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Efficient adsorption of hazardous substances from the environment is crucial owing to the considerable risks
they pose to both humans and ecosystems. Consequently, the development of porous materials with strong
adsorption capabilities for hazardous substances, such as chemical warfare agents (CWAs), is pivotal for
safeguarding human lives. Specifically, the early-stage adsorption proficiency of the adsorbents plays a vital
role in determining their effectiveness as ideal adsorbents. Herein, we report the efficient adsorption of
CWA simulants using thermally treated ZIF-8 (T-ZIF-8). The T-ZIF-8 samples were prepared by subjecting
ZIF-8 to a simple thermal treatment, which resulted in a more positive surface charge with extra open
metal sites. Although the pore volume of T-ZIF-8 decreased after thermal treatment, the positive surface
charge of T-ZIF-8 proved advantageous for the adsorption of the CWA simulants. As a result, the
adsorption capacity of T-ZIF-8 for the CWA simulants improved compared to that of pure ZIF-8. Notably,
T-ZIF-8 exhibited a remarkably enhanced adsorption ability in the early stage of exposure to the CWA
simulants, possibly due to the effective polar interactions between T-ZIF-8 and the simulants via the
electron-rich components within the CWA simulants. Moreover, the enhanced adsorption capacity of T-
ZIF-8 led to the fast degradation of simulant compared to pure ZIF-8. T-ZIF-8 also demonstrated excellent
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1. Introduction

Metal-organic frameworks (MOFs) are an interesting class of
porous materials that have garnered considerable attention
owing to their unique properties and applications in various
fields."?® These materials comprise metal ions or clusters
linked by organic ligands, resulting in highly porous structures
with large surface areas and tunable pore sizes. MOFs have
a wide range of applications in gas storage, catalysis, sensing,
adsorption, and separation.® In particular, the use of MOFs
for the adsorption and separation of toxic chemicals including
chemical warfare agents (CWAs) is of utmost importance.***
CWASs can trigger an immense long-term damage to humans
and the environment."** Isopropyl methylphosphono-
fluoridate known as sarin and bis(2-chloroethyl)sulfide known
as sulfur mustard are well-known examples of highly toxic
CWAs.”*? For examples, sarin inhibits acetylcholinesterase and
provokes muscle contraction and asphyxiation,*>¢ and sulfur
mustard damages exposed skin and tissue.**"*® Despite efforts to
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the early-stage adsorption and degradation of CWA simulants, offering high effectiveness and stability.

protect humans from the dangers of CWAs, their use in military
activities or terrorist attacks remains prevalent. Therefore,
developing efficient and effective methods for the removal and
detoxification of CWAs from contaminated air and water is
urgently required to protect humans from the adverse effects of
CWAs.">™** Adsorption is one such effective method, and porous
materials, such as porous carbons, zeolites, and MOFs, have
shown promising potential in this field.*>* In particular, MOFs
exhibit outstanding adsorption properties, making them
promising candidates for CWA removal.’*?* Several studies
have recently been conducted to explore the potential of MOFs
for the adsorption and removal of CWAs."*° Developing porous
adsorptive materials for effective adsorption of CWAs is crucial,
and the use of MOFs in this context holds tremendous promise.
In particular, an effective adsorption ability during the early
stage of exposure to CWAs is critical in deeming an adsorbent
ideal for use. The simulant compounds that have functional-
ities similar to those of CWAs but are less toxic and easier to
handle are convenient for use in a laboratory. In general, 2-
chloroethyl ethyl sulfide (CEES) and dimethyl methyl phos-
phonate (DMMP) were used as CWA simulants for the study.
Herein, we report the recent developments in the effective
adsorption of CWA simulants using ZIF-8. The T-ZIF-8 samples
(where T denotes the temperature), which have relatively high
positive surface charges with extra open metal sites, were
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prepared by simple thermal treatment of ZIF-8. T-ZIF-8 dis-
played enhanced adsorption capacity for CWA simulants.
Although the pore volume of T-ZIF-8 decreased after thermal
treatment, the positive surface charge of T-ZIF-8 were beneficial
for the adsorption of the CWA simulants. In particular,
a dramatically enhanced adsorption ability of T-ZIF-8 was
observed in the early stage of exposure to CWA simulants,
possibly because of the effective polar interaction of T-ZIF-8
with the simulants via electron-rich moieties within the simu-
lants. Moreover, T-ZIF-8 showed excellent stability during the
three adsorption cycles. Not only the boosted ability for the
rapid adsorption of simulant but also the enhanced ability for
the degradation of simulant were demonstrated by T-ZIF-8.
These findings suggest that T-ZIF-8 is an excellent material for
the rapid adsorption and degradation of CWA simulants in the
early stage of exposure, with high effectiveness and stability.

2. Experimental section

2.1. Materials and characterizations

All solvents and chemicals were purchased from commercial
sources and used as received, unless stated otherwise. Deion-
ized water was obtained from a Millipore Direct-Q®3. Scanning
electron microscopy (SEM) images were acquired using a JEOL
JSM-7001F field-emission scanning electron microscope (Yon-
sei Center for Research Facilities, Yonsei University). Energy-
dispersive X-ray (EDX) spectra were obtained using a Hitachi
SU 1510 SEM device equipped with a Horiba EMAX Energy E-
250 EDX system. Powder X-ray diffraction (PXRD) patterns
were obtained using a Rigaku Ultima IV instrument equipped
with a graphite monochromated Cu Ko radiation source (40 kv,
40 mA). The adsorption-desorption isotherms of N, (77 K) were
measured using a BELSORP Max volumetric adsorption equip-
ment system. All isotherms were measured after pretreatment
under a dynamic vacuum at 25 °C for 3 h. X-ray photoelectron
spectroscopy (XPS) was conducted using a Thermo Scientific K-
Alpha KA1066 spectrometer with a monochromatic Al Ka X-ray
source (hv = 1486.6 eV). The XPS spectra were calibrated with
the measured C 1s peak position at 284.6 eV. Zeta-potential
measurements were performed in an aqueous solution using
a Malvern Nano-ZS Zetasizer. Water contact angle measure-
ments of the prepared pellet samples were performed using
a contact angle meter (Biolin Scientific ThetaLite 100) at 25 °C.
Water was slowly dropped onto the pellet using a microsyringe,
and the contact angle was measured. '"H NMR and *'P NMR
spectra were recorded on a Bruker Avance III HD 300 spec-
trometer ("H NMR, 300 MHz) (*'P NMR, 122 MHz), with
chemical shifts reported relative to the residual deuterated
solvent peaks. The infrared (IR) spectra of the solid samples and
liquid CWA simulants were acquired using a Jasco FT/IR 4200
spectrometer and an attenuated total reflection module.

2.2. Preparation of ZIF-8

Zn(NO3),-6H,0 (0.1 mmol, 29.7 mg), 2-methylimidazole
(5.5 mmol, 451.6 mg), and hexadecyltrimethylammonium
bromide (0.0014 mmol, 0.5 mg) were dissolved in 8 mL of
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deionized water. The resulting aqueous solutions were incu-
bated at room temperature for 20 min. The resulting product
was isolated and subsequently washed several times with
deionized water and methanol via a centrifugation-redis-
persion cycle and dried under vacuum for 1 h.

2.3. Preparation of T-ZIF-8 samples

Pure ZIF-8 was placed in a tube furnace, heated at 450, 500, 550,
570, or 600 °C for 5 h at a heating rate of 5 °C min™" under N,
gas flow, and then cooled to room temperature. The resulting
products are denoted as T-ZIF-8s, where T denotes the thermal
treatment temperature.

2.4. Adsorption of CWA simulants on ZIF samples

The adsorption of 2-chloroethyl ethyl sulfide (CEES) and
dimethyl methylphosphonate (DMMP) was performed at room
temperature using a jar-in-jar setup. To conduct the experi-
ments, pure ZIF-8 and T-ZIF-8 powders (5.0 mg) were placed in
a ceramic crucible pan, and a CWA simulant (2 mL) was taken in
a 5 mL beaker. Subsequently, the ceramic crucible pan and
beaker were placed in a large jar with the lid closed. The
quantity of the CWAs simulants adsorbed onto ZIF-8 or T-ZIF-8s
at different time intervals was measured using "H NMR spec-
troscopy with CH,Br, as an internal standard. The samples were
digested in a mixed deuterated solvent of dimethyl sulfoxide-de
and acetic acid-d, to obtain "H NMR spectra.

2.5. Recycling of 550-ZIF-8 for CEES adsorption

Three cycles were conducted in the recycling experiment of 550-
ZIF-8 for the adsorption of CEES. After 4 h, in the first adsorp-
tion step, 550-ZIF-8 was washed several times with methanol
and dried under vacuum for 1 h. The adsorption procedure for
the second and third cycles was performed under conditions
identical to those of the first adsorption cycle.

2.6. Adsorption kinetics of ZIF samples

The kinetics of the adsorption process provides essential
information about reaction path and the rate of adsorbate.****¢
The pseudo-first order model is one of the representative
models. The pseudo-first order model equation is as follows:

4= qe(1 — ™)

where, g. is equilibrium adsorption capacity (mg g~ '), ¢; is the
adsorption capacity (mg g~ ') at time ¢ and k is the pseudo-first
order rate constant (h ™). The adsorption of CWA simulants was
fitted well with pseudo-first order model.

2.7. Degradation of DMMP on ZIF samples

For the degradation of DMMP on ZIF samples, DMMP solution
was prepared by mixing DMMP (6 pL) and 3 mL of H,O and D,0
mixture (H,O:D,0 = 9:1 v/v). And then, DMMP solution was
added to a 20 mL glass vial containing 100 mg of pure ZIF-8 or
550-ZIF-8. This mixture was continuously stirred at 60 °C. Every
several hours, 300 pL of aliquot of the solvent was transferred
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into the NMR tube for >'P NMR measurements to determine the
conversion of DMMP to MPA. The conversion was then calcu-
lated as the ratio of the integrated peak for MPA (the only
hydrolysis product) to that of DMMP. After 72 h, the yields for
the production of MPA were 67 and 26%, respectively, in the
presence of 550-ZIF-8 and pure ZIF-8. Furthermore, the
conversion of DMMP to MPA was confirmed by '"H NMR and *'P
NMR (see ESIt). For comparison, the degradation of dimethyl 4-
nitrophenylphosphate (DMNP) on 550-ZIF-8 was also conduct-
ed. For the degradation of DMNP on a ZIF sample, 2.1 mL of
0.45 M N-ethylmorpholine buffer solution was added to a 20 mL
glass vial containing 50 mg of 550-ZIF-8 and then sonicated for
1 min to disperse homogeneously. After that, 4 L. of DMNP was
added and the reaction was continuously stirred at room
temperature. Every several hours, 200 pL of aliquot of the
solvent was transferred into the NMR tube for *'P NMR
measurements to determine the conversion of DMNP.

3. Results and discussion

3.1. Preparation of ZIF-8 and T-ZIF-8 samples

First, cubic ZIF-8 with exposed {100} planes was homogeneously
synthesized via the reaction of Zn(NOj3), and 2-methylimidazole
in the presence of hexadecyltrimethylammonium bromide.*”**
The as-synthesized ZIF-8 was examined using scanning electron
microscopy (SEM) to validate the production of consistent ZIF-8
cubes (Fig. 1a). The formation of crystalline ZIF-8 was verified
using powder X-ray diffraction (PXRD). The PXRD pattern of the
as-synthesized product displayed a representative pattern for
ZIF-8 (Fig. 1g). In addition, the expected elements of ZIF-8,
including zinc, carbon, and nitrogen, were detected in the
energy-dispersive X-ray (EDX) spectrum (Fig. S1%). After con-
firming the formation of the ZIF-8 cubes, they were thermally
treated in a conventional tube furnace at various temperatures
(450, 500, 550, 570, and 600 °C) under N, gas flow (Fig. 2).
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Fig. 1 SEM images of (a) ZIF-8, (b) 450-ZIF-8, (c) 500-ZIF-8, (d) 550-
ZIF-8, (e) 570-ZIF-8, and (f) 600-ZIF-8. Photographs showing the
color changes of T-ZIF-8 samples displayed in insets. (g) PXRD
patterns of ZIF-8 and a series of T-ZIF-8 samples obtained after
thermal treatment of ZIF-8 at varied temperatures.
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Hereafter, samples obtained after thermal treatment of ZIF-8
are designated with the treatment temperature, i.e., 550-ZIF-8
represents ZIF-8 obtained after thermal treatment at 550 °C.
Typically, subjecting an MOF to thermal treatment at low
temperatures causes the decomposition of some organic
linkers, while maintaining the original structure. This process
also leads to the creation of positively charged open metal
sites.*** However, when the MOF is subjected to high
temperature and exposed to an inert gas during thermal treat-
ment, it undergoes complete decomposition and
carbonization.’*** The SEM images of all T-ZIF-8 samples dis-
played no morphological changes, despite the thermal treat-
ment involved (Fig. 1). In addition, no critical structural
changes were observed, as confirmed by the PXRD patterns of
the T-ZIF-8 samples, except for 570-ZIF-8 and 600-ZIF-8 (Fig. 1g).
Photographs of 450, 500, and 550-ZIF-8 displayed only minor
color changes from white to beige (insets of Fig. 1). However,
significant color changes to brown and black were observed for
570-ZIF-8 and 600-ZIF-8, indicating considerable decomposi-
tion and carbonization of ZIF-8 upon exposure to high
temperatures.**™*

3.2. Porous properties and surface charges of T-ZIF-8
samples

The change in the porosity of the T-ZIF-8 samples was examined
by measuring the N, sorption isotherms at 77 K (Fig. 3a). In
general, when MOFs undergo thermal treatment, their pore
volumes and surface areas tend to decrease owing to the
decomposition of MOFs.*>* This phenomenon was also
observed in the T-ZIF-8 samples, as their N, sorption abilities
gradually decreased with increasing temperature during the
thermal treatment (Fig. 3a and Table S1%). Specifically, dramatic
decreases in N, sorption were observed for 570-ZIF-8 and 600-
ZIF-8. The Brunauer-Emmett-Teller (BET) surface areas of 570-
ZIF-8 and 600-ZIF-8 were found to be 913.5 and 670.4 m> g *
respectively, and their total pore volumes were 0.44 and 0.37
em?® g~ ! respectively. These values are substantially lower than
those of pure ZIF-8 at 1320.1 m* g~ ' (BET surface area) and 0.67
cm?® g™ (total pore volume). However, no significant decrease in
N, sorption was observed for 450-, 500-, and 550-ZIF-8. In
addition, the pore size distributions (Fig. 3b) of 450- and 500-
ZIF-8 calculated using the non-local density functional theory
(NLDFT) method remained unchanged compared to the orig-
inal ZIF-8, which exhibited the characteristic pore dimensions
of ZIF-8 at approximately 11.6 A.>>®> Pore size of 10.4 A was
observed for 550-ZIF-8, which is slightly smaller than that of
ZIF-8. However, the pore sizes of 570- and 600-ZIF-8 are signif-
icantly smaller than that of pure ZIF-8. In terms of pore volume,
the thermal treatment of ZIF-8 is disadvantageous for the
effective adsorption of the target molecule, as it results in
a decrease in the adsorption capacity of the material.*»>**°
The surface charge of the adsorbent plays a crucial role in
determining the effectiveness of the CWA simulant adsorption.
In particular, the positive charge of MOFs enhances the
adsorption of CWA simulants via effective polar interactions
with the electron-rich atoms present in the molecules.>>3*¢
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Fig. 2 Schematic illustration for the preparation of a series of T-ZIF-8 samples via the thermal treatment of ZIF-8 at varied temperatures (450,
500, 550, 570, and 600 °C). Schematic representation of a jar-in-jar setup for the adsorption experiment of CWA simulants (2-chloroethyl ethyl
sulfide, CEES; or dimethyl methyl phosphonate, DMMP) on the ZIF-8 and T-ZIF-8 samples.
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Fig. 3 (a) N, sorption isotherms of ZIF-8 and T-ZIF-8 samples; the

filled and open symbols represent the adsorption and desorption
branches, respectively. (b) Pore size distributions of ZIF-8 and T-ZIF-8
samples calculated using the NLDFT method.

We examined the change in the surface charges of T-ZIF-8
samples caused by the thermal treatment. Zeta-potential
measurements indicated a gradual shift towards more positive
surface charges for the T-ZIF-8 samples with increasing
temperature (Fig. 4a). This can be understood by considering
that thermal treatment of the MOF causes the decomposition of
some of organic part, leading to the creation of open metal sites
carrying a positive charge.*>** For example, pure ZIF-8 exhibited
a surface charge at 28.7 mV; however, 550-ZIF, and 600-ZIF
exhibited higher charges at 33.5 and 41.5 mV, respectively. Due
to its large positive surface charge, T-ZIF-8 displayed the effi-
cient adsorption of the negatively charged methyl orange
(Fig. S27). The binding energy of Zn 2p in the XPS spectra of the
T-ZIF-8 samples shifted to a slightly higher position (Fig. 4c),
while the binding energy of N 1s shifted to a slightly lower
position (Fig. 4d) as the temperature increased, indicating an
increase in Zn-N fractures.*** The water contact angles of the
T-ZIF-8 samples were measured to determine their hydrophi-
licity (Fig. 4b). In general, the contact angles decreased with an
increase in temperature. The water contact angles of the ZIF-8
and five T-ZIF-8 samples were found to be 66, 61, 55, 48, 32,
and 15°, respectively, indicating increased hydrophilicity of the
surface of the T-ZIF-8 samples.
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3.3. Adsorption of CWA simulants on T-ZIF-8 samples

The adsorption of CEES onto pure ZIF-8 and T-ZIF-8 was
investigated using a jar-in-jar setup at room temperature
(Fig. 1).>% In this setup, small jars enclosing the ZIF-8 and T-ZIF-
8 samples were placed in a large jar with CEES, and the ZIF
samples were exposed to CEES vapors for various time intervals.
After the exposure to CEES vapors, the ZIF samples were
digested in a mixed deuterated solvent of dimethyl sulfoxide-dg
and acetic acid-d,, and the resulting solution was analyzed
using 'H NMR spectroscopy. Peak integrations of CEES and
a standard molecule (CH,Br,) were used to determine the
amount of CEES per gram of ZIF (Fig. S3 and S4t). The CEES
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Fig. 4 (a) Zeta-potentials of ZIF-8 and T-ZIF-8 samples. (b) Water

contact angle measurements of ZIF-8 and T-ZIF-8 samples. High-
resolution (c) Zn 2p and (d) N 1s XPS profiles of ZIF-8 and T-ZIF-8
samples.
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uptake was plotted against the exposure time of the ZIF samples
(Fig. 5a). The amount of CEES adsorbed onto pure ZIF-8 was
417 mg of CEES per gram of ZIF-8 (417 Mgcggs Sadsorbent )- ON
the other hand, the adsorption abilities of porous carbon and
zeolite have been reported to be 74 and 109 mgcggs gadsorbem’l,
respectively.®»* Thus, ZIF-8 outperforms other porous adsor-
bents by a considerable margin. It is worth noting that, with the
exception of 600-ZIF-8, all the T-ZIF-8 samples exhibited
improved CEES adsorption capacities compared to pure ZIF-8.
Out of a series of T-ZIF-8 samples, 550-ZIF-8 displayed a 29%
increase at 538 Mgcgrs Sadsorbent — iN adsorption capacity
compared with that of pure ZIF-8. However, excessive thermal
treatment of ZIF-8 at high temperatures can lead to a decrease
in its adsorption capacity by significantly reducing its porosity
and surface area.*»***' Indeed, 570- and 600-ZIF-8 displayed
lower adsorption abilities than 550-ZIF-8 (Fig. 5). A particularly
exciting outcome of this experiment was the significant
improvement in CEES adsorption observed in T-ZIF-8 during
the early stage of exposure to CEES vapors. Except 600-ZIF-8, all
the T-ZIF-8 samples demonstrated dramatically enhanced CEES
adsorption capacities during the first 15 min of exposure to
CEES vapors (Fig. 5b). Notably, 550-ZIF-8 exhibited an impres-
sive 216% increase in the early-stage adsorption compared to
that of pure ZIF-8 (Fig. 5b and c). This improvement can be
attributed to the positive surface charge and the availability of
open metal sites in the T-ZIF-8s. Specifically, the enhanced
ability to adsorb CEES can be attributed to T-ZIF-8's effective
polar interactions with the electron-rich sulfur atoms in
CEES.>*3%%3%¢ The positive charge of the adsorbent enhances
this interaction with the electron-rich sulfur atoms in CEES,
thereby enhancing the adsorption capacity. These results
highlighted the potential of T-ZIF-8 as a highly effective material
for the rapid adsorption of CWAs. The ability to adsorb CWAs
during the early stage of exposure, more than the maximum
adsorption capacity during saturation, is crucial for the fast
removal or detection of CWAs, given the critical nature of this
concern.

The successful adsorption of CEES onto the ZIF samples was
confirmed using IR and EDX spectroscopy. Specifically, the IR
spectra of the ZIF samples after exposure to and adsorption of
CEES vapors displayed characteristic IR bands for CEES at 1262.2
and 1213.0 cm ™' (Fig. $5).2%%° Additionally, the EDX spectra of
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the ZIF samples showed the presence of sulfur and chlorine
originated from CEES (Fig. S61). The SEM images and PXRD
patterns of the ZIF-8 samples after CEES adsorption revealed no
critical morphological or structural changes (Fig. S7 and S87).

To further investigate the efficacy of T-ZIF-8 for CEES
adsorption, the recyclability of the material was examined
through three consecutive adsorption measurements (Fig. 6a).
These results demonstrate that the CEES adsorption capacity of
550-ZIF-8 remained consistent during the three adsorption
cycles. Furthermore, the SEM image and PXRD pattern (Fig. 6b
and c, respectively) of 550-ZIF-8 after three adsorption cycles
show no critical morphological or structural changes, which
suggests that 550-ZIF-8 is a highly effective and stable material
for CEES adsorption.

In addition, the DMMP adsorption abilities of the pure ZIF-8
and T-ZIF-8 samples were analyzed by measuring the DMMP
uptake using the same jar-in-jar setup. The ZIF samples exposed
to DMMP vapors for different time spans were digested in
a mixed deuterated solvent, and the peak integrations of DMMP
and the internal standard (CH,Br,) were used to determine the
amounts of DMMP in the ZIF samples (Fig. S9 and S10t). The
adsorption of DMMP on the ZIF samples was confirmed
through the IR and EDX spectra (Fig. S11 and S12%). The IR
spectra of the ZIF samples after exposure to and adsorption of
DMMP vapors displayed the characteristic IR bands of DMMP
(Fig. S111). Additionally, the EDX spectra of the ZIF samples
showed the presence of phosphorus from DMMP (Fig. S127).
Adsorption graphs showing the DMMP uptake are presented in

(o]
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2
Cycle

Fig. 6 (a) Recyclability of 550-ZIF-8 over three successive CEES
adsorption cycles. Second and third cycles were run after removal of
the adsorbed CEES via the immersion of the sample in methanol. (b)
SEM image and (c) PXRD pattern of 550-ZIF-8 after three successive
adsorption cycles.
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(a) Time-dependent CEES adsorption plots for pure ZIF-8 and T-ZIF-8 samples. (b) Relative adsorption abilities of T-ZIF-8 samples

compared to pure ZIF-8 at the early stage (15 min) and saturated stage (4 h) of exposure to CEES vapors. (c) Relative adsorption ability of 550-ZIF-
8 compared to pure ZIF-8 after the exposure to CEES vapors at different time durations.
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Fig. 7a. The saturation of DMMP adsorption in ZIF-samples
took 5 day, which was significantly longer than the time taken
for the saturation of CEES adsorption, that is, 4 h. This is due to
the lower vapor pressure of DMMP, 0.96 mmHg at 25 °C,
compared to a vapor pressure of 3.4 mmHg for CEES, at the
same temperature.®®®” The amount of DMMP adsorbed on pure
ZIF-8 was found to be 416 mg per gram of ZIF-8 (416 mgpymp
Zadsorbent ). This capacity is comparable to those of other
porous adsorbents. For example, the adsorption ability of other
MOF (Zr-abtc) and porous carbon has been reported to be 351
and 460 MEpyvp Ladsorbent , respectively.?®?® In addition, all
the T-ZIF-8 samples exhibited improved DMMP adsorption
capacities similar to that of CEES, compared to pure ZIF-8,
except for 600-ZIF-8. Among them, 550-ZIF-8 displayed the
highest increase (31%) in adsorption compared to that for pure
ZIF-8. Importantly, a dramatic improvement in DMMP
adsorption was found for T-ZIF-8 during the early stage of
exposure to DMMP vapors. All the T-ZIF-8 samples exhibited
superior DMMP adsorption capacities during the first 1 h of
exposure to DMMP vapors, with the exception of 600-ZIF-8
(Fig. 7b). Especially, 550-ZIF-8 demonstrated an outstanding
185% increase in adsorption compared to pure ZIF-8 (Fig. 7b
and c). SEM images and PXRD patterns showed no morpho-
logical or structural changes after DMMP adsorption, indicating
that the ZIF samples retained their original properties
(Fig. S137). Furthermore, the adsorption kinetics of pure ZIF-8
and T-ZIF-8 samples were shown in Fig. S14 and Table S2.7
The adsorption of CEES and DMMP on ZIF-8 and T-ZIF-8
samples was fitted to the pseudo-first order model, and
kinetics of CEES adsorption was faster than DMMP adsorption.
This indicated that DMMP adsorption process required a longer
time to reach the equilibrium adsorption amount. The
adsorption ability of 550-ZIF-8 in the presence of both CEES and
DMMP was investigated via placing a 550-ZIF-8 sample in
a large jar with both CEES and DMMP. After 1 h exposure to
both CEES and DMMP vapors, 550-ZIF-8 sample holds 345

-1 -1 .
mgCEES gadsorbent and 25 ngMMP gadsorbent ) reSPeCthel}’~

3.4. Catalytic degradation of DMMP using 550-ZIF-8

The catalytic degradation of DMMP using pure ZIF-8 and 550-
ZIF-8 was investigated. It was anticipated that 550-ZIF-8
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would exhibit an improved catalytic performance compared
to ZIF-8 due to its enhanced adsorption capability during the
early stages of exposure to DMMP. DMMP can be hydrolyzed
by the catalyst to form methylphosphonic acid (MPA).220-42
The progression of the reaction was analyzed using *'P NMR
spectroscopy. Peak integrations of DMMP and MPA were
utilized to determine the conversion rate (Fig. 8, S15, and
S16%). Initially, a background reaction without any catalyst
was conducted, which resulted in only 2% conversion over
72 h. On the other hand, ZIF-8 exhibited a conversion rate of
26% over the same 72 h reaction time. However, the catalytic
activity of 550-ZIF-8 for the hydrolysis of DMMP was signifi-
cantly enhanced, achieving a conversion rate of 67% over 72 h
(Fig. 8). This improvement was attributed to the significantly
enhanced adsorption capacity of 550-ZIF-8, leading to higher
conversion rates. The reaction mechanism for degradation of
DMMP was well established in two steps; (i) the initial inter-
action of phosphate group of DMMP with the Lewis acid site
of catalyst, (ii) subsequent nucleophilic attack by water.?>%%*°
However, no critical catalytic degradation of DMMP in the
presence of 550-ZIF-8 was observed at room temperature. In
addition, the catalytic degradation of dimethyl 4-nitro-
phenylphosphate using 550-ZIF-8 was conducted in aqueous
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[| /CH3 Catalyst g
_o—k—0 HsC—P—OH + 2 CH,OH
HaC | 60 °C, 2H,0
CHs OH
b 100 e 40
8011 02 \%;F\-‘\\
£ 1 _y e 8 T
< 60| e - 04 .
o ol (6] 8
8 - G 06 N
g 401 /,f/ £ .08] e, \.\
o » s H H ~
20{ _ 104 N
X - \’\
ol B . 2] "
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (h) Time (h)
Fig.8 (a) Hydrolytic decomposition of DMMP to MPA. (b) The plots for

the conversions of DMMP to MPA with or without catalysts (ZIF-8 and
550-ZIF-8) in varied time points. (c) Linear relationships between In(C,/
Cop) and reaction time in the absence of catalysts and in the presence of
ZIF-8 and 550-ZIF-8. Cq and C; represent the amounts of DMMP at the
initial stage and time t, respectively.
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(a) Time-dependent DMMP adsorption plots for pure ZIF-8 and T-ZIF-8 samples. (b) Relative adsorption abilities of a series of T-ZIF-8

compared to pure ZIF-8 at the early stage (1 h) and saturated stage (5 day) of exposure to DMMP vapors. (c) Relative adsorption ability of 550-ZIF-
8 compared to pure ZIF-8 after the exposure to DMMP vapors at different time durations.
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buffer solution at room temperature.>*”*”* 550-ZIF-8 exhibited
a conversion rate 84% over the 72 h reaction time (Fig. S17
and S187).

4. Conclusions

The efficient removal of hazardous substances, such as CWAs,
from the environment is of paramount importance for miti-
gating the significant risks they pose to both humans and
ecosystems. Adsorption has emerged as an effective method for
addressing this challenge, and the development of porous
materials with strong CWA adsorption capabilities is a crucial
step toward safeguarding human lives. In this regard, the use of
thermally treated ZIF-8 (T-ZIF-8) is a remarkable advancement
in the efficient adsorption of CWA simulants. By subjecting ZIF-
8 to a simple thermal treatment, T-ZIF-8 samples were prepared,
resulting in several notable changes. The surface charge of T-
ZIF-8 became more positive with open metal sites. These
modifications positively influenced the adsorption capacity of
CWA simulants by T-ZIF-8. Although the pore volume of T-ZIF-8
decreased after the thermal treatment, the positive surface
charge were advantageous for adsorption. The most important
finding was that T-ZIF-8 exhibited a significantly enhanced
adsorption ability during the early stage of exposure to CWA
simulants. This improvement can be attributed to the effective
polar interactions between T-ZIF-8 and the simulants facilitated
by the electron-rich components within the CWA simulants. T-
ZIF-8 demonstrated excellent stability over three adsorption
cycles, confirming its suitability for long-term applications.
Furthermore, enhanced adsorption ability of T-ZIF-8 led to its
improved activity for the degradation of simulant. Overall, the
advances in the adsorption of CWA simulants using T-ZIF-8
present a promising prospect for the efficient removal of
hazardous substances. T-ZIF-8 exhibits high adsorption effec-
tiveness, particularly in the early stage of exposure, and main-
tains excellent stability over repeated adsorption cycles. These
findings suggest that T-ZIF-8 is an outstanding material for
early-stage removal of CWA simulants, offering both high effi-
cacy and stability in the remediation of hazardous
environments.
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