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Degradation of chemical warfare agents over
cotton fabric functionalized with UiO-66-NH,}
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Herein, cotton fabric was treated with an alkaline solution to increase the content of surface hydroxyl
groups and then functionalized with UiO-66-NH,, a nanoporous metal—organic framework. Instrumental
analysis of the thus treated fabric revealed that its surface was covered with UiO-66-NH, crystals in
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a uniform manner. The ability of the functionalized fabric to degrade two chemical warfare agents

(soman and sulfur mustard) was probed by testing its permeability to these two agents (swatch testing),
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Introduction

The degradation of chemical warfare agents (CWAs) has drawn
increased research attention since their first mass use during
World War I, particularly after the recent acts of chemical
terrorism.™* Broadly speaking, CWAs can be classified into
nerve agents, which inflict damage to the nervous system,®> and
blister agents, which cause the appearance of blisters on the
victim's skin. The active component of equipment commonly
used for protection from agents of both types mainly corre-
sponds to activated carbon, which is characterized by high
specific surface area and variable pore size* and therefore can
effectively adsorb various chemicals. However, despite the
above advantages, activated carbon can adsorb only limited
amounts of CWAs, i.e., large amounts of active materials are
required to provide longer lasting protection. Therefore, new
methods of achieving lightweight protection, increased opera-
tion time, and enhanced CWA degradation activity are highly
sought after.>*

Recent reports reveal that CWAs can be efficiently decom-
posed over metal-containing materials such as metal nano-
particles, metal oxides, and inorganic-organic complexes.” ™
For instance, Zr(OH), is believed to efficiently catalyze the
decomposition of CWAs"™** and toxic industrial chemicals.****
Furthermore, the adsorption-based removal of CWAs can be
realized using a large number of catalytically active porous
materials such as porous organic polymers, zeolites,'® poly-
oxometalates,” ™ and metal-organic frameworks (MOFs).2*>*
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and the excellent degradation performance was concluded to be well suited for a broad range of
filtration and decontamination applications.

MOFs are organic-inorganic complexes exhibiting a porous
crystalline structure that originates from the combination of
a metal cluster and secondary building units bearing organic
linkers with one or more benzene rings.>**” To date, MOFs have
found numerous applications in the fields of adsorption,*°
catalysis,** air pollution control,*> and CWA decomposition.**>*

The recently discovered Zr-based MOFs are important
examples of this class of porous materials, exhibiting excellent
thermal and chemical stability as well as superior CWA
adsorption and decomposition performance, with particularly
high nerve agent and simulant decomposition efficiencies
observed for materials such as UiO-66 and UiO-66-NH,.*373®
Moreover, MOF-808 (featuring clusters with six-fold-
coordinated Zr centers) and NU-1000 (featuring clusters with
eight-fold-coordinated Zr centers) are also known to adsorb and
decompose nerve agents and simulants at very high rates.”>*
Recently, we have reported that MOF-808 maintains its solid-
state crystallinity and excellent nerve agent decomposition
ability even in water.*®

However, to be practically applicable (i.e., in protective
clothing), the above materials need to be hybridized with
fabrics, which can be achieved by a plethora of methods such as
atomic layer deposition (ALD),*” electrospinning,* and polymer
surface functionalization.***® However, all of these methods
require the use of complicated processes and cannot be easily
scaled up.

Herein, we modified the surface of cotton fabric by a simple
method known as mercerization to make it better suited for
MOF growth, as has been reported elsewhere.****

Cotton surfaces are hard to modify in view of the fact that
their main constituent, cellulose, comprises hydroxyl groups
linked by hydrogen bonds. However, the dyeability/dye
adsorption rate, hygroscopicity, and mechanical durability of
these surfaces can be improved by a process known as
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mercerization, which is widely used in dye processing. The
above process destroys approximately 25% of hydrogen bonds
in the cellulosic fabric and thus increases the content of free
hydroxyl groups, changes the crystallinity of cellulose,” and
increases the fraction of functional groups inducing the
nucleation of particles. The above effects originate from the
incorporation of Na' ions between fibers, which increases the
proportion of free hydroxyl groups and the amount of space
between fibers, therefore allowing for better fiber-precursor
contact. Specifically, mercerization reduces the crystallinity of
cellulose fibers and increases the fraction of the amorphous
phase by 20%, facilitating nucleation and thus allowing for
a denser growth of particles on fabrics. In comparison to
conventional techniques (e.g., polymer surface modification***?)
used to deposit MOFs on fabrics, mercerization is simpler and
provides equal/higher densities of deposited MOF particles.
Herein, we successfully induced the growth of MOF particles on
the surface of mercerized cotton fibers (Scheme 1).

The shape and crystallinity of as-grown MOF particles were
probed by scanning electron microscopy (SEM) and X-ray
diffraction (XRD), while Fourier transform (FT-IR) spectros-
copy was used to characterize the surface of modified cotton
fabrics and confirm mercerization-induced changes. The
loading of MOF particles on cotton was determined by ther-
mogravimetric analysis (TGA), and the CWA decomposition
performance of UiO-66-NH,-functionalized cotton was assessed
using the TOP-08-2-501A (ref. 44) method for soman (GD) and
sulfur mustard (HD) as model compounds.

Experimental

Materials

ZrOCl,-8H,0 (99.5%), N,O-bis(trimethylsilyl)trifluoroacetamide
(TMS, 99%), ethyl acetate (EA, 99.8%), N,N-dimethylformamide
(DMF), NaOH pellets (98%), and hydrochloric acid (37%) were
purchased from Sigma-Aldrich. 2-Aminoterephthalic acid (99%)
was purchased from Alfa Aesar, and anhydrous ethanol (99.5%)
purchased from Samchun Chemical. Raw cotton
fabrics were sourced from a commercial market (Nubyon).
CWAs were synthesized in laboratories designated by the
Organisation for the Prohibition of Chemical Weapons, and the
quality of these agents was confirmed by "H NMR (e.g., purity of
HD was determined to exceed 99%). Caution! CWAs are
extremely dangerous compounds that need to be handled in
a fume hood by skilled researchers wearing personal protective
equipment.
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Scheme 1 Crystallization of MOFs on mercerized cotton fabric.
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Mercerization of cotton fabrics

NaOH (400 g) was dissolved in distilled water (600 mL) upon
stirring followed by cooling to room temperature. Cotton fabric
pieces (10 x 10 cm) were soaked in the above solution in such
a way as to prevent them from folding and not allow any air
bubbles to be trapped underneath. After becoming completely
wet, the samples were further incubated at room temperature
for 4 h, removed, washed in distilled water, thoroughly rinsed
upon rubbing, and further washed until the pH of the washings
became neutral. After complete neutralization, the specimens
were placed into a vacuum oven and sufficiently dried at 70 °C
for further use.

MOF growth on mercerized cotton fabrics

ZrOCl,-8H,0 (6.09 g) was dissolved in a mixture of DMF (175
mL) and hydrochloric acid (35 mL) upon 20 min sonication. The
reaction mixture was treated with 2-aminoterephthalic acid
(4.69 g) and DMF (350 mL) and sonicated for another 20 min.
Mercerized cotton fabrics were dipped directly into the thus
prepared solution, and the reaction jar was placed into an oven
and heated at 80 °C for 24 h. After the reaction was complete,
the fabrics were removed from the solution, soaked with DMF
and sonicated for 5 min to eliminate residuals from fabrics. The
washing process was repeated three times in DMF and then
performed for another three times in ethanol to remove DMF
residues. The whole procedure for MOF growth was repeated for
a total of five times to increase the density of deposited MOF
particles, and the obtained products were activated by 24 h
heating in vacuum at 120 °C.

Material characterization

As-synthesized UiO-66-NH,-functionalized cotton was charac-
terized by XRD, SEM, FT-IR spectroscopy, and TGA. XRD
patterns were recorded on a D8 Discover (Bruker) instrument in
a 20 range of 0-40°. SEM imaging was performed on
a Quanta650 (FEI) instrument, and TGA (Q500, TA Instruments)
was carried out by heating samples from 25 to 800 °C at a rate of
10 °C min~' under N, gas.

AVLAG swatch test

The degree of CWA permeation was measured using an AVLAG
(Aerosol Vapor Liquid Assessment Group) test cell,** which is
a device commonly used to measure the ability of military
protective fabrics to withstand CWAs. The employed equipment
comprised a temperature and humidity controller used to
control the air flow rate, air temperature/humidity, and test
time, a control unit used to maintain the temperature inside the
chamber, and a test cell containing the investigated specimen
(Scheme 2). The tested specimen was cut into small pieces with
a diameter of 4.5 cm using a dedicated cutter, and prior to the
swatch testing the cut pieces were treated in a chamber at
a temperature of 32 °C and a relative humidity of 80% for =2 h
so that samples were kept to the same condition to the test. The
specimen to be tested was mounted onto the test cell fixture and
covered by the selected agent (4 x 1 uL drops of HD or 5 x 1 uL

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 AVLAG swatch test used to determine CWA permeation
levels.

drops of GD) using a syringe. The cell containing the agent-
soaked specimen was assembled and mounted inside the
experimental chamber. Air was fed to the upper (0.25 L min ™)
and lower (0.3 L min~") block inlets of the test cell and was
discharged from the upper block outlet of the experimental
chamber, causing the agent challenge in a liquid form to
evaporate over time as would happen in the field. Air discharged
from the lower block outlet was collected using an adsorption
tube (adsorbent = Tenax for HD, Porapak Q for GD) and des-
orbed using a thermal desorption instrument (Turbo Matrix
650, Perkin-Elmer). The content of permeated CWA in desorbed
air was analyzed by gas chromatography (Agilent, GC7890B/
5977A MSD).

Decomposition of CWAs

After the swatch test, CWA decomposition products were
treated with TMS and analyzed by gas chromatography-mass
spectrometry (GC-MS).*** The commonly employed procedure
was slightly modified to fit the needs of large-size specimen
analysis. After the swatch test was complete, the specimen was
collected, placed into a 125 mL glass bottle, and extracted with
EA (30 mL) for 2 h. The extract was filtered, and a 200 pL aliquot
was transferred into a 1 mL vial and treated with a solution of
TMS (200 pL). The reaction was allowed to proceed for 2 h at
60 °C, and 1 pL of the reaction mixture was injected into the GC-
MS instrument. The injection port was maintained at 250 °C,
and the GC-MS oven temperature was raised from 45 to 230 °C
at a rate of 10 °C min *. The mass spectrometer used for
analysis was operated in electron ionization mode, and scan-
ning was performed in the range of m/z = 30-550 at a rate of 2.8
scans per s.

Results and discussion
Material characterization

SEM imaging revealed that mercerization did not result in
changes of cotton surface morphology and facilitated the
formation of particle nucleation points, i.e., the modified fibers
were covered by well-grown MOF particles. Fig. 1 shows that
particle growth on the cotton fabric resulted in a color change
from essentially colorless to dark yellow, while the original
texture and flexibility were retained.

Notably, no MOF particles could be removed from the dried
specimens, since all weakly held particles in these specimens

This journal is © The Royal Society of Chemistry 2018
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(a)

Fig. 1 Photographic (a) and SEM (b) images of pristine and UiO-66-
NH,—functionalized cotton fabrics.

had already been removed during 30 min ultrasonication.
Fig. 1(b) shows the surface morphology of MOF-coated cotton,
revealing that UiO-66-NH, particles were uniformly and densely
dispersed on the fabric. Thus, in contrast to conventional
techniques requiring complicated fiber modification proce-
dures or the use of techniques such as ALD,*”"*° we could grow
dense, continuous, and uniform layers of MOF particles
(thickness assumed = 600 nm) on the surface of the cotton
fabric in a relatively easy manner (Fig. S17).

Fig. 2 shows the XRD patterns of pristine and UiO-66-NH,-
functionalized cotton fabrics and UiO-66-NH, itself, revealing that
the pattern of UiO-66-NH, is dominated by reflections from the
(111) and (222) planes of Ui0O-66,* in good agreement with the
results of previous studies.* The particles of UiO-66-NH, grown on
the fiber surface exhibited excellent crystallinity, which implied
that (i) the above surface was well suited for MOF crystallization
and (ii) the mercerized cotton did not significantly interfere with
particle crystallization. The distribution of crystallite sizes was
approximately 60-100 nm in average in the final composite fabric.

Fig. 3 shows the FT-IR spectra of natural and mercerized
cotton. Peaks in the range of 3600-2995 cm ™' were ascribed to

—— Cotton fabric
— Ui0-66-NH,/Cotton fabric
e UiO-66-NH,

Intensity(a.u.)

20 (degree)

Fig. 2 XRD patterns of pristine and UiO-66-NH,—functionalized
cotton fabrics and UiO-66-NH, particles. (Blue points: reference of
UiO-66-NH; (ref. 45)).
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Fig. 3 FT-IR spectra of (a) mercerized and (b) pristine cotton.

the stretching vibrations of hydrogen-bonded OH groups, and
relative intensity variations observed for signals at 3438, 3334,
and 3293 cm ™ were related to changes in the crystal structure
of hydroxyl groups caused by the transformations of cellulose in
the alkaline medium.*® The IR result of cotton treated with
alkaline solution are consistent with reported data.>® Moreover,
the acquired data show that the number of free hydroxyl groups
on the surface of cellulose increased upon its conversion into an
amorphous state upon base treatment, which was expected to
facilitate MOF particle growth.

In contrast to most MOFs, which exhibit the disadvantages
of poor thermal stability and sensitivity to moisture, Zr-MOFs
are known to feature excellent thermal stability and moisture
sensitivity.”>** Fig. 4 shows the TGA curves of MOF-coated/
pristine cotton and UiO-66-NH,. The curve of pure UiO-66-
NH, powder (Fig. 4(a)) featured a mass decrease at ~100 °C
caused by the loss of H,O adsorbed in pores, and the subse-
quent rapid mass loss at ~400 °C reflected the decomposition of
organic moieties, while nearly no further mass loss was
observed up to 1000 °C. Fig. 4(b) shows the TGA curve of MOF-
functionalized cotton, revealing that the rapid mass loss at
approximately 400 °C corresponded to an almost complete
removal of the cotton matrix and demonstrating that this mass
loss was almost equal to that observed for pristine cotton

80 -
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E
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£
40 (@)
20 (b)

(c)
0 . T . : r T r Y
0 200 400 600 800
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Fig. 4 TGA curves of (a) UiO-66-NH, powder, (b) UiO-66-NH,-
functionalized cotton, and (c) pristine cotton.
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(Fig. 4(c)). The mass loss above 500 °C, estimated as ~20%, was
ascribed to the decomposition of UiO-66-NH, to afford ZrO,.
Based on the data in Fig. 4(a) and (b), the loading of UiO-66-NH,
was estimated as ~51 wt%.

Protective performance of UiO-66-NH,-functionalized cotton
fabrics

MOFs can not only adsorb chemical agents but also decompose
them into non-toxic materials via hydrolysis. Although activated
carbon is commonly used to adsorb chemical agents, Zr-based
MOFs possess increased active sites on the porosity of the
framework, as probed by N, adsorption.** MOFs are also known
to rapidly degrade nerve agents such as GD, VX, and their
analogues.**** Additionally, a large number of studies focus on
the degradation of such agents in buffer solutions with pH 8-10
and thus contribute to a deeper understanding of the corre-
sponding mechanism. However, the ability of MOF-modified
fabrics to withstand CWA permeation has been relatively
underexplored. Therefore, we herein evaluated the CWA
permeation performance of MOF-modified fabrics,** with the
obtained results listed in Table 1. Table 1 reveals that compared
to those observed for pristine cotton, the HD and GD perme-
abilities of MOF-impregnated cotton were lower by factors of
~10 and 20, respectively, which indicated that the above CWAs
were effectively removed by porous MOF particles. Moreover,
the results of numerous studies suggest that the adsorption of
CWAs is accompanied by their hydrolysis.

The degradation of CWAs promoted by Zr-based hydroxides
and Zr-MOFs has been extensively studied.'>'* Importantly,
amine-functionalized UiO-66-NH, was shown to hydrolyze
dimethyl methylphosphate, a simulant, more rapidly than UiO-
66 and other Zr-based MOFs.>® Herein, extraction experiments
were performed to confirm CWA degradation by UiO-66-NH,-
functionalized cotton after the swatch test.

As a result, the stepwise hydrolysis of GD was shown to
initially afford pinacolyl methylphosphonic acid (PMPA), which
was subsequently further hydrolyzed to methylphosphonic acid
(MPA) (Fig. 5(a)). Upon TMS treatment, the H atom of the
hydroxyl group was replaced with the TMS (Me;Si) group, which
facilitated GC analysis.*® Fig. 5(b) and (c) show GC and MS data
acquired for the final GD extract, respectively. Notably, whereas
this CWA was degraded to non-toxic MPA over MOF-
impregnated cotton, no MPA was detected in the extract ob-
tained for raw cotton (Fig. S21). In most previous studies on
simulants or CWAs themselves, analysis was performed at
constant pH to ensure high analysis speed and effective
performance determination. However, to obtain results

Table 1 Permeation of selected CWAs (HD, GD) through MOF-
modified and pristine cotton fabrics

Agent Specimen Permeation (ug cm™2)
HD Ui0O-66-NH,/cotton 16

Cotton 184
GD UiO-66-NH,/cotton 5

Cotton 120

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) GD hydrolysis pathway; (b) GC spectrum and (c) MS spec-

trum of the extract obtained for in the GD/UiO-66-NH,-functional-
ized cotton fabric system.

accurately representing the performances of protective gear or
cloth, it is crucial to investigate direct CWA permeation and the
corresponding degradation. To the best of our knowledge, this
work is the first one to describe GD and HD (Fig. S37) vapor
adsorption/degradation during permeation through a cotton
fabric.

Conclusions

This study describes a technique that allows one to easily grow
MOFs on mercerized cellulose-based fabrics, revealing that
mercerization in a basic aqueous solution results in the inser-
tion of Na" ions between the hydroxyl groups of cellulose to
induce fiber surface flattening and thus facilitates the insertion
of dye-like substances between cellulose chains. Moreover, the
above treatment increases the accessibility of fibers to MOF
precursors, and the increased number of free hydroxyl groups
results in an elevated quantity of nucleation points, thereby
enabling dense MOF coating. The CWA protection performance
of the MOF-coated fabric was assessed using the swatch test,
and the above fabric was shown to effectively degrade both GD
and HD and was concluded to be well suited for the adsorption
and degradation of CWAs.

This journal is © The Royal Society of Chemistry 2018
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