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Detoxification of Chemical Warfare Agents by a Zr-Based
MOF with High Recycling Ability at Physiological pH
Subharanjan Biswas+,*[a] Rémy Gay+,[a] Janek Bzdrenga,[b] Thomas Soirot,[b] Nicolas Belverge,[c]

Nicolas Taudon,[c] Xavier Brazzolotto,[b] Mohamed Haouas,[d] Nathalie Steunou,[d]

Jean-Pierre Mahy,[a] and Rémy Ricoux*[a]

The neutralization of organophosphorous (OP) chemical agents
used in modern warfare is a growing concern due to their
extreme toxicity to human cells. In several previous works,
although the capability of several Zr-MOF-based catalysts has
been showcased to facilitate hydrolysis of OP agents in
heterogeneous pathways, their usage appeared to be limited
by very slow kinetics at neutral pH. There is still a lack of MOF
based catalysts that can detoxify OPs at physiological pH. The
recycling ability of MOF-based catalysts has also not been

greatly explored. Thus, herein, we explored a Zr-based MOF,
MOF-801(Zr) for the detoxification of a series of OP nerve
agents and a pesticide with simultaneous adsorption and
degradation at pH 7.5 in a buffer solution, close to physiological
conditions. This MOF-based catalyst demonstrates significant
hydrolysis activity towards several nerve agents, with up to
99% conversion within 2 h and an excellent half-life of less than
5 minutes. In addition, it can be recycled at least 5 times
consecutively with a residual activity of at least 90%.

Introduction

Chemical warfare agents (CWAs) are noxious chemicals de-
signed to be used in warfare or closely associated military
operations with the intent to harm, kill, or incapacitate
adversaries.[1]

CWAs encompass various types, including nerve agents,
blister agents (vesicants), blood agents, tear agents, and
choking agents. Nerve agents are categorized as either G-type

or V-type, stemming from alkyl phosphonate esters with differ-
ent physicochemical properties.[1a–d] G-type nerve agents in-
clude compounds containing fluorine for sarin (GB), soman
(GD), cyclosarin (GF) or cyanide for tabun (GA) as leaving groups
(Figure 1). Such compounds are volatile and intoxication occurs
mainly through the respiratory route.[2] On the contrary, V-type
agents (such as VX) have thiol leaving groups and are more
persistent, with a percutaneous intoxication route.[2]

Initial methods of detoxification of organophosphorus (OP)
nerve agents include treating nerve agents-contaminated
surfaces and equipment with strong alkaline solutions.[1b,3] This
process leads to nucleophilic substitution of the leaving group
at the phosphorus atom with hydroxyl, resulting in the
formation of corresponding harmless phosphonic acids.[4] Albeit
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Figure 1. Organophosphates used for this study: Ethyl paraoxon (POX), Sarin
(GB), VX and Tabun (GA).
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efficient, this approach has a few notable drawbacks. Firstly, it
requires a significant surplus of base to ensure swift and
thorough decontamination of the OP substrate. Secondly, the
solution‘s highly alkaline properties pose risks of corrosion to
various surfaces. Lastly, being a liquid-based decontamination
approach, its integration into personal protection systems is
challenging, thereby restricting its practical usage.[1a,5]

Hence, there is a pressing need for finding effective
decontamination techniques capable of functioning under
gentle conditions to bolster the mass elimination of nerve
agent reserves and to create catalytic materials for immediate
personnel safeguarding, including those seamlessly integrated
into filters or interwoven into the textiles of personal protective
equipment.[6] In response, researchers have explored various
catalytic systems with the potential to meet these demands,
with particular attention given to catalysts having metal oxides
which have demonstrated considerable potential.[3,7]

Fundamentally, rapid catalytic hydrolysis of OP compounds
at ambient conditions necessitates a couple of key elements: a
Lewis acidic site to activate the phosphorus center, and a base
to facilitate the availability of hydroxyl groups for the
nucleophilic attack on the organophosphorus substrate. The
blueprint for developing catalysts consisting of metal oxides for
decontaminating OP nerve agents was initially influenced by
biology, specifically enzymes such as phosphotriesterase char-
acterized by bridged Zn(II) (Zn-OH� Zn), thus proficient in
neutralizing OP compounds.[8] An obstacle to enzymatic
hydrolysis of the nerve agents is a significant decline in enzyme
activity at pH levels below 6.[9] Acidic by-products also emerge
during the hydrolysis of some OP agents in acidic conditions.[9]

This underscores the need for a class of durable and resilient
materials capable of efficiently detoxifying OP agents. Drawing
inspiration from the enzymes, scientists have delved into a
relatively novel class of materials, metal organic frameworks
(MOFs),[10] that possess the structural characteristics necessary
for catalytic hydrolysis of OP agents, while also offering excep-
tional stability and permanent porosity as support.[7f,11]

MOFs represent a modern category of crystalline solids
distinguished by their adjustable attributes like pore dimension,
surface area and functionalities.[10,12] These frameworks are
constructed through the creation of coordination bonds
connecting metal-ion or metal-oxide clusters, clusters which are
precursor of many functional materials,[13] often referred to as
secondary building units (SBUs), with polytopic organic linkers.
Utilizing the Zr6(μ3-O)4(μ3-OH)4 SBU has enabled the synthesis of
numerous MOFs capable of catalyzing the hydrolysis of OP
agents, including highly hazardous CWAs. Due to their signifi-
cant porosity and the robust Pearson hard-acid characteristics
of their Zr(IV) sites, coupled with a strong affinity for phosphate
compounds, Zr-based MOFs are being explored as highly
promising materials for the safe disposal of OP pesticides and
CWAs.[14] Moreover, the MOF nodes accommodating zirconium-
bridging hydroxo ligands, bear a resemblance to the active sites
of phosphotriesterase enzymes, containing bridged Zn(II) (Zn-
OH� Zn). Analysis of available data has revealed various factors
influencing degradation kinetics including strong Lewis acidity
influencing activation of the P=O bond, while pore size

facilitates access of the agent to the catalytic sites within the
framework.[15]

Indeed, recent studies have demonstrated the effective
hydrolysis of CWA agents or pesticides by some Zr-MOFs.
Notably, a few investigations stand out, reporting the hydrolysis
and capture of OP pollutants using Zr-MOFs such as NU-1000,
PCN � 777, MOF-808, UiO-66-NH2, UiO-67 and their
composites.[11a,14,16] Conversely, most of these Zr-MOFs exhibit
hydrolytic degradation of organophosphorus compounds (OPs)
in buffered media under significantly high alkaline pH con-
ditions (pH 9–10), which, while being far from physiological
conditions, also facilitates hydrolysis by itself. In miliQ water or
in pH 7 solutions, conversion barely reaches 20–30%[16a] with
rare exceptions.[17] In addition, only few of those instances have
been reported for the disposal of multiple pollutants, falling
short of replicating real-world application conditions. [16a,17]

There is also a shortage of literature covering studies
conducted at physiological pH. The degradation of CWAs in
such conditions is imperative due to the potential threat these
toxic substances pose to human health and safety. Replicating
physiological pH to investigate OP hydrolysis not only closely
mimics the conditions present within the human body but is
also crucial for reducing corrosive damage initiated by high
alkaline solutions and thereby simulating eco-friendly and
biodegradable conditions. This approach should also be
beneficial for devising countermeasures and treatments by
facilitating a prompt response to chemical threats in emergency
scenarios.

Recently, Some of us have reported a modified synthesis
method for a well-known highly stable MOF, MOF-801(Zr),
which shares a similar topology with UiO-66 (Figure 2a).[18] The
ideal structure of MOF-801(Zr) involves the assembly of the
[Zr6O4(OH)4] SBU with 12 ditopic fumarate linkers, resulting in a
crystalline structure with a face-centered cubic topology.[18] By
employing an excess amount of modulator, such as acetic acid,
one not only can control the crystallization process to form
uniform nanoparticles of the material but also introduce a large
number of defects in the structure, leading to linker and/or
metal vacancies. This, in turn, results in higher surface area,
tunable porosity, and enhanced catalytic activity. In addition,
the excellent water stability and the ideal pore structure for
extensive ion conduction led us to explore this Zr-based MOF
potential to hydrolyze OP toxic agents.

In this study, we demonstrate that MOF-801(Zr) can
efficiently catalyze the hydrolysis of a series of OP pesticide and
CWAs (viz., POX, GA, GB and VX, Figure 1) in close to
physiological pH conditions, achieving conversion of up to 99%
of the OP agents with a maximum half-life of only 3.5 minutes.

Due to its heterogeneous nature and the ease of regenerat-
ing the catalyst, we have also demonstrated its recycling ability
for at least 5 cycles with tremendous residual efficacy.

Results and Discussion

MOF-801(Zr) was synthesized according to a protocol previously
reported by some of us[19] following an earlier study.[20] The
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PXRD pattern (Figure 2b) displays the characteristic Bragg peaks
of the MOF-801(Zr) structure as shown previously and further
physico-chemically characterized.[19] The FT-IR of MOF-801(Zr)
(Figure 2c) displays characteristic vibration bands at 1393 and
1650 cm� 1 corresponding to the -OCO- and C=O stretching
modes respectively, a band at 1559 cm� 1 for C=C stretching
mode and at 793 cm� 1 corresponding to the Zr� O stretching
mode. MOF-801(Zr) was also characterized by N2 porosimetry. It
presents a type- I isotherm characteristic of a microporous
material (Figure 2d). The Brunauer-Emmett-Teller (BET) surface
area of 953 m2g� 1 is close to that previously reported for MOF-
801(Zr) NPs.[19] As can be seen from HAADF-STEM images of the
Figure 2e-f, MOF-801(Zr) consists of spheroidal nanocrystals
with an average particle diameter of 30 nm and a quite narrow
size distribution as previously reported.[19] Thermogravimetric
analysis of the MOF allows to evaluate the ratio of the inorganic
and organic part of the material suggesting 47% organic part
and 53% inorganic part, very close to the calculated ratio
obtained from molecular formula {Zr6C24H16O32}.

[18] (Fig S1)

MOF-801(Zr) was synthesized using a high amount of
modulator (acetic acid), which not only enables control over the
crystallite size but also regulates the density of defects. Addi-
tionally, the inclusion of a modulator can significantly impact
the porosity, hydrophilic–hydrophobic balance of the MOFs,
and their adsorption or catalytic properties, as previously
documented.[19][21] Defects occur when an organic linker (linker
defects) or an entire zirconium cluster and its 12 associated
linkers are absent (cluster defects), leading to the formation of
mesopores and open coordination sites on SBUs crucial for high
Lewis acidity.[21] We previously determined the composition and
quantity of structural defects in this MOF using a combination
of TGA, and 1H and 13C MAS NMR spectroscopy, as shown in
table 1.[19] A significant amount of linker defects was found to
be present in the MOF-801(Zr) since the connectivity of the {Zr6}
oxo cluster was found to be close to 9, lower than that of 12 for
a defect-free MOF-801(Zr).

Figure 3 shows the initial catalytic test towards the degrada-
tion of an OP pesticide, diethyl-4-nitrophenyl phosphate (POX,

Figure 2. a) Structure of MOF-801(Zr). (b-d) Characterization of MOF-801(Zr), compared with as obtained MOF after catalysis and MOF after full recovery: b)
Calculated and experimental PXRD patterns, c) FTIR spectra, d) N2 adsorption � desorption isotherms (adsorption, filled symbols; desorption, empty symbols)
at 77 K (p° =1 atm). e) & f) HAADF-STEM images of pristine MOF-801(Zr).

Table 1. Structural properties and chemical composition of the MOF.[19] AcO and FA represent acetate and fumarate, respectively.

AcO/FA Molecular
formula

Defect level
(%)

Connectivity
of {Zr6} oxo cluster

0.62 Zr6O4.3(OH)3.7(FA)4.5(AcO)2.7 25 9
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3 mM), carried out using MOF-801(Zr) as catalyst (12 μmol) in
20 mM

TRIS buffer at pH 7.5 containing 0.15 M NaCl as reaction
medium, to mimic a physiological medium. It is widely
recognized that Zr-based MOFs or nanozymes facilitate the
hydrolysis of hazardous OPs such as POX, leading to the
generation of 4-nitrophenoxide and diethylphosphate (DEP).[22]

As 4-nitrophenoxide exhibits a strong absorbance at 410 nm, it
is thus convenient to monitor the progress of the hydrolysis
reaction by following the increase of the intensity of its
absorbance at this wavelength through UV-visible spectroscopy
(Figure 3a). Figure 3a illustrates the initial 120-min segment of a
representative absorbance evolution profile depicting the
catalytic hydrolytic degradation of POX and its comparison with
a blank control without catalyst and ZrO2 nanoparticles. The
percentage of conversion (Figure 3b) was calculated using 31P
NMR spectroscopy involving the comparison of integrations of
an external standard (triethylphosphate, δ=0 ppm) with the 31P
chemical shift of POX (δ= � 6.25 ppm) and that of the
hydrolysis product, DEP anion (δ=1.5 ppm) (Figure S2). Fig-
ure 3b shows that under the above-mentioned conditions a

50% conversion of POX was reached after a t1=2 value of 15 min.
whereas 75% and 87.5% conversions were reached after the t3/4
and t7/8 values of about 30 and 60 minutes, respectively.

The conversion of POX reached a plateau value of ~89%
after 2 h of reaction, most probably due to the saturation of the
active catalytic sites with the hydrolyzed products leading to
the deactivation of the catalytic centers. At any time point of
the hydrolysis, extraction of the MOF by filtration from the
reaction mixture caused an immediate termination of the
reaction, demonstrating the role of MOF as a heterogeneous
catalyst towards the hydrolytic degradation of POX (Figure S3).

Most of the studies on POX or DMNP hydrolysis report first-
order or pseudo first-order kinetics studied at highly alkaline pH
(~10).[16a] Generally the interaction of H2O/OH

� with the OP
substrate is defined as the rate limiting step of such reactions.[23]

Thus, this is quite in line with the fact that at such pH values,
there will be a large excess of hydroxyl ions, making the rate
determining step to depend primarily on the activity of the
substrate (V=kapp[POX]). In the case of a first-order reaction,
one would expect a consistent value for successive half-lives.
However, in the present case, as can be deducted from the

Figure 3. a) Evolution of the λmax at 410 nm in UV-vis spectroscopy with course of the reaction of POX with MOF-801(Zr), in comparison with POX with no
catalyst and ZrO2 nanoparticles (Φ<100 nm). b) % conversion as calculated from 31P NMR in course of the reaction. Dotted line indicates a 2nd order reaction
pathway model. 1st, 2nd and 3rd t1=2 (t

1=2, t
3=4 and t7/8 of the reaction are represented by blue vertical lines. c) Evolution of the intensity of the yellow coloration

during the hydrolysis of POX, indicating the formation of 4-nitrophenoxide in solution.
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experimental rate plot in Figure 3b, the t7/8 value (~60 min.) is
about twice longer than the t3/4 value (~30 min.) itself being
about twice longer than the t1/2 value (~15 min.), which is thus
more consistent with a second order kinetics for the reaction.
This is not surprising as in contrast to analogous reactions
catalyzed at a higher pH (e.g., 10), in the current investigation,
the solution pH (7.5) is only marginally alkaline, thereby
minimizing the anticipation of a significant excess of the
nucleophile OH � . Instead, its participation in the rate-determin-
ing step alongside [POX] is consistent with a second order
kinetics for the reaction with v=k[OH� ][POX].

It is noteworthy that while the primary route for POX
consumption is hydrolysis by the MOF, an important quantity of
POX was also detected to be adsorbed within the porosity of
the MOF, as evidenced by solid-state NMR spectroscopy on the
MOF recovered after reaction (Figure S4). The 31P NMR signal at
� 5.6 ppm indicates the presence of unreacted POX and the
lack of the resonance of the hydrolyzed product at +2 ppm
suggests its absence or presence in very few amounts.

It’s important to mention that while the majority of the
hydrolyzed product (DEP and 4-nitrophenoxide) was found in
the solution, a small portion was also trapped within the MOF.
This was indicated by the change in color of the recovered
MOF, shifting from its original white color to yellow after the
reaction (Figure 4b). Additionally, solid-state DRS (diffuse reflec-
tance spectroscopy) reveals the emergence of a band at
375 nm throughout the reaction (Figure 4b). It is to be noted
that although the λmax of 4-nitrophenoxide in a solution with a
pH of 7.5 is 410 nm, in solid-state DRS, the λmax undergoes a
blue shift to 387 nm, likely due to the absence of solvation
(Figure 4a). Furthermore, a blue shift is also observed for 4-
nitrophenoxide when encapsulated in the solid phase of MOF-
801(Zr) to reach 379 nm, which could be attributed to the
partial protonation of the phenolate groups by the H2O groups
present in the MOF (Figure 4a).

Following catalysis, the stability of the as obtained catalyst,
without performing any activation protocol, was evaluated
through a series of characterizations, including PXRD, FTIR, and
N2 porosimetry (Figure 2b-d). This as-obtained MOF-801(Zr)
catalyst presumably contains a large number of trapped
substrates and/or hydrolyzed product in the pores as shown by
the decrease of the Bragg peaks intensity at low 2-theta angles
{8.7 (111 plane) & 10 (200 plane)} in PXRD (Figure 2b), and the
decrease of the surface area measured by N2 porosimetry
(Figure 2d) (449 m2/g for the as-obtained MOF-801(Zr) after
catalysis vs 953 m2/g for the pristine MOF-801(Zr)). Furthermore,
the FTIR spectrum (Figure 2c) of this material exhibited all the
characteristic bands of MOF-801(Zr), with additional bands at
950, 1008, and 1110 cm� 1, which could be attributed to Р-O
symmetric stretch (950 cm� 1) and P� O asymmetric stretch
(1008 cm� 1 and 1110 cm� 1). This observation is expected to be
due to the entrapment of both the substrate and the hydro-
lyzed DEP, which contain PO4

3� groups.
Adsorption of the hydrolyzed product and unreacted

substrate within the MOF was also found by solid-state DRS and
solid-state NMR experiments (Figure 4 & S4), but the catalytic
activity of MOF-801(Zr) could be recovered by washing
thoroughly with water and subsequent drying in vacuum.
Indeed, the characterization of the activated MOF-801(Zr) after
catalysis by PXRD, FTIR and N2 porosimetry indicates almost full
recovery of the catalyst since its PXRD pattern, FT-IR spectrum
and N2 adsorption isotherm are comparable to that of the
pristine MOF (Figure 2b-d).

All of these characterization data suggest recovery of the
catalytic property of the material. Thus, the recycling ability of
the MOF was worth being studied to assess the efficacy of
MOF-801(Zr) for repetitive usage towards catalytic OP hydrol-
ysis. A recyclability study using POX was conducted for 5
consecutive cycles of 1 h. As shown in Figure S5, the efficiency
of the initial reaction with a pristine catalyst was considered to

Figure 4. a) Solid state DRS (diffuse reflectance spectroscopy) of MOF-801(Zr), solid p-nitrophenol and p-nitrophenol in presence of MOF-801(Zr). b) Evolution
of the λmax at 375 nm in solid state DRS UV-vis spectroscopy of the solid recovered after reaction with course of the reaction of POX with MOF-801(Zr).
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be 100%. Upon recovering the catalyst and using it in
additional cycles, the yield decreased slightly, fluctuating
between 89% and 98% during the 5 cycles. These findings
suggest a minimum degree of degradation of MOF over
repetitive catalytic cycles.

Following the observation of highly promising catalytic
activity with the OP pesticide POX, we next focused of the
detoxification of real CWAs. Hydrolysis of GB and GA were
followed by an enzymatic assay monitoring butyrylcholinester-
ase (BChE) inhibition[24] and that of VX by supercritical fluid
chromatography (SFC, see experimental section for details). It is
important to note that, due to the high toxicity of these
compounds, using a high concentration such as that used
previously for POX was not reasonable and lower toxic
concentration had to be used. For BChE inhibition, 1.2 μmol of
MOF 801(Zr) and desired concentration of one of the CWA
agents were taken in TRIS buffer at pH 7.5 and incubated with
BChE in phosphate buffer containing Ellman’s reagent, 5,5’-
dithiobis-(2-nitrobenzoic acid). The course of the reaction was
monitored by measuring the absorbance of the 3-carboxy-4-
nitrobenzenethiolate at 410 nm produced in the assay.

The hydrolysis rate of GB and GA with MOF at pH 7.5
proceeded with excellent t1=2 of 4.5 and 3.5 minutes, respectively
(Figure 5) in the tested conditions. Monitoring the hydrolysis of
these CWA agents for 90 minutes showed that a very high
conversions of 99% and 94% respectively could be achieved.

However, in the presence of the MOF, a slower hydrolysis of
VX was observed in SFC, resulting in 69% conversion after 2 h
of reaction with a t1=2 value of 44 min, the slowest among all the
4 OPs (Figure 5), however over 98% conversion was detected
after 4 h (Figure S6). Such slower kinetics could be attributed to
the comparatively higher stability of the P-S bond compared to
P� O or P-CN bonds, as well as higher hydrophobicity of VX
compared to the other OPs. It is to be noted that SFC was
performed in a non-targeted approach. After extraction of the
ten most abundant peaks and structural identification using
software, products resulting from the primary degradation
pathways of VX, including cleavage of the P� S, S� C, and P� O
bonds, were targeted. Unfortunately, none of these products
were detected, particularly the highly toxic product EA2192.[25]

The absence of detection of highly polar molecules could be
explained by their trapping during the Solid-Liquid Extraction
(SLE) step prior to SFC. An overlay of SFC chromatograms at
different time points has been shown in the SI (Figure S7).

Table 2 presents a comparison between the current study
and an earlier report regarding the hydrolysis of various OP
agents by Zr-based MOFs at different pH values.[16a] For most
OPs (such as POX, VX, and GA) at pH 10, several Zr-MOFs
exhibited significant activity with faster kinetics, primarily
attributed to the abundant presence of hydroxyl ions in the
medium. However, the reaction notably decelerates at neutral
pH, which is of course due to the decrease in the concentration
in hydroxyl ions in medium that takes crucial part in both the
catalysis as well as towards the regeneration of the catalyst. In
our study conducted at pH 7.5, we observed significantly
improved efficiency in most cases, with lower t1/2 values than
those reported in previous studies conducted at neutral pH.

Furthermore, the degradation of GB by Zr-based MOFs, which
has been scarcely reported in the literature, occurred with an
excellent conversion of 99% with an impressive t1/2 of 4.5 min
in our study. In the next section, a mechanism will be proposed
to explain our results.

Figure 5. Conversion (%) towards the hydrolysis of CWAs by MOF-801(Zr): a)
Sarin (GB) b) Tabun (GA) and c) VX.
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Efforts have been dedicated to comprehending the hydrol-
ysis mechanism in these systems, utilizing both experimental
and computational methodologies.[11c] Here, we propose a
mechanistic pathway considering the previous literature and
experimental evidences collected in this study (Figure 6). The
degradation pathway involves hydrolysis followed by an
adsorption step, wherein coordinated unsaturated Zr(IV) sites
on MOF-801(Zr) coordinates with the P═O group of the OP
agent (Figure 6a). Subsequently, a nucleophilic attack of a
hydroxyl ion aided by a water molecule on the phosphorus
atom leads to the removal of the leaving group (for example 4-

nitrophenoxide in case of POX) from the OP after the formation
of an intermediate. Eventually, the addition of water molecules
liberates the Zr(IV) site, resulting in the formation of the less
toxic phosphonate. In the case of POX hydrolysis, the 31P NMR
analysis confirmed the presence of DEP in the degradation of
POX, while the evolution of the band at 410 nm with the
progression of the reaction in UV-vis spectroscopy evidenced
the production of 4-nitrophenoxide, in agreement with the
proposed mechanism.

One of the most critical factors affecting the hydrolysis rate
is the pH of the reaction medium. As the hydrolysis reaction

Table 2. Comparison among the efficiency of different Zr based MOFs towards OP hydrolysis reported earlier with reported in this study.

Subs. MOF Catalyst pH t1/2, min Conv. (%) Ref.

POX NU-1000 10 2.6 100 [16a]

MOF-808 10 3.6 100 [16a]

UiO-66-NH2 10 35 75 [16a]

UiO-66-NH2 7 99 21 [16a]

MOF-801 7.5 15 89 This work

VX NU-1000 10 5.3 100 [16a]

MOF-808 10 <0.5 100 [16a]

UiO-66-NH2 10 2.2 100 [16a]

UiO-66-NH2 7 5 85 [16a]

MOF-801 7.5 44 69 This work

GA NU-1000 7 97 23 [16a]

MOF-808 7 94 24 [16a]

UiO-66-NH2 7 39 33 [16a]

MOF-801 7.5 3.5 94 This work

GB MOF-801 7.5 4.5 99 This work

Figure 6. a) A proposed mechanism of hydrolysis of nerve agents by MOF-801(Zr), b) conduction of hydroxyl ions inside the cavity of the highly hydrophilic
MOF-801(Zr), aided by μ3-OH groups (only one connection shown for the sake of simple representation) facilitating hydrolysis of OP agents.
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involves the nucleophilic attack of the organophosphorus
compound by hydroxyl ligand aided by water molecule,
reactions are typically conducted at alkaline pH values to ensure
the presence of hydroxyl ions in large amount (usually pH ~9-
10). In absence of base, on hydrolysis, the produced phospho-
nate also binds with the Zr6 nodes very strongly, thus limiting
further activity.[11c] Proton/hydroxyl ions are also believed to
have an active part in the regeneration of the MOF after
catalysis.

Thus, several studies conducted at pH 7 found a significant
decrease in the rate constant and the conversion percentage.
However, the present study conducted near physiological pH
(7.5) shows a significant enhancement of both the rate and
efficiency compared to reported studies at pH 7. This can be
attributed to three principal reasons. Firstly, the slightly alkaline
nature of the medium provides sufficient hydroxyl ions to take
part in the reaction and for the regeneration of the catalyst. In
addition, the structural features of MOF-801(Zr), including its
inherent proton sources such as μ3-OH groups, can promote the
establishment of hydrogen bonding networks with water
molecules in the surrounding environment,[26] thereby facilitat-
ing proton and hydroxyl ion transport (Figure 6b). Notably, as a
result of the presence of fumaric acid, MOF-801(Zr) presents a
high hydrophilic character and can adsorb a large amount of
water in its tetrahedral and octahedral cavities that are prone to
interact with the μ3-OH groups of the framework through
hydrogen bonds. Additionally, the intrinsic pore diameters of
the structure range from 4.8 to 7.4 Å, resulting in narrow pore
sizes that favor the organization of surrounding water mole-
cules into an oriented hydrogen bonding system.[18a,26] These
features of MOF-801(Zr) greatly enhance the ion conduction,
thus facilitating the reaction at moderately alkaline pH (7.5). The
importance of narrow pores, proton/hydroxyl conduction inside
the MOF pore and the cooperativity among different catalytic
sites was also evident by the fact that commercial ZrO2

nanoparticles of diameter <100 nm only exhibited trace
amount of hydrolysis in similar reaction conditions (Figure 3a-
b).

Another significant factor that impacts the hydrolysis is the
size of the MOF crystallites, where nanosized particles lead to
faster substrate adsorption and product desorption owing to
greater contact surface area with the substrate.[11c,27] Indeed, the
crystallite size of MOF-801(Zr) synthesized in this study is close
to 30 nm, which is significantly smaller than similar Zr based
MOFs used in previous studies, thereby favoring the reaction at
these conditions.

Conclusions

The rate and efficiency of the degradation of a chemically
diverse range of organophosphate-based chemical warfare
agents, including VX, GA, GB, and a pesticide, POX, were
assessed in the presence of a Zr-based metal-organic framework
MOF-801(Zr) which was used as a catalyst for the first time. The
degradation rates were measured in a TRIS-buffer system of
pH 7.5, to check the activity close to physiological conditions

and to further elucidate the features and mechanisms govern-
ing these detoxification reactions. Experimental data revealed
that the Zr-based MOF exhibited a significant potential for the
decontamination of various OP agents under such conditions. It
appeared that the potential of MOF-801(Zr) to form an
extensive channel of water molecules aided by the μ3-OH
groups of the inner wall and favorable pore structure that
influences extensive proton and hydroxyl conduction, finally led
to the high efficiency of OP hydrolysis in a low alkaline medium.
The nanometric size of MOF-801(Zr) crystallites, favored by the
utilization of modulators during synthesis, also greatly influ-
enced such high activity. Due to the heterogeneous nature of
MOF and its easy recovery by simple filtration, it was possible to
recycle it for at least 5 times without any significant loss of
activity.

Experimental Section
Synthesis of MOF-801: The MOF was synthesized following the
protocol we reported recently.19

POX hydrolysis: The UV-visible kinetics experiments were performed
using centrifuged reaction mixture containing MOF-801(Zr), and
POX TRIS buffer of pH 7.5 containing NaCl.

The reaction media after catalysis were further subjected to 31P
NMR analysis for the quantification of the product (DEP).

Recovery of catalyst and recycling tests: After each catalytic cycle the
solid MOF was separated and reactivated before reuse.

Hydrolysis of CWAs

Caution! CWAs (GA, VX, GD) are extremely toxic compounds.
Experiments involving these materials should only be conducted by
trained personnel in a laboratory authorized to handle such
materials.

BChE protocol: MOF-801(Zr) and Tabun or Sarin in TRIS buffer
containing NaCl were added to BChE incubated in phosphate buffer
to measure the according to Ellman’s method by measuring the
absorbance at 410 nm.

SFC: Reaction media of MOF-801(Zr) and VX in TRIS buffer
containing NaCl were injected on SFC for analysis of hydrolysis.

More details about the experiments can be found in the SI.

Supporting Information

Additional experimental details, and additional characterization
data are presented in the SI.
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Detoxification of organophosphate
(OP) chemical warfare agents is a
major concern due to their high
toxicity. Previous researches demon-
strate Zr-MOF catalysts efficiently hy-
drolyzing OPs in highly alkaline pH
(~9-10). However, catalysts for detoxi-
fication at physiological pH and with
high recycling ability remain limited.
Here, we explore MOF-801(Zr) for OP
detoxification at pH 7.5, showing sig-
nificant catalytic activity, detoxifying
up to 99% of pollutants within 2 h
with fast t1/2 of as low as 3.5 min, and
retaining more than 90% of residual
activity after 5 cycles.
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