylmorpholine (NEM), based on the protocol pro-
posed by Fahra et coll. in 2014 for DMNP degradation [142]. In this
case, NEM buffer solution is added to a suspension containing the
MOF phase and DMNP, and the reaction is monitored by UV-Vis
spectroscopy (evolution of p-nitrophenoxide absorbance band at
407 nm). Nevertheless, while the addition of NEM is feasible in
solution for tests, it is impossible to integrate this volatile and toxic
molecule into protective garments. To bypass this difficulty, sev-
eral studies are currently in progress, such as mixing basic poly-
mers like polyethylenimine (PEI), poly(amidoamine) dendrimer
(PAMAM) or lithium alkoxide directly with the MOF-textile com-
posite [297,301,302]. The comparison of experiments done with
or without a co-catalyst is very difficult, as a same MOF could have
a high variation of efficiency depending on the presence of a co-
catalyst. Therefore, for an easier comparison, this section has been
divided into three subparts, i.e. the first describes the results

UV-Vis (NEM buffer sol.)
UV-Vis (NEM buffer sol.)
31p NMR (No NEM)
31P NMR (No NEM)

GC (No NEM)
GC and 3'P NMR

(No NEM)
GC and 3'P NMR

Analysis method
GC (No NEM)
(No NEM)

Permeation
6.7 g/g of Cu
after 192 h

ortg

Amount

of CWA

20 pL

4 pL

DEMP (4.2 pL)
DFP (1 pL)
DIFP (1.25 pL)
DIFP (1.25 pL)
DIFP (2.5 pL)
DMMP (2.5 uL)
DMCP (40 pL)

SSA (m?/g)

220
840
745
130
130

Amount or size
12 *8 mm

12 mg
1*1cm

40 mg

20 mg

20 mg

20 mg

1 cm?
40 mg

Other nerve agent simulants

Cotton/MOF-808/BPEI
Silk fibroins/UiO-66-LiOtBu

PVDEF/Ti(OH),-UiO-66/TEA
Silk fibroins/UiO-66-LiOtBu

PVDE/Ti(OH),-UiO-66/TEA
ACF/Ui0-66

Composition
PUU/UiO-66-NH,
ACF/Ui0-66-NH,
Cotton/HKUST-1-g-C3N4

PTC

* PDA: Polydopamine; Nyco: Nylon and cotton blend; NCS: isothiocyanate; PTU: Polythiourea; PUU: poly (urethane urea); PEl: Polyethylenimine; BPEIH: Branched polyethylenimine hydrogel; DEMP: O,S-diethyl methylphos-

phonothioate; DMCP: Dimethyl Chlorophosphonate; PMPA: Pinacolyl Methylhosphonic Acid; MPA: Methylphosphonic Acid; EMPA: Ethyl Methyl Phosphonic Acid; DESH: 2-(Diisopropylamino)Ethanethiol; DMP: Dimethyl

Phosphate; 4-NP: p-Nitrophenoxide; IDP: Isopropyl Dihydrogen Phosphate; DP: Diisopropylphosphate; DTNB: ditopic 5,5-dithiobis(2-nitrobenzoic acid); MOPS: morpholinopropylsulfonic acid.

! Under blue light irradiation.
2 Under simulated solar light irradiation.

3 Under solar light irradiation.
4 Under near-infrared light irradiation.

Table 4 (continued)
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Fig. 15. (a) Photograph of a permeation test cell and (b) CEES permeation on block copolymer polystyrene-polyisoprene-polystyrene SIS/HKUST-1 membranes [295].

Reproduced with permission from the American Chemical Society.
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Fig. 16. (a) Scheme of selective photo-oxidative degradation of CEES, (b) CEES conversion to CEESO over time under blue LED irradiation, (c) GC-MS spectrums of CEES
degradation over time [152]. Reproduced with permission from Elsevier Science & Technology Journal. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

obtained without the use of a co-catalyst, the second with the use
of NEM, and the last subpart details the use of other co-catalysts.

6.2.1. Detoxification without co-catalyst

Without co-catalyst, the use of MOFs and textiles against nerve
agents have been focused on the GD detoxification
[160,210,247,298,303,304]. Using polyvinylidene fluoride PVDF/
UiO-66-NH, composite fabrics with a loading of 33 wt% of MOF,
a half-life of 131 min was measured [303]. GD degradation pro-
duces pinacolyl methylphosphonic acid (PMPA) via P-F bond cleav-
age while no methylphosphonic acid was detected (Fig. 3). A
similar composite based on the combination of polystyrene (PS)
and UiO-66-NH, (PS/UiO-66-NH,) was used and GD half-life
decreased to 95 min [210]. According to several studies, the contri-
bution of fibers in CWA detoxification is minor [246,252,253,258].
Therefore, a possible reason for this faster reaction could be the lar-
gest amount of composite used in the system (5 mg vs 20 mg),
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while the loading of MOF and the amount of Soman remained sim-
ilar. Furthermore, these two studies highlighted that the most rel-
evant parameter for GD removal is the homogeneous dispersion of
MOF to assure good accessibility. Other parameters analyzed in
these works, such as MOFs loading, its localization (in or at the sur-
face of the fibers) or the diameter of the fibers have less impact on
the removal efficiency. In comparison, GD detoxification has been
tested by a similar process with PCN-222, a zirconium-porphyrin
based MOF, deposited on PP and a related half-life of 710 min
was monitored [298]. This difference could be due to the utiliza-
tion of a larger and more hydrophobic linker (5,10,15,20-tetrakis(
4-carboxyphenyl) porphyrin) compared to UiO-66-NH,. Another
long degradation time was measured using a polyamide PA/UiO-
66-NH, sample, with 65 % GD degradation after 24 h, despite rea-
sonable MOF content (~10 wt%) and specific surface area (108 m?/
g) [247]. Recently, a PP/TiO,/UiO-66-NH, was used to study GD dif-
fusion and degradation, but also the breathability capacity of the
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Fig. 17. Proposed mechanism of organophosphorus compounds hydrolysis [12]. (i)
Coordination of the organophosphorus species to the open metal site; (ii)
nucleophile reaction of the hydroxyl group on the phosphorous compound; (iii)
departure of a HX leaving group; (iv) departure of the hydrolyzed organophospho-
rus species. Reproduced with permission from the American Chemical Society.

composite [304]. It showed a good detoxification capacity with a
half-life of 177 min while keeping a high moisture vapor transport
rate (MVTR, 15600 g.m 2.day ') and impeding GD diffusion
through the material. The vapor adsorption and degradation of
GD has also been studied on a cotton fabric functionalized with
UiO-66-NH, using a specific AVLAG cell [160]. The addition of
Ui0-66-NH, on cotton decreases by a factor 20 the permeation of
the fabric towards GD (120 ug.cm™2 vs 5 pg.cm 2), and GC-MS
analysis confirmed the catalytic activity of the MOF with the for-
mation of pinacolyl methylphosphonic acid and methylphosphonic
acid.

6.2.2. Detoxification in the presence of NEM:

To understand the effect of NEM, Zr-based MOFs (Ui0-66, UiO-
66-NH; and NU-1000) were tested for DMNP detoxification in pure
water or in NEM solution (0.45 M) [244,257,304,305]. While the
determined degradation was below 50 % after 24 h in pure water,
UiO-66-NH, and NU-1000 presented half-life under 10 min in
presence of NEM [305]. The same tendency was observed on gra-
phene fibers with UiO-66-NH,, where the increase of NEM concen-
tration from 0 to 0.45 M enhances the conversion rate from 49.1 to
99.5 % (Fig. 18) [244]. Another work aiming to detoxify GD has
shown that its half-life shifted from 4 min with NEM to>300 min
without it using PA/TiO,/Zr-MOF (UiO-66, UiO-66-NH, or UiO-
67) composites [257]. According to these studies, NEM allows an
easier hydrolysis by deprotonating water and neutralizing acidic
by-products, which could poison the MOF catalytic sites
[244,257,305].

Owing to the use of NEM, the first half-life under 10 min for GD
on composite textiles was reported by Zhao et al. in 2016 [257]. A
polyamide-6 was first coated by TiO, through the atomic layer
deposition (ALD) method. A Zr-MOF (UiO-66, UiO-66-NH, or
UiO-67) was deposited subsequently using a classical solvothermal
method, with resulting mass loadings between 8.8 and 15.4 wt%.
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Fig. 18. Effect of the concentration of the N-ethylmorpholine (NEM) buffer solution
on the conversion rate of DMNP [244]. Reproduced with permission from Elsevier.

These three composites gave respectively half-lives of 3.0 min,
3.7 min and 2.3 min and more than 80 % conversion within
10 min. The fastest reaction with UiO-67 was explained by the lar-
ger pores size of this solid (up to 17 A) allowing faster diffusion of
the reactants through the porosity. To date, the most efficient com-
posite against GD was prepared by Ma et al. in 2019: PET/MOF-808
composites with 6.5 wt% of MOF, which gave a half-life of 2 min
(Fig. 19) [246]. Compared to UiO-66-NH,, this higher catalytic
activity has been attributed to a large pore size (4.8 and 18 A diam-
eter) associated to the lower connectivity on the Zr site (6-
connected vs 12-connected for UiO-66).

Concerning the DMNP detoxification (Fig. 20.a), a majority of
porous textile composites containing MOFs are focused on the
use of the UiO-66 family and particularly UiO-66-NH,, which has
shown high efficiency in numerous studies, with half-lives gener-
ally under 30 min (Table 4) [149,163,191,224,244,246,247,251-25
3,257,258,283,303,304,306-308]. This high activity has been linked
to the amine moiety of UiO-66-NH,, since the basicity of this func-
tion enhances the catalytic activity by transferring protons during
the catalytic reaction [306]. This effect was clearly proved by Shen
et al. who have shown that the conversion rate of DMNP is divided
by a factor 20 using UiO-66 instead of UiO-66-NH, [149].

High degradation efficiencies towards DMNP (i.e. half-lives
under 10 min) with UiO-66-NH, composites were obtained either
using the photothermal effect [244,251,306], some specific synthe-
sis deposition [224,246,247] or by adding an intermediate ALD
layer between the fiber and the MOF [253,257,258,304]. The pho-
tothermal method converts photon into heat thanks to photother-
mal agents such as polydopamine (PDA) or graphene. It promotes
efficient collisions of molecules and mass transfer, especially
within the porosity of MOFs. For instance, PDA deposited as an
intermediate layer between the fiber (PA or PAN) and UiO-66-
NH, was used as a photothermal agent [251]. Under room light,
DMNP half-life is 4 min, while simulated solar light (SSL, 0.6 W.
cm~2) decreases the half-life to 0.5 min due to heat transfer from
PDA to UiO-66-NH, (Fig. 20). Graphene oxide fibers were also used
as a photothermal agent with UiO-66-NH,, showing half-lives of
3.4 and 1.6 min without irradiation and under SSL, respectively
[244]. Concerning the high efficiency of composites containing an
oxide-based layer formed by atomic layer deposition (ALD), the
nucleation and rapid growth of accessible MOFs was the proposed
explanation [253,257,258]. Indeed, in these last articles, the MOF
contents typically found in the literature (15 wt% to 30 wt%) can-
not explain the high DMNP degradation. Apart from these pho-
tothermal and ALD methods, a few innovative chemical
depositions of Ui0-66-NH, have shown exceptional DMNP degra-
dation efficiency. Bunge et al. achieved an impressive half-life of
4 min with an ionic liquid welding deposition technique on cotton
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Fig. 19. (a) Scheme of CWA degradation by MOF-Fiber with SEM image of the corresponding MOF-PET Fiber and (b) catalytic degradation of GD using MOF-coated fibers

[246]. Reproduced with permission from the American Chemical Society.

(a)

NO,
NO, 5
ﬁ H,0 }]D|
P NATNN *
s \\oo Cat. o) \TOH
| e
DMNP DMP 4-NP
(b) Simulated solar light (C) (d)
100 . | 100
80+ 80
UIO-66-NH, o -
o = =
1 S 60 560
3& 3&! 2 = PAS g oAS
! ‘ > 40 e PA-6@PDA > 40 PA-6@PDA
PDA %l% “Heat é 4 PA6@PDA@UIO-66-NH, s PA-6@PDA@UIO-66-NH,
/ \ 20/ v UI0-66-NH, © 2 Ui0-66-NH,
m ¥ —3 4 0
(Toxic) 0 5 10 15 20 25 30 0 5 10 15 20 25 30

(Non-tOxnc)

Reaction Time/min

Reaction Time/min

Fig. 20. (a) Degradation pathway of DMNP (b) Schematic illustration of the PTC and photo-degradation reaction of DMNP, (c¢) conversion rate under room light and (d)
simulated solar light [251]. Reproduced with permission from the American Chemical Society.

[224]. In another study, trifluoroacetic acid was used as a modula-
tor for a uniform coverage of Zr-MOF (MOF-808 and UiO-66-NH,)
on the fiber, giving a half-life under 0.5 min for MOF-808 and of
5 min for UiO-66-NH, [246]. Finally, a sorption-vapor synthesis
of PA/UiO-66-NH, led to a fast degradation of DMNP as well, with
a 7.4 min half-life [247].

Apart from the UiO-n family, some other Zr-MOFs have been
studied for an integration in protective garments, like MOF-808,
PCN-222 and MOF-525 [246,259,298]. This latter does not present
much interest, as the best half-life against DMNP obtained is
80 min [259]. Thanks to a porphyrin linker, PCN-222 deposited
on polypropylene fabrics have shown photocatalytic activity
against DMNP for the first time, with a decreased half-life from
22 to 6 min under blue light irradiation [298]. This result is close
to the best DMNP half-life obtained with a porous textile compos-
ites containing non-photoactive MOF, making photo-hydrolysis an
interesting path for future research. So far, the fastest degradation

21

rate towards DMNP was recorded with MOF-808 deposited on
polyethylene terephthalate (PET), with an impressing half-life
under 0.5 min and full degradation after 1.5 min [246].
Interestingly, some studies compared the degradation efficiency
of a same composite on DMNP and on Soman GD
[246,247,257,303,309]. Some of them have shown a higher activity
against GD than DMNP, like PA/TiO,/UiO-66-NH,, where a
decrease from 7.3 min (DMNP) to 2.3 min (GD) was noted [257]
or with PVDF/Ti(OH)4/UiO-66 sample with a shift from 151 min
for DMNP to 35 min for GD [309]. However, an opposite trend
was noted with others. PVDF/UiO-66-NH, presented an increased
half-life from 12 min for DMNP to 131 min for GD [303]. The same
behavior was observed on PET/MOF-808 and PET/UiO-66-NH,,
with half-lives remaining under 10 min [246]. A PA-6/UiO-66-
NH, showed an increase from 7.4 min for DMNP to more
than15 h for GD [247]. To these days, no clear explanation was pro-
posed to explain this difference of behavior between DMNP and GD
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on these close composites. The difference of analytical technique
(UV-Vis or 3'P NMR, done with or without NEM) is insufficient
to propose a satisfying explication.

As it seems impossible to predict which type of CWA might be
used, a few MOF-based PTC have been tested for their dual func-
tion, i.e. the capacity to detoxify both nerve agents and sulfur mus-
tard agents [11,259,297,298]. The first study was done in 2015 on a
Ui0-66/LiOtBu deposited on silk, with hydrolysis half-lives for
CEES, DMMP and DIFP of 8, 50 and 20 min, respectively [297]. A
PP/TiO,/MOF-525 showed also higher activity against CEES than
the nerve agent simulant, with a full degradation of CEES in
70 min while DMNP half-life was 80 min [259]. Finally, a PP/
PCN-222 was tested against a larger variety of CWAs (GD, HD)
and simulants (DMNP, CEES) [298]. While the degradation of sim-
ulants showed good results (half-lives under 30 min), the degrada-
tion of CWA remains slow (half-lives of 620 and 720 min for GD
and HD, respectively).

6.2.3. Detoxification with a co-catalyst (different from NEM):
Analyses involving aqueous NEM solution highlighted the
importance of the presence of a base to enhance the catalytic activ-
ity of MOFs for nerve agent detoxification. In the same idea, a sim-
ilar compound to NEM was tested recently, the
morpholinopropylsulfonic acid (MOPS) for the sensing and detox-
ification of VX [310]. The reaction of VX on a cotton/MOF-808/
DTNB (5,5-dithiobis(2-nitrobenzoic acid)) showed an efficient
hydrolysis of VX with t;, of 6 min but also a color change from
white to orange with VX amounts down to 2.5 pug. However, in
the case of protective garments, the direct integration of basic spe-
cies with the MOF-textile is mandatory for an efficient use. To
replace NEM, investigations have been focused on amines with a
lower vapor pressure than NEM such as polyethyleimine (PEI, lin-
ear or branched), poly(amidoamine) (PAMAM) dendrimers, tri-
ethanolamine (TEA) or imidazole compounds [301,309,311,312].
Among those, PEI and TEA have already been integrated to MOF-
textile composites and tested for nerve agent detoxification.
Thanks to its viscosity compatible with the electrospinning process
and a pKa close to that of NEM, TEA was integrated to PVDF/Ti
(OH)4/Ui0-66 electrospun fibers [309]. However, TEA gave miti-
gated performances, as it allows to decrease the half-life of DMNP
(from 151 min to 89 min), but it increases the one of GD (from
35 min to 47 min) and di-isopropyl fluorophosphate (DFP) shows
no degradation up to 12.4 h. Comparing DFP and GD, the authors
hypothesized that TEA can potentially lower the activation barrier
of the DFP reaction, while GD possess already a low barrier energy.
Concerning polyethyleimine addition, a composite MOF-808/PEI
deposited on cotton showed exceptional detoxification of DMNP
(t1)2 = 24 min, vs 24 h without PEI), GD and VX (completely hydro-
lyzed in 1 h) [302]. With a half-life of 12 min for GD, this composite
possesses one of the best detoxification efficiencies ever reported.
A similar composite was prepared by immerging cotton in a MOF-
808 and branched polyethyleimine hydrogel (BPEIH) solution [32].
The latter presents the significant advantage of combining a high
amine density with an abundant supply of water. This cotton/
MOF-808/BPEIH showed impressive detoxification efficiency
against nerve agents (t, under 10 min for GD and VX) and its sim-
ulants (t;; under 1 min DMNP and DEMP). These exceptional
results were linked to the presence of the three components
required for hydrolysis of nerve agent, namely acid Lewis sites
(from MOF-808), a base (PEI) for the catalyst regeneration and
water (from hydrogel) to facilitate hydrolysis (Fig. 17). Apart from
amine species, highly basic lithium alkoxide LiO'Bu have been inte-
grated in UiO-66 MOF by photosynthetic modification [313] and
deposited on silk fibroins fabrics [297]. The composite showed
high efficiency with half-life of 20 min for DIFP and 50 min for
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DMMP, due to a synergic combination of alkoxide basicity (LiOtBu)
and acidic Zr metal center.

Enhancement of nerve agent detoxification have also been
reported thanks to photoactivity without NEM. With porphyrin-
based PCN-222, GD degradation was slightly higher under light
exposition (45 % vs 60 % approximately after 12 h), and the half-
life remains long (610 min) compared to those discussed above
[298]. Graphitic carbon nitride oxidized has also exhibited conse-
quent photoreactive activity when associated to cotton/HKUST-1
fiber [221]. This composite was utilized for dimetyl chlorophos-
phate (DMCP) detection, capture and detoxification. The color
change of the composite from blue-green to yellow-orange after
contact with dimetyl chlorophosphate, was linked to the formation
of new Cu-Cl bonds and allowed to monitor the simulant decom-
position, as well as the exhaustion level of the protective media
(Fig. 21). An important adsorption was measured, with a weight
uptake of almost 7 g of dimetyl chlorophosphate per gram of Cu
after 192 h of exposure time. Furthermore, the presence of pho-
toactive graphitic carbon nitride oxidized promotes the methanol-
ysis by forming methanol and H3PO,4 by-products.

The recyclability and reusability of the composites have been
rarely investigated in the literature. Besides the detoxification effi-
ciency, other aspects of protective garments are important to con-
sider for their wearing in real life conditions, like the good
adhesion of the active species to the textiles or the structural sta-
bility and reusability of the composite. According to the literature,
various methods were explored. In the case of adhesion control, a
composite was stirred in ethanol for 24 h and no mass loss was
detected [258]. Tape tests and scratching with a spatula were also
used on a Ui0-66-NCS (isothiocyanate)-PTU (polythiourea) depos-
ited on Nyco, with no significant loss [240]. However, the same
tests conducted without polythiourea or without -NCS function
showed an abundant loss of MOF. Durability was also tested by
washing the composite with water and soap for 3 h at room tem-
perature to mimic laundry conditions. No structural modification
or loss of activity against DMNP were measured, highlighting the
stability of the overall composite. About long-term stability of
the composites, a PA-6/Ui0-66-NH, was kept 9 months in lab air
[247]. No significant difference in terms of GD detoxification was
noted, highlighting its good stability towards moisture and air.
Finally, a larger study was conducted on a cotton/MOF-808/
BPEIH to evaluate its tolerance versus time (3 months), humidity,
atmospheric CO,, organic contaminant (octane) and sweat [32].
The catalytic activity remains almost unchanged after these vari-
ous treatments, denoting the high stability of this composite

(Fig. 22).

shirt
W

t-sh o
droplet test

Fig. 21. Direct exposure of cotton/HKUST-1 (T-M) to CEES and dimetyl chlorophos-
phate (DMCP) droplets (4 pL) [221]. Reproduced with permission from the Royal
Society of Chemistry.
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Fig. 22. DMNP conversion of cotton/MOF-808/BPEIH after various stability tests
(reaction time: 15 min) [32]. Reproduced with permission from Elsevier Science &
Technology Journal.

To test the reusability of a composite, cycles of DMNP detoxifi-
cation (4-5 times) were separated by a washing step (usually in
buffer solution or ethanol) between each cycle. A loss of activity
was noted on PA-6/TiO,/UiO-66-NH,, where the half-life of DMNP
shift from 7.3 min to 96.3 min after 3 cycles [257]. This drastic loss
of catalytic efficiency was associated to potential secondary con-
tamination during regeneration from unidentified species. A
declining activity was also observed on a PAN/DPA/UiO-66-NH,
composite, varying from 80% degradation of DMNP to 55% after 5
cycles [306]. In contrast, a stable activity after 4 to 5 cycles has
been measured on a graphene/UiO-66-NH, and a PA-66/UiO-66-
NH; composites [244,252].

Table 4 highlights the use of Zr-based MOF in porous textile
composites, especially those incorporating UiO-66-NH, and MOF-
808 which gave the best results in term of nerve agent decontam-
ination. Researches of these last years showed the need for a co-
catalyst integrable in the MOF-textile composite, such as polyethy-
leimine or lithium alkoxide, to strongly detoxify nerve agents.
Nowadays, the next challenges for MOF-based PTC are long term
efficiency and large-scale production.

Coordination Chemistry Reviews Xxx (XXXX) XXX
7. Other porous textile composites for CWAs degradation

Despite the existence of various porous catalytic materials other
than MOFs or ACFs with interesting results in terms of adsorption
or detoxification of CWAs (zeolites, aerogels, etc. - see section 2.2.),
their incorporation in textiles has not been largely developed. Only
a few of them have been added in PTC (Table 5).

Hydrogen-bonded Organic Framework HOF-102 with 1,3,6,8-t
etra(6-carboxynaphthalen-2-yl) pyrene (H4TNAPy) linker sup-
ported on cotton, was deposited by simple dropcast approach prior
to solvent evaporation [150]. Using the pyrene chromophore
trapped within the porous structure, the composite HOF-102/
cotton was used as a photocatalyst for CEES degradation. Full and
selective conversion of CEES to CEESO was done in 30 min, and
the composite maintained its stability after 3 cycles. For nerve
agent simulants degradation, a PIM-1 (Polymer of Intrinsic Micro-
porosity) with amidoxime groups was electrospun and tested
against DMNP, in a basic borate-based buffer solution [130]. After
48 h, an 84 % degradation was measured with the formation of
methyl 4-nitrophenyl phosphate (M4NP) mostly. Concerning zeo-
lite compounds, to the best of our knowledge, only two articles
in the literature mention the use of this family of microporous
materials grafted on textiles for CWA decontamination. Satya
et al. described the fabrication of cellulose/PET nanofibers coated
with zeolites LTA and Mordenite by electrospray [223]. Unfortu-
nately, almost no details were given on the detoxification of
paraoxon.

The other study combining zeolites and fibers concerns the effi-
ciency of an organic/inorganic barrier composed of an ionic liquid
polymer (poly[1-(2,3-dihydroxypropyl)-3- vinylimidazolium bis(t
rifluoro-methanesulfon-imide)]), blended with NaY zeolite. This
composite was tested for blocking the passage of CEES, while
allowing the transport of water vapor [314]. A 22 h protection from
CEES penetration was measured, with a high-water vapor trans-
port of 1800 g.m~2.day~!, which is close to a breathable fabric
(>2000 g.m 2.day ). Finally, Peng et al. proposed to replace tradi-
tional protective garments with activated carbon by a lighter gra-
phene oxide-based membrane, as a protective barrier against
CEES and DMMP with high moisture transmission rate [180]. The
selected membrane was a combination of Poly(ether ether
ketone)-Ethylenediamine-Graphene oxide-Polyurethane, also
called PEEK-EDA-GO-PU. The ethylenediamine serves as a cross-
linking agent, while polyurethane is an anti-scratching layer and
PEEK is a microporous hydrophobic membrane. This composite

Table 5
CWA simulants adsorption and detoxification using porous textile composites other than ACFs and MOFs.
PTC Simulants and Permeation Degradation efficiency Degradation Ref
Composition Amount or SSA amount or tg Half-life t;), n Time products
size (m?/g) (minutes) (%) (minutes)
Cotton/HOF-102 11.8 mg CEES (23 pL) ~5'! 100 30 Selective reaction [150]
% for CEESO
PIM-1-AX 605 DMNP 84 % 2880 Hydrolysis to [130]
M4NP and DMP
Diol-poly(RTIL)/NaY 2.85 cm? CEES (3 pL) tg: 22 h [314]
GO membrane 1in. CEES (300 mg/ tg: 16.2 min [180]
diameter m3)
8 mg DMMP Blocked for
15 days
Cellulose/PET nanofibers + zeolite Paraoxon [223]

mordenite or LTA

* HOF: Hydrogen-bonded Organic Framework; PIM: Polymer of intrinsic microporosity; AX: Amidoxime; RTIL: Room Temperature lonic Liquid; GO: Graphene oxide.

! Under 450 nm irradiation.
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leads to an efficient blockage of DMMP during 15 days, and a rela-
tive long breakthrough time tg of 16.2 min was measured for CEES.

8. Conclusion

Chemical Warfare Agents (CWAs) adsorption and decontamina-
tion can be achieved using various sorbents and/or catalytic mate-
rials, such as mesoporous metal oxides, zeolites, aerogels, POPs,
MOFs or ACFs. However, in the case of protective garments, the
addition of such compounds to textile fibers creates an additional
difficulty, as a good accessibility and anchoring of active porous
materials to the fibers is necessary. Moreover, the comfort of the
protective garments is an important parameter, with specific prop-
erties expected such as proper flexibility, efficient moisture vapor
transport or low weight. Due to these difficulties, only few com-
pounds were used for the fabrication of porous textile composites,
and the large majority of the current studies are focused on fibers
involving ACFs or MOFs, making microporous textiles composites
the most studied protective garments so far.

Concerning activated carbons, and more specifically the ACFs,
their use is mainly limited to the study of CWAs (or their simu-
lants) adsorption. Due to their high specific surface area and
adapted pores size (microporous), they have already proved excel-
lent adsorption efficiencies towards CWAs and their simulants.
Nowadays, these composites are incorporated in protective gar-
ments used by several armies from different countries. However,
due to problems of CWAs saturation or desorption, performance
enhancements of this type of protective garments are needed.
The addition of catalytic species or porous materials to enhance
the capture and/or the decontamination would lead to PTC active
garments with very good efficiency. Few recent examples from
the literature indeed prove that this path is very interesting for fur-
ther investigations.

Porous textile composites containing MOFs are currently the
most studied compounds for CWA detoxification. The integration
of MOFs on the surface or within the fibers have been developed
using mainly two techniques. The first one implies an electrospin-
ning method, with a mixture of MOF particles or precursors with
the fiber precursors. This approach leads to an excellent anchoring
of MOFs but their accessibility is generally reduced, limiting the
overall efficiency of the composite. A more preferred technique
consists in the surface deposition of MOFs on the fiber surface,
with straightforward synthesis routes (i.e. spray coating, solution
impregnation). In this method, the MOFs anchoring can be opti-
mized by the pre-functionalization of the supports.

Among all known MOFs existing, Zr-based compounds are par-
ticularly efficient and showed rapid degradation of various CWAs
and their simulants. Indeed, the Lewis acidity of tetravalent Zr
(IV) centers promotes the hydrolysis of organophosphorus com-
pounds. However, this porous solid requires the help of a basic
co-catalyst to reach high detoxification rates of nerve agents. This
co-catalyst can be directly integrated in the composite (polyethy-
leimine, LiOtBu, etc ...) or added when testing the decontamina-
tion efficiency in solution (NEM especially). This addition largely
improved the degradation of nerve agents, with half-lives down
to < 5 min for MOF-based porous textile composites. Among all
the MOF-composites referenced in this review, those involving
the combination of ACF and Zr-MOF or the use of basic hydrogel
appears very promising. In the case of sulfur mustard and its sim-
ulants, whereas hydrolysis degradation is an effective method for
their decomposition, selective oxidation is now the preferred
route. In this case, the use of photosensitizers-based MOFs has
been developed, showing quick degradation time (<10 min) using
several composites. Finally, dual functions PTCs have emerged,
able to both detoxify organophosphorus nerve agents and sulfur
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mustard. These recent results of porous textile composites with a
dual functionality might have an encouraging future for protective
garments against CWAs.
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