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The potential threat that has originated from chemical warfare agents (CWAs) has promoted the
development of advanced materials to enhance the protection of civilian and military personnel. Zr-
based metal-organic frameworks (Zr-MOFs) have recently been demonstrated as excellent catalysts for

decomposing CWAs, but challenges of integrating the microcrystalline powders of Zr-MOFs into

monoliths still remain. Herein, we report hierarchically porous monolithic UiO-66-X xerogels for the
destruction of CWAs. We found that the UiO-66-NH, xerogel with a larger pore size and a higher
surface area than the UiO-66-NH, powder possessed better degradability of 2-chloroethyl ethyl sulfide
(2-CEES), which is a sulfur mustard simulant. These UiO-66-X xerogels exhibit outstanding performance
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for decomposing CWAs. The half-lives of vesicant agent sulfur mustard (HD) and nerve agent O-ethyl S-

[2-(diisopropylamino)ethyll methylphosphonothioate (VX) are as short as 14.4 min and 15 min,
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1. Introduction

Chemical warfare agents (CWAs) such as sulfur mustard (HD)
and VX are lethal chemicals that pose an extreme risk to
national security and public health, due to occasional or
deliberate emissions." Detoxification of CWAs is an increasing
research field that has generated great interest from the scien-
tific and industrial communities. Current state-of-the-art
materials for the capture of CWAs mainly rely on impregnated
active carbons, which suffer from problems such as slow
degradation kinetics, low capacity, and/or a lack of tailorability.>
Thus, there is an urgent need to explore novel self-detoxifying
materials to efficiently protect civilian and military personnel.

Recently, resourceful studies have been carried out on the
catalytic performance of the decontamination of CWAs. Among
them, metal-organic frameworks (MOFs) that are assembled by
metal ions or clusters with organic linkers through coordina-
tion bonds have been extensively studied and have shown
intriguing performances in CWA removal, due to their excep-
tionally large surface area, high porosity, tunable textural and
chemical properties, and their abundant catalytic sites.*® In
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respectively. This work is, to the best of our knowledge, the first report on macroscopic monolithic UiO-
66-X xerogels for ultrafast decomposition of CWAs.

particular, Zr-based metal-organic frameworks (Zr-MOFs) have
attracted great research attention as potential heterogeneous
catalysts, due to their easy and numerous synthetic methods,®
and their exceptionally high thermal, chemical and mechanical
stabilities.” Meanwhile, it has been demonstrated that Zr-MOFs
such as MOF-808, PCN-777, NU-1000 and UiO-66-NH, have
unprecedented catalytic degradation rates for nerve agents with
half-lives of less than 0.5 min.**° However, the crystallization of
Zr-MOFs often leads to microcrystalline powders. The applica-
tion of Zr-MOF powders is greatly hampered, due to their
inherent problems such as particle aggregation, poor process-
ability and handling, mass transfer limitations, and significant
pressure drop in an adsorption bed.**** To overcome the issues
of Zr-MOF powders, many methods have been reported to
construct Zr-MOF macroscale structures by either integrating
Zr-MOFs into support materials such as fibers,**® polymeric
monoliths**?*® and foams,*">* or pelletizing Zr-MOF powders via
mechanical compression or extrusion.**>* However, both
strategies still have issues such as reduced adsorption capac-
ities, due to the use of Zr-MOF as a secondary component, and
pressure-induced losses of crystallinity and porosity. Therefore,
the development of pure monolithic Zr-MOFs has become
a novel research field in recent years.

Metal-organic gels (MOGs) linked by metal-ligand coordi-
nation associated with hydrogen bonding, hydrophobic effects,
-1 stacking and van der Waals interactions are a class of
fabricable, hierarchically porous, pure MOF materials.?”*®
Preparation of MOGs mainly depends on mismatched growth of
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the MOF particles by regulating key factors such as synthesis
temperature and time,” reactant concentration,'* organic-
linker functionality and solvent* in the gelation process.
Therefore, the combination of Zr-MOFs with a suitable gelation
process could shed light on Zr-MOF applications in the detox-
ification of CWAs. Up to now, only sporadic examples involving
Zr-based metal-organic gels (Zr-MOGs) have been reported. For
example, the synthesis of Zr-MOGs from ZrCl, in a mixture of
solvent/water proceeds through a rapid method at room
temperature.” Bueken et al. described a series of Zr-MOGs
synthesized in DMF using ZrOCl,-8H,0 as a precursor and
a mixture of HCI/AA as a modulator.** However, there has been
almost no systematic or detailed investigation on the post-
treatment of gel synthesis.

In this contribution, we systematically investigate the effect
that post-treatment conditions have on porosity for the opti-
mization and preparation of macroscopic monolithic UiO-66-X
xerogels (UiO-66 and UiO-66-NH, xerogels). As far as we know,
no report regarding UiO-66-X xerogels for the catalytic destruction
of real CWAs has appeared in the literature. Herein, we have first
investigated the catalytic degradation performance of the UiO-66-
NH, xerogel and the UiO-66-NH, powder for use with 2-chloroethyl
ethyl sulfide (2-CEES), which is a sulfur mustard simulant. Then,
we attempted to identify the sulfur mustard (HD) and VX decom-
position abilities of neat UiO-66-X xerogels at room temperature.
This is also the first demonstration of ultra-fast destruction of
CWaASs using Zr-MOFs xerogels.

2. Materials and methods

2.1. Chemicals and characterization methods

Unless otherwise noted, ACS reagent grade chemicals and
solvents were purchased from commercial vendors and were
used without further purification. Terephthalic acid (H,BDC), 2-
aminoterephthalic acid (H,N-BDC), zirconyl chloride octahy-
drate (ZrOCl,-8H,0) and 2-chloroethyl ethyl sulfide (2-CEES)
were obtained from Shanghai Macklin Biochemical Co., Ltd.
Methanol, alcohol, acetone, N,N-dimethylformamide (DMF),
hydrochloric acid (37%) and acetic acid were obtained from
Shanghai Aladdin Chemicals Co., Ltd.

Powder X-ray diffraction (PXRD) data were collected at room
temperature on a Bruker D2 Phaser diffractometer, with Cu K-
alpha radiation (A = 1.54178 A). Thermogravimetric analysis
(TGA) was performed in air using a Mettler TGA/DSC 1
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Fig. 1 Schematic of the synthesis of the UiO-66 xerogel.
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instrument equipped with an alumina crucible and heated at
a rate of 5 °C min~"' up to 800 °C. N, physisorption measure-
ments were measured at 77 K on a micromeritics ASAP 2020
instrument. Prior to the measurements, the samples (20-40 mg)
were degassed for 8 h at 110 °C and under 0.1 mbar vacuum.
Transmission electron microscopy (TEM) was performed on
a JEM-2100 microscope, operated in scanning mode (accelerating
voltage of 200 KV). Scanning electron microscope (SEM) images
were recorded on a JEOL JSM-IT300 microscope and were pro-
cessed using the Image] software. Inductively coupled plasma-
optical emission spectroscopy (ICP-OES) and C, H and N
elemental analyses were carried out using a Leeman Prodigy 7 ICP-
OES analyser and a Vario EL elemental analyser, respectively.

2.2. Synthesis of the UiO-66 xerogel

The UiO-66 xerogel was prepared under optimum conditions by
dissolving H,BDC (5 mmol) and ZrOCl,-8H,0 (7.25 mmol) in
DMF (30 mL) under sonication for 15 min. Afterwards, HCI (1.5
mL) and acetic acid (2.0 mL) as modulators were added to the
above solution, and the mixture was left for 5 min under soni-
cation. The resulting homogeneous solution was then allowed
to stand at 373 K for 2 h in a closed container to yield a thick
white UiO-66 gel. Subsequently, fresh DMF was added to the
above UiO-66 gel and was mixed well. The diluted gel suspen-
sion was centrifuged (5000 rpm, 5 min) and the supernatant was
decanted. The gel was then washed three times with ethanol
and dried in air at 30 °C. The obtained xerogel was immersed in
acetone and methanol for 12 h and dried in air at 30 °C to
produce the macroscopic monolithic UiO-66 xerogel, as shown
in Fig. 1.

2.3. Synthesis of the UiO-66-NH, xerogel

The UiO-66-NH, xerogel was prepared by replacing H,BDC in
the UiO-66 xerogel synthesis procedure with an equimolar
amount of H,N-BDC.

2.4. Synthesis of the UiO-66-NH, powder*’

ZrOCl,-8H,0 (0.54 mmol), H,N-BDC (0.75 mmol), 1 mL of HCI
and 15 mL of DMF were added into a 100 mL Pyrex Schott bottle
before being sonicated for 10 min until fully dissolved. The
Pyrex Schott bottle was sealed and heated to 80 °C for 12 h. The
resulting pale yellow solid was centrifuged and washed three

Post-treatment

UiO-66 (gel) UiO-66 (xerogel)
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times with DMF and alcohol. The sample was activated for 8 h
in a vacuum oven at 110 °C.

2.5. Degradation experiments

Important! CWAs (HD, VX) are known to be lethal if inhaled or in
contact with skin. Experiments should be performed under/by
trained personnel in adequate facilities.

The catalytic degradation of 2-CEES, HD and VX was evalu-
ated. The degradation of 2-CEES and HD was carried out by
extraction: 25 pL CHCI; solution containing 2.5 uL 2-CEES or
HD was added to 25 mg xerogel in each glass vial, which were
vortexed and left standing for various periods of time before
extracting with 3 mL ethanol for 3 times and analyzing for
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residual 2-CEES or HD by GC-MS. 20 pL Pentane solution con-
taining 0.4 uL VX was added to 20 mg xerogel in each glass vial.
Afterwards, the vials containing the reaction mixtures were
vortexed and were left standing at room temperature. Each vial
was taken out for analysis at regular times. The residual VX was
extracted in 2 mL of acetonitrile and the solution was subjected
to gas chromatography with an FID detector.

3. Results and discussion
3.1. Xerogel optimization

Based on the essential principle of optimising the porosity of
the xerogel, we selected UiO-66 as a prototype to perform
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Fig. 2 Characterization of the xerogels. (a) XRD patterns; (b) TGA curves; (c) N, adsorption—desorption isotherms; (d) NLDFT pore size distri-

butions; (e) BJH pore size distributions.
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a screening of several post-treatment parameters such as drying
temperature, washing procedure, centrifugation procedure and
metal-to-ligand ratio, in order to determine their influence on
the porosity of the xerogel (Table S17). Tian et al. noted that
a low temperature of drying is beneficial for the formation of the
monolithic HKUST-1 gel.*> Subsequently, we investigated the
effect of drying temperature on the porosity of the UiO-66
xerogel. The result showed that the Brunauer-Emmett-Teller
surface area (Sggr) and the total pore volume (V,) of the xerogel
could be enhanced by appropriately increasing the drying
temperature (Table S1,} #1-#3). This may be due to the more
rapid solvent evaporation rate at a higher temperature, result-
ing in an increase in mesoporous content in the xerogel. We
further evaluated the influence of the washing procedure
(washing solvents and washing times) on the porosity of the
UiO-66 xerogel by washing the gel before drying at 30 °C. The
result showed that the use of ethanol instead of DMF to wash
the UiO-66 gel helps to enhance the Sggr and Vi values of the
xerogel (Table S1,T #1 vs. #5, #4 vs. #6). In addition, we found
that Sger and Vi, of the xerogel could be significantly increased
by increasing the number of ethanol washing times (Table S1,
#5 vs. #6), whereas the number of DMF washing times had little
significant effect (Table S1,} #1 vs. #4). Furthermore, we exam-
ined the effect of centrifugation time and found that a pro-
longed centrifugation time had no significant effect on the
porosity of the xerogel (Table S1,T #1 vs. #7). A defect density
would also greatly affect the porosity of the material.>*** Finally,
a series of UiO-66 xerogels (Table S1,1 UiO-66-G, UiO-66-H, UiO-
66-1) were synthesized by modulating different metal-to-ligand
ratios, and these were characterized by TGA. All the synthe-
sized samples exhibited excellent thermal stability in air up to
500 °C. The numbers of BDC linker in each unit of synthesized
Ui0O-66 xerogel could be calculated according to the amount of
mass lost (%) between 300 °C and 600 °C.*? The mass loss (%) of
the BDC linkers for UiO-66-G, UiO-66-H and UiO-66-1 was
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40.6%, 40.3% and 37.5%, respectively (Fig. S11). The calculated
BDC ligands per unit of UiO-66-G, UiO-66-H and UiO-66-1 were
4.5, 4.4 and 4.1, respectively. Less BDC ligands means more
missing-linker defects, indicating that more defects exist in the
structural units of UiO-66-1, and this results in a higher specific
surface area and pore volume.

3.2. Structural and morphological characterizations

Fig. 2a shows the XRD patterns of the monolithic UiO-66 xerogel
and the UiO-66-NH, xerogel. The apparent peaks at around 7°
and 8.5° correspond well with the (111) and (200) reflections of
the UiO-66 structure.*® Furthermore, broad diffraction peaks
primarily originate from Scherrer broadening and nano-
particles. The morphologies of the monolithic UiO-66 xerogel
and the UiO-66-NH, xerogel are characterized by SEM and TEM.
The SEM images show a rough surface with closely packed
nanoparticles, as seen in Fig. 3e-h. The TEM results further
confirm that the monolith consists of compact nanoparticles
with particle interstitial space (Fig. 3a-d). Elemental analysis
shows that the experimental compositions of the UiO-66-X
xerogels are significantly different from their theoretical
compositions (Table S21), indicating the presence of defects, as
illustrated by the lower experimentally observed carbon and
nitrogen content relative to the theoretical content. In addition,
the increase in hydrogen content of the experimental samples
may indicate the existence of water in the crystal structure. The
TGA curve of the monolithic UiO-66-X xerogels is illustrated in
Fig. 2b. The high thermal stability of the monolith is consistent
with the previously reported literature.** As shown in Fig. 2c, the
N, adsorption-desorption isotherms are of Type IV, and this
confirms the existence of a micro-mesoporous structure of the
monolithic UiO-66 xerogel and of the UiO-66-NH, xerogel. The
Brunauer-Emmett-Teller surface areas (Sggr), micro pore
volumes (W,) and total pore volumes (V;,) are shown in Table

Fig. 3 Electron microscopy (top: low magnification; down: high magnification) images for the UiO-66-X xerogels. TEM images of the UiO-66
xerogel (a and b) and UiO-66-NH; xerogel (c and d); SEM images of the UiO-66 xerogel (e and f) and UiO-66-NH; (g and h) xerogel.
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Fig.4 Degradation of 2-CEES on the UiO-66-NH; xerogel and on the
UiO-66-NH, powder.

S3.7 Interestingly, these experimental values are higher than the
theoretical maxima, and this may be related to the presence of
extensive mesoporosity in the xerogels. The NLDFT analysis
confirms the microporosity (Fig. 2d), while the BJH pore size
distribution significantly highlights the extensive mesoporosity
of between 5 and 20 nm (Fig. 2e). The mesoporosity of the
xerogels is not generated by crystalline defects, but corresponds
to interparticle voids.

3.3. Degradation properties

In order to understand the effect of state on the decomposition
of CWAs, a decomposition experiment for 2-CEES was imple-
mented at room temperature. Data for the structural charac-
terization of the UiO-66-NH, powder are given in Fig. S2.} Fig. 4
shows the decomposition rates of 2-CEES over time on the UiO-
66-NH, xerogel and UiO-66-NH, powder. The UiO-66-NH,

H,0
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Fig.5 Degradation of HD on the UiO-66 xerogel and on the UiO-66-
NH, xerogel.
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Fig. 6 Degradation of VX on the UiO-66 xerogel and on the UiO-66-
NH, xerogel.

xerogel exhibits a faster reaction rate, with a half-life of 8.2 min,
than the UiO-66-NH, powder that exhibits a ¢, ,, value of 29 min.
This finding can be attributed to the larger pore size and higher
surface area of the UiO-66-NH, xerogel, allowing for 2-CEES
molecules to diffuse more rapidly and/or access more active
sites.

In addition to the simulant 2-CEES, we further tested our
monolithic UiO-66-X xerogels on the hydrolytic degradation of
HD, a real CWA (Fig. 5). As is well-known, Zr-based metal-
organic frameworks (Zr-MOFs) are highly active in the decom-
position of P-X bonds (X = F, Cl, S, O) of nerve agents, but they
are poorly active in the destruction of C-Cl of vesicant agents.
This limits the practical application of Zr-MOFs for the degra-
dation of unknown chemical threats. In this regard, we have
found that the incorporation of an amino-group leads to
significant improvement of the degradation of C-Cl bonds
found in HD. For the UiO-66-NH, xerogel, we observed 100%
HD conversion in 240 min of reaction. The UiO-66-NH, xerogel
(12 = 14.4 min) shows a faster destruction rate compared to the
pristine UiO-66 xerogel (¢;/, = 24.8 min).

To further investigate the catalytic performance of our
materials, we also evaluated the behavior of the xerogels for the
hydrolytic degradation of nerve agent VX. In this regard, it
should be noted that both of the xerogels exhibited rapid VX
degradation (1, = 1.5 min) and 100% conversion within 3 min
(Fig. 6). There was little difference in the VX decomposing
ability for the UiO-66 and UiO-66-NH, xerogels. This discovery is
in accordance with the previous report of Ryu et al'® who
studied the detoxification of GD on UiO-66 and UiO-66-NH,
powders.

4. Conclusions

In summary, UiO-66-X xerogels have been prepared and studied
for the degradation of CWAs. The results indicate that the UiO-

RSC Adv, 2021, 11, 22125-22130 | 22129
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66-NH, xerogel (¢1, = 8.2 min) displays excellent catalytic
performance for the degradation of 2-CEES compared to the
UiO-66-NH, powder (t;,, = 29 min). Using these UiO-66-X
xerogels shortens the half-lives of HD and VX to 14.4 min and
1.5 min, respectively. We also confirmed that there is little
obvious degradability difference between the UiO-66 and UiO-
66-NH, xerogels for nerve agents in actual situations. This
contribution shows that Zr-MOFs xerogels have remarkable
prospects for use in future CWA protective applications.
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