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ABSTRACT 

Chemical warfare agents (CWA) have been used in the World Wars and in terrorist attacks, and hence there is an urgent need to 
find means of their decontamination. Metal oxides offer a rapid means of their disposal, since they contain reactive Lewis acid 
and basic sites, on which adsorption of the CWA, and subsequent hydrolysis, can take place. Destructive adsorption of CWA on 
metal oxides yields non-toxic products. Nanoscale metal oxides display enhanced reactive properties toward warfare agents due 
to their high surface area, large number of highly reactive edges, corner defect sites, unusual lattice planes and high surface to 
volume ratio. Both experimental and theoretical studies have established that decomposition of nerve agents is facilitated on 
nanoscale Al2O3, MgO, CaO, TiO2, ZnO and small edge and corner clay mineral fragments. Compared to sulfur mustard, nerve 
agents are more potent. We first briefly describe their mode of action. Many experimental and theoretical studies have been 
performed to study their decomposition on various metal oxide surfaces, such as MgO, CaO, Al2O3, TiO2, V2O5, and clay 
minerals. The results of these studies are reviewed here. Photochemical degradation on TiO2 nanosurfaces has also yielded 
promising results. Because of the toxicity and risk involved, experimental studies have been mostly confined to the benign 
simulants, whereas theoretical studies have attempted to compare the real agents with their mimics. These studies establish a 
qualitative correlation between the G-agents and their simulant DMMP, and, hence, decomposition on metal oxide surfaces can 
be analyzed by observing the surface chemistry of DMMP on a wide variety of metal oxide surfaces. This review attempts to 
compile the literature concerning CWA and their simulants. Copyright © 2013 VBRI press.  
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Introduction  

Chemical Warfare Agents (CWA) are intended in military 
operations to kill, seriously injure, or incapacitate people 
because of their physiological effects. They also 
contaminate the environment and ground water during their 
release, and thus the studies on the materials for the 
destruction and disposal of CWA are highly important.                                                                         

The two major threat classes of these chemical weapons 
are sulfur mustard and the nerve agents. Sulfur mustard was 
used in World War I, and the nerve agents were developed 
shortly during, and after, World War II. These agents were 
designed to harm people by any route of exposure and to be 

effective at low doses. Sulfur mustard (Fig. 1a), bis-(2-
chloroethyl)sulfide, also known as HD, S-mustard, HS, etc. 
smells like garlic or mustard, but its disabling vapor 
concentration may have so little odor that one is not aware 
of the danger until hours of exposure, when signs and 
symptoms begin to appear. Besides, it is colorless and 
tasteless, making it all the more dangerous as its detection 
by the senses is unlikely. HD has been recognized as a 
radiomimetic and a human carcinogen. On being absorbed 
inside the body, its toxic affects result from chemical 
reaction with the cellular constituents. These biochemical 
reactions cause inhibition of mitosis, nicotinamide adenine 
dinucleotide (NAD) depletion, decreased tissue respiration 
and ultimately death. 

 

 
Fig. 1. Structure of (a) Sulfur mustard, (b) G-type chemical warfare 
agents, and (c) V-type chemical warfare agents. 
 

Nerve agents are a subfamily of organophosphorus 
compounds developed for chemical warfare. Most of the 
nerve agents were originally synthesized in a search for 
insecticides, but because of their toxicity, they were 
evaluated for military use. They are generally grouped into 

two classes: G and V. G agents (Fig. 1b) are derivatives of 
phosphoramidocyanidic or methylphosphonofluoridate and 
include sarin (GB; isopropyl methylphosphonofluoridate), 
tabun (GA; ethyl N-dimethylphosphoramidocyanidate) and 
soman (GD; pinacolyl methylphosphonofluoridate). V 

agents (Fig. 1c) are derivatives of methylphosphonothoic 
acid. VX is primary V-type agent. Nerve agents are readily 
adsorbed by inhalation, ingestion, and dermal contact. The 

general properties of CWA are tabulated in Table 1.  
 

Table 1. Properties of chemical warfare agents. 

Name
Molecular 

Formula
Appearance

Molecular 

weight

Mode of 

Action

Decomposition 

Temperature

LD50

in rat 

oral 

(mg 

kg-1)a

HD C4H8Cl2S

Pale yellow to

dark brown 

oily liquid 

with garlic

odor

159.07 Vesicant ---- 2.4

GA C5H11PO2N

Colorless to 

brown liquid 

giving off

colorless 

vapors

162.12
Nerve 

Agent
423 1.06

GB C4H10PO2F

Colorless to 

brown

liquid giving 

off

colorless 

vapors

140.10
Nerve 

Agent
423 0.10

GD C7H16PO2F

Colorless to 

brown liquid 

giving off 

colorless 

vapors

182.20
Nerve 

Agent
403 *0.045

VX C11H24PO2SN

Amber 

colored

Liquid

267.40
Nerve 

Agent
423

0.077-

0.128

 
aLD50 is lethal dose in 50%. 
*LD50 value for rat in vitro. 
 

The relative potencies of the CWA are VX > GD > GB 

> GA > HD, as evidenced by their LD50 values [1-4] given 
in Table 1. Because of the greater potency of the nerve 
agents, we briefly describe their mode of action on the 
nervous system. 
 
Mode of action of nerve agents on the nervous system 

The organophosphorus agents, or nerve agents, are often 
called “anticholinesterases”, because they phosphoryle the 
enzyme acetylcholinesterase (AChE), which plays a 
significant role in the nervous system. Before going into the 
details of how nerve agents inhibit this enzyme, it is 
important to understand the role of this enzyme in the 
nervous system, which is explained below.  
 
 

 
 

Fig. 2. Catalytic action of the enzyme acetylcholinesterase. 
 

Signals are transmitted along nerve fibers by changing 
electrical potentials. When a muscle receives a signal from 
the brain, a neurotransmitter acetylcholine (in humans) is 
released at the end of the muscle fibers. It diffuses across 
the synapse (a gap of about 10-8 m between the nerve 
ending and muscle), causing a change in electrical potential 
on the muscle, thereby initiating muscular contraction. At 
this point, the enzyme AChE facilitates the hydrolysis of 
acetylcholine, producing products that no longer activate 
the muscle. This causes the muscle to relax. Therefore, 
each signal requires release and hydrolysis of acetylcholine, 
causing muscular contraction and relaxation many 
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thousands of times per second. The mechanism of 

acetylcholine hydrolysis (Fig. 2) is based on the formation 
of an initial complex with the enzyme, followed by release 
of choline, and hence hydrolysis of the esterified enzyme.  
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Fig. 3. Inhibition of acetylcholinesterase by chemical warfare agents. 
 

Therefore, the inhibition of AChE caused by its 
phosphorylation by organophosphorous compounds renders 
the enzyme inactive, which forbids the transmission of 
nerve impulses, leading to failure of muscle movement. 
This results in an uncontrolled increase of acetylcholine 
concentration at cholinergic synapses, leading to a variety 
of cholinergic effects, such as myosis, salivation, 
hypotension, muscle tremors, convulsions and respiratory 
depression.  

All organophosphorus pesticides and CWA of the 
general form R1R2P(O/S)X, where R1, R2 are alkyl or 
alkoxy groups and X is a good leaving group, are fairly 
good phosphorylating agents, because of the group X. 

These form stable complexes (Fig. 3) causing 
phosphorylation of the AChE enzyme and hence inhibit 

enzyme action [5-7]. 
 
Role of chirality in inhibiting acetylcholinesterase  

Interestingly, the chirality around the phosphorus atom has 
large implications for the toxicity of these agents. For these 
organophosphorus compounds, there exists a correlation 
between the biological activity and absolute and relative 
chirality. The existence of various stereoisomeric forms of 
nerve agents can be distinguished in NMR spectroscopy by 

the use of chiral shift reagents [8-9]. For GD, its four 
stereoisomers have been separated and were found to differ 
in anticholinesterase activity by up to 105-fold, and in acute 
toxicity by up to 100-fold from the least toxic to the most 

[10]. The absolute configuration (S)-(-) at the chiral 
phosphorus center for the most active forms has been 
determined from analysis of NMR coupling constants of the 

two diastereomeric forms of GD [11]. On the basis of 

chemical correlation, the same absolute (S)-(-) 

configuration was proposed for the more toxic enantiomer 

of GB [10]. The conformational properties of GA indicate 
the presence of two enantiomers (R and S). These two 

enantiomers have been isolated [12], and it has been found 

through crystallographic studies [13] that the S enantiomer 
accounts for the AChE inhibition property of this molecule. 
The R form is almost inactive. 

The CWA were used in the World Wars, in terrorist 
attacks against Japan (1984 and 1985), and in the Iran-Iraq 
war in the 1980s, killing and injuring a large number of 
people. Therefore, with the push towards demilitarizing 

chemical weapons, as well as the importance of quickly 
detecting and decomposing CWA employed against troops 
and civilians, research on reactivity of CWA and their 
detoxification is important. 

Reactive decontaminants for chemical destruction of 
CWA have been characterized by their capability to 
neutralize CWA in a rapid and safe manner, ease of 
handling, stability in long-term storage, environment 
friendliness, availability, and easy disposal. Extensive 
research over decades has established that metal oxides 
possess all the above mentioned characteristics and hence 
have been exclusively exploited for decomposition of 
CWA. 

 

Decomposition of chemical warfare agents on 

metal oxides  

Metal oxides demonstrate superior ability to adsorb and 
decompose CWA compared to pure metal surfaces. This is 
often attributed to reactive sites on the metal oxide surface 
through which organophosphonate species (nerve agents) 
can adsorb and subsequently undergo a hydrolysis reaction. 
A wide variety of metal oxide systems have been studied, 
from clean, crystalline surfaces to high surface area 
nanomaterials. Metal oxides, well known for their industrial 
use as adsorbents, catalysts and catalyst supports, have 
several potential decontamination applications such as 
environment friendly hasty decontamination on the 
battlefield, protective filtration systems for vehicles, 
aircraft, and buildings, and the demilitarization of CWA 
munitions and stockpiles. In contrast to their conventional 
counterparts, nanoscale metal oxides possess significantly 
different properties and have been established as the 
potential adsorbent materials for decontamination of CWA. 
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Fig. 4. Reactive sites on surface of metal oxides. 

 
Due to their high surface area, large number of highly 

reactive edges, corner defect sites, unusual lattice planes 
and high surface to volume ratio, nanocrystalline metal 
oxides possess enhanced reactive properties towards CWA 

[14-16]. Fig. 4 demonstrates reactive sites, such as Lewis 
acid (metal cations), Lewis base (oxide anions) and defect 
sites (Frenkel & Schottky) available on the surface of metal 
oxides, particularly on nanoparticles, which contribute to 
their reactivity towards CWA. Thus, metal oxides, such as 

MgO [17-18], CaO [19-20], Al2O3 [21-25], TiO2 [26-35], 

ZnO [36-38], etc., are currently under consideration as 
destructive adsorbents for decontamination of CWA. The 
term “destructive adsorbent” refers to the ability to 
efficiently adsorb and, at the same time, to chemically 



 

Review Article                           Adv. Mat. Lett. 2013, 4(7), 508-521                ADVANCED MATERIALS Letters 

Adv. Mat. Lett. 2013, 4(7), 508-521                                                                                     Copyright © 2013 VBRI press.                                               
  

destroy incoming adsorbate. In the next section, various 
metal oxides and their role as destructive adsorbents are 
explored.  

 
Magnesium oxide (MgO)  

Nanoparticles of MgO exhibit novel surface chemistry and 
possess reactive surface due to the presence of defects and 
low-coordinated sites. Researchers found that, in 
nanocrystalline MgO, 30-40% of the MgO moieties are on 
the surface, providing high surface area, which allows 
adsorption and simultaneous destruction of toxic chemicals 

[39-40]. 
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Fig. 5. Decomposition of GD, VX & HD on MgO nanoparticles. 
 

The highly reactive surface properties of MgO 
nanoparticles prompted researchers to use it for the 
decomposition of toxic organophosphorus compounds. 

Wagner and co-workers [18] carried out an experimental 
study on the hydrolysis reactions of three CWA, namely 
VX, GD and HD, on the surface of MgO nanoparticles, and 
characterized the products by solid-state Magic Angle 
Spinning (MAS) NMR. The reaction mechanism, shown in 

Fig. 5, reveals that the hydrolysis reactions are quite similar 

to those observed in solution [41], except that the resulting 
products form non-toxic surface-bound metal phosphonates 
(VX and GD) and metal alkoxides (HD). Owing to surface 
hydroxyls and physisorbed water on the MgO surface, VX 
yields ethyl methylphosphonic acid (EMPA) and 
methylphosphonic acid (MPA), but no toxic S-(2-
diisopropylamino) ethyl methylphosphonothioate (EA-
2192), which was observed for basic hydrolysis of VX in 

solution [42-43]. GD forms pinacolyl methyl phosphonic 
acid (PMPA) and MPA. For VX and GD, broad 31P NMR 

lines observed for their products are consistent with the 
formation of surface-bound magnesium phosphonates. In 
case of HD, both hydrolysis and elimination reactions, 
characterized by 13C NMR, are the preferred hydrolysis 
pathways. The former yields thiodiglycol (TG), whereas in 
the latter, 2-chloroethyl vinyl sulfide (CEVS) via HCl 
elimination was obtained initially. CEVS subsequently 
undergoes a second HCl elimination to yield divinyl 
sulphide (DVS). The final product ratio is about 50% TG 
and 50% DVS, which are not surface bound due to lack of 
any binding interaction with the surface and remain volatile 

[18].  
To understand the experimental work in a better way, 

Michalkova and co-workers [17] investigated the 
decomposition mechanism of GB on MgO nanoparticles 
theoretically. For this, Mg16O16 and Mg4O4 cluster models 
were developed to study the dependence of the adsorption 
ability on cluster size. Adsorption of GB on the Mg16O16 
model resulted in some redistribution of the electron 
density, associated with an internal polarization. Their 
calculations showed that GB is adsorbed on Mg16O16 via 
molecular physisorption, which was attributed to the 
creation of hydrogen bonds and to ion-dipole and dipole-
dipole interactions between GB and the surface. On the 
other hand, the adsorption results for small cluster model 
(Mg4O4) were found to be more characteristic of 
chemisorption, owing to formation of covalent bonds 
between the surface and GB. In this case, the formation of 
three covalent bonds (between P(GB) and O(cluster), 
phosphoryl O(GB) and Mg(cluster), and alkoxy O(GB) and 
Mg(cluster)) has been reported for the energetically most 
favorable complex. The superior reactivity of small clusters 
owing to irregular edges, corners and defect sites was thus 
demonstrated. 

The authors also performed hydroxylation of the small 
cluster model to contrast the reactivity of hydroxylated and 
unhydroxylated nanocrystal surfaces. The unhydroxylated-
GB complex was found to be more stabilized as compared 
to the hydroxylated-GB complex, owing to the larger 
number of covalent bonds formed between GB and the 
surface. The unhydroxylated surface of MgO resulted in 
decomposition by transfer of the F atom from GB to an Mg 
ion on the surface, while HF was formed on hydroxylated 
MgO fragments. This work provided the rationale for the 
superior reactivity of unhydroxylated small clusters of 
nanomaterials. 

 
Calcium oxide (CaO) 

The well-known adsorption properties of CaO towards acid 
gases, such as SO2, polar organics etc. makes it a good 
candidate for adsorption of organophosphorus compounds. 

Wagner et al. [20] carried out an experimental study on the 
decomposition of CWA on the CaO nanosurface, in line 

with their previous work on MgO [18]. The hydrolysis 
reactions for GD and VX on CaO were found to be 
consistent with those observed on MgO. VX and GD 
hydrolyze to yield surface-bound complexes of nontoxic 
ethyl methylphosphonate (EMPA) and pinacolyl 
methylphosphonate (PMPA), respectively. For VX and GD, 
broad 31P MAS NMR lines observed for their products are 
consistent with the formation of surface-bound calcium 
phosphonates. 
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Fig. 6. Structure of CH-TG (sulfonium ions such as CH-TG result from 
the reaction of CH (chlorohydrin) and TG (thiodiglycol) hydrolysis 
products). 
 

In contrast to the 50:50 product distribution ratio 

observed on MgO [18], the product distribution for HD on 
CaO was about 80% divinyl sulfide and 20% thiodiglycol 

and/or sulfonium ions (CH-TG) (Fig. 6), which apparently 
reside as surface alkoxides. On partially hydrated CaO, a 
rather fast steady-state elimination of HCl was observed 
owing to acid-catalyzed surface reconstruction (to 
regenerate fresh surface) and the formation of CaCl2, which 

is known to be more reactive than CaO. Fig. 5 for the 
mechanism for the decomposition of GD, VX and HD on 
the surface of MgO applies to CaO as well, with only one 
exception, the formation of sulfonium ions as competing 
reaction in case of HD. 

In another theoretical work, intended to facilitate a more 
extensive understanding of the interactions of nerve agents 

with metal oxides nanoparticles [19], the studied adsorbent 
CaO was characterized for efficient detection and disposal 
of the nerve agent GA. The non-hydroxylated Ca4O4, 
partially hydroxylated Ca4O4(OH)H and hydroxylated 
Ca4O4(OH)2H2 models were designed to mimic the calcium 
oxide surface. The calculated interaction energies, -87.8 
kcal mol-1, -27.4 kcal mol-1 and -26.7 kcal mol-1, 
respectively, for the Ca4O4-GA, Ca4O4(OH)H-GA and the 
Ca4O4(OH)2H2-GA systems, reveal the formation of a much 
more stable complex on the unhydroxylated (Ca4O4-GA) 
system. The complex formation is stabilized by covalent 
bonding between the P atom of GA and the cluster oxygen 
atom (chemisorption), resulting in the decomposition of 

CWA [17]. On the other hand, the geometrical and 
topological parameters for the hydroxylated and partially 
hydroxylated CaO complexes indicate weaker and 
competitive hydrogen bond interactions, because of the 
larger coordination of both the surface oxygen anion site 
and the Ca cation site, which reduces their reactivity, 
supporting molecular physisorption. The result is, however, 
in contrast to an experimental study on the CaO surface 

[20], which reported that the presence of water seems to 
benefit the decomposition process.  
The strong interaction of the P=O bond with the cluster 
indicates that the nonhydroxylated complex could be useful 
for the hydrolysis of GA, while the weakly bound partially 
hydroxylated and hydroxylated complexes are useful for 
GA detection. 
 
Aluminium dioxide (Al2O3) 

γ-Al2O3 is of interest as a solid adsorbent [44,45] for air 

purification or as a catalyst support [46] in the chemical 
destruction of CWA. Preliminary work examining the 
interaction of the chemical warfare agent GB on γ-alumina 

was published by Kuiper et al. [21]. They observed that GB 
adsorbs through the phosphoryl oxygen on the Lewis acid 
sites present on the surface. Hydrolysis of the P-F bond was 
found to occur in addition to dealkylation that liberated 
propene. Fluorine remained on the surface after hydrolysis, 
in addition to an O-P-O bridging species. Adsorption of HF 
inactivated the surface, whereas the addition of water 
accelerated the reaction. 

Wagner et al. [25] next took up Al2O3 nanoparticles for 
their study of the hydrolysis reaction of liquid VX, GB and 
GD on metal oxide nanoparticle surfaces. Their results 
indicated that nerve agents hydrolyze to yield surface 
bound complexes of their corresponding nontoxic 
phosphonates, whose restricted mobility on the Al2O3 
surface was confirmed by broad 31P MAS NMR peaks. 

For VX and GD, the innocuous products obtained on 
hydrolysis were the same as those obtained on MgO and 

CaO [18,20]. GB was converted to the non-toxic isopropyl 
methylphosphonic acid (IMPA). The surface-bound 
phosphonic acid hydrolysis products are converted to 
aluminophosphonate complexes, causing facile erosion of 
the alumina surface, and exposing new surface for 
adsorption of the nerve agents. Thus, the reactive capacity 
can be exceedingly large for the nerve agents at sufficiently 
high loadings, since the reaction can continue to the core of 
the alumina nanoparticles, instead of being limited to the 
surface. This implies that the alumina surface is more 
reactive than the corresponding MgO and CaO surface, 
although reaction with VX and GD yields similar non-toxic 
metal phosphonates in all three cases. In case of HD, the 
hydrolysis products are thiodiglycol (TG, 71%) and a small 
amount of the CH-TG sulfonium ion (12%), accompanied 
by elimination of HCl (17%).  

Saxena et al. [22,23] employed Al2O3 nanoparticles 
impregnated with various chemicals to study the 
decontamination of sulfur mustard and the kinetics involved 
in its adsorption. The following year, the same research 

group [24] studied the decomposition of GB over Al2O3 
nanoparticles and demonstrated its detoxification to IMPA.  

 
Zinc oxide (ZnO) 

ZnO has long been known as a catalyst, adsorbent, toxic 

gas sensor, etc. [47-50]. It has been found to be a promising 
adsorbent for the degradation of environmental pollutants, 
both in normal and light irradiated conditions. Its reactivity 
towards toxic chemicals under normal conditions has been 
attributed to the presence of Lewis acid, Lewis base, and 
Brönsted acid sites of varying coordination, and also to 

surface hydroxides [47,49,51-52]. Moreover, the 
photocatalytic property exhibited by ZnO nanomaterials 
plays an interesting role in the photocatalytic 

decontamination of persistent CWA [36]. These properties 
attracted research interest for detoxification of CWA on the 

surface of ZnO nanoparticles [36-38].  
ZnO nanorods, a variant of nanomaterial, are known to 

possess sensing [53] and catalytic properties [54], which 
highlight their role as effective decontaminating agents. 

Prasad et al. [37] used ZnO nanorods as adsorbents for HD 
decomposition, and compared their results with those 
obtained for bulk ZnO. Although they did not find much 
difference in the respective surface areas, ZnO nanorods 
showed higher rate of destructive reaction owing to the 
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presence of a larger number of reactive sites in the form of 
defects and surface hydroxyls, though they have less 
moisture content than the bulk. Gas chromatography-Mass 
spectrometry (GC-MS) data indicated formation of 
thiodiglycol (TG), hemi-sulfur mustard, confirming the role 

of the hydrolysis reaction (Fig. 7), and chloroethyl vinyl 
sulfide (CEVS), divinyl sulfide (DVS) and hydroxyethyl 
vinyl sulfide (HEVS), confirming the role of the 

elimination reaction (Fig. 8) in decontamination of HD. 
The hydrolysis pathway was found to yield similar products 

to those recorded by Wagner et al. [18,20] on MgO and 
CaO, whereas the elimination pathway presented different 
reaction products. Both pathways proceeded with formation 
of sulfonium ions.  
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Fig. 7. Hydrolysis reaction of HD on ZnO nanorods. 
 

Further, in order to examine the effect of light on the 
decontamination properties of ZnO nanoparticles, the same 

research group [38] then carried out sunlight assisted 
photocatalytic decontamination of sulfur mustard (HD), and 
compared the data with the reaction carried out in the 
presence of UVA and visible light radiation. It was seen 
that in the presence of sunlight, 100% of HD was 
decontaminated in 12 h, whereas in the presence of UVA 
light, 90%, and in visible light, 80% of HD was 
decontaminated in 12 h. For the experiments carried out in 
the dark and under visible light irradiation, GC–MS data 
indicated the formation of thiodiglycol, hemisulfur mustard, 
divinyl sulfide, 2-chloro ethyl vinyl sulfide, etc., on the 
surface of ZnO nanoparticles. However, in sunlight and 
UVA light irradiation experiments, GC–MS data indicated 
the formation of HD sulfoxide, HD sulfone, 1,3-dithiane, 2-
chloro ethanol, acetaldehyde, carbon dioxide, etc. along 
with hydrolysis and elimination products. While the credit 
for decontamination of HD in the dark and under visible 
light was given to elimination and surface complexation 
reactions, photocatalytic reactions like C–S bond cleavage, 
oxidation of C, S atoms, in addition to the hydrolysis and 
elimination reactions, contribute to decontamination of HD 
in the case of sunlight and UVA light. 
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Fig. 8. Elimination and hydrolysis reactions of HD on ZnO nanorods. 

Inspired by the work carried out by Prasad et al. [37], 

Mahato et al. [36] synthesized ZnO nanomaterials by the 
sol-gel method and studied the decontamination reactions 
of GB on the surface by Gas Chromatography. They 
obtained similar results regarding the higher rate of 
decontamination on the surface of the nanomaterial as 
compared to the bulk. The surface hydroxyls in ZnO 
nanomaterials attack the P-F bond, and GB is converted 
initially to isopropyl methylphosphonic acid (IMPA) and 

further into methyl phosphonic acid (MPA) (Fig. 9), which 
exists both in surface bound and free states, as evidenced 
by IR data. The above experimental results showed that the 
adsorption behavior of ZnO nanomaterials is comparable to 
that of other solid decontaminants, such as nano-sized 
MgO, Al2O3, etc.  
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Fig. 9. Hydrolysis reactions of GB on the surface of ZnO nanomaterials. 
 

Titanium dioxide (TiO2) 

A limitation to the broad spectrum reactivity of nano metal 
oxides such as MgO, CaO, and Al2O3 is their instability in 
the presence of air and/or moisture. Titania, on the other 
hand, shows exceptional stability, allowing it to even pass 
through the human digestion intact and thus is also used in 
food items. 

As far as the nanocrystals or nanoparticles are 
concerned, their tendency to aggregate limits the number of 
available active sites on the surface. Nanotubes (NTs), on 
the other hand, aggregate without losing their surface area, 
making them more accessible to adsorbate molecules.  
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Fig. 10. Decontamination reactions of GB on TiO2 nanotubes. 
 

The decomposition of HD and GB on TiO2 nanotubes 

in the powder form has been studied [28,29,34], and found 
to proceed faster on the surface of TiO2 NTs than on the 

surface of bulk material [28]. The higher surface area (271 
m2 g-1) for NTs as compared to the bulk material (40 m2 g-1) 
ensures that a larger amount of CWA is adsorbed on the 
NTs surface and reacts with the relatively larger number of 
reactive sites available on TiO2 NTs. GB and HD 
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molecules react with NTs in two ways (Fig. 10 and Fig. 11 
respectively): 
1. They react with intercalated or physisorbed water 

molecules present on the surface of NTs to form 
isopropyl methylphosphonic acid (IMPA; in case of 
GB) and thiodiglycol (TG; in case of HD). 

2. They react with isolated hydroxyl groups (Ti-OH) and 
Lewis acid (Ti4+) sites to form surface bound alkoxy 
species. 
The cyclic sulfonium ion, initially formed in the case 

of HD, could not be detected by GC since it is in the 

nonvolatile form of a salt [20,55]. 
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Fig. 11. Decontamination reactions of HD on TiO2 nanotubes. 
 

The authors then modified the TiO2 NT, using transition 
metal ions such as Ru3+, Ni2+, Cu2+, Ag+, Mn2+, and Co2+ 

[29]. The rate of decontamination of HD was found to 
increase on the surface of Ag+-TiO2 with respect to the 
original TiO2 nanotube, because of the abstraction of the 
chloride ion by Ag+. Other materials (Ru3+, Ni2+, Cu2+, 
Mn2+, Co2+-TiO2 NTs), however, exhibited lower rate 
constants than even the original TiO2 NTs, indicating their 
negligible role in abstraction of the chloride ion.  

The decomposition reactions of VX, GD and HD on 

nanotubular titania (NTT) [34] proceeds by the hydrolysis 
of all three agents, the reaction of VX being profoundly 
fast, approaching the rate achievable with liquid 
decontaminants. VX is adsorbed within the NTT tubules 
and/or its titania layers, as confirmed by 31P MAS NMR. 
Comparison with conventional titania (anatase) for the VX 
decontamination reaction revealed that anatase hydrolyses 
VX faster than other metal oxides, but is slower than NTT. 
For HD and GD, the availability of abundant water 
efficiently promoted their hydrolysis to CH-TG sulfonium 
ion and pinacolyl methylphosphonic acid (PMPA; surface 
bound), respectively.  

Studies of the adsorption and photocatalytic 
decomposition of GB on the surface of the TiO2 

photocatalyst [26,31], revealed that the initial products are 
the same as in the non-photocatalytic reactions, but the final 
product is phosphoric acid formed by the complete 
degradation of GB, according to the equation: 

 

C4H10PO2F + 13/2 O2 + TiO2     →   H3PO4 + 4CO2 + 3H2O 
+ F/TiO2 

 

The fact that GB is quickly mineralized to phosphoric 
acid, CO2 and H2O implies that photocatalysis can serve as 
an effective decontamination system.   

The photocatalytic decomposition of HD was studied in 

the absence and presence of TiO2 nanoparticles [27]. While 
90% destruction of HD was observed in 6 h in the absence 
of TiO2, complete destruction occurred in just 3 h in its 
presence. The degradation products, as identified by the 
GC-MS technique, were identical to those found in 
previous experimental studies on HD. However, in the 
absence of irradiation, no degradation product was 
observed in 3 h. The photocatalysis by nano-TiO2 presented 

better results than those obtained for nano-ZnO [38] as a 
photocatalyst for HD decomposition. In another experiment 

[30], similar results were obtained for the photocatalytic 
HD decontamination on the TiO2 nanosurface, and only 
24.7% decomposed in the absence of irradiation. In the 
former case, GC–MS data indicated decontamination of 
HD to acetaldehyde, carbon dioxide, sulfur mustard 
sulfoxide, thiodiglycol, acetic acid, etc., while in the latter, 
only the hydrolysis products of HD, like thiodiglycol, were 
observed.  

 
Vanadia (V2O5)  

Non-stoichiometric vanadia (V1.02O2.98) nanotubes also 

possess decontamination properties against CWA [56]. 
Hydrolysis reactions on the surface of V1.02O2.98 nanotubes 
and formation of surface bound alkoxy species and surface 
bound phosphonates facilitate decontamination of HD and 
GB, respectively, and render them non-toxic. The reactions 
proceed by the same mechanism as in the case of TiO2 

nanotubes [28], but the reaction is slower. 
 
Clay Minerals 

Recently, a lot of interest has been centered on studying the 
adsorption properties of clay minerals (layered 
aluminosilicates that consist of a continuous sheet of corner 
sharing tetrahedra bound to parallel sheets of edge sharing 
metal octahedra) which can be considered as natural 
adsorbents. These layered aluminosilicates demonstrate a 
large variety of important physicochemical properties: 
sorption ability, large specific surface, ability to intercalate 
or to exchange ions and molecules, catalytic properties and 

surface acidity [57,58]. Therefore, clay minerals are used as 
natural adsorbents and catalysts in industrial applications 
for the purification and recycling of water systems, disposal 
of radioactive elements from water, remediation of 
explosive contaminants and several other applications 

[59,60]. Thus, the large sorption ability of clay minerals 
prompted researchers to study these for disposal of nerve 

gases [61,62]. 
Although basal surfaces of clay minerals are 

characterized exclusively by charge-saturated and 
extremely stable siloxane bonds, the reactivity of such 
surfaces can be attributed to the presence of defects. These 
defects arise when polar covalent bonds between the 
oxygen atoms and central cations of the tetrahedral sheets 
are broken. These partially coordinated oxygen anions have 
the tendency to bind strongly with protons, resulting in the 
formation of surface hydroxyls. Apart from surface 
hydroxyls, edge OH groups also play a considerable role, 
since they increase the electronegativity of clay minerals 
and hence their capacity to adsorb cations. 
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The known reactivity of silica surfaces prompted 
theoretical studies of the interaction of phosphate with 

silica and hectorite [63,64], which confirmed the efficacy of 
clay minerals as decontaminants. The interactions of GB 
and GD with dickite, a typical representative of minerals of  
the kaolinite group with a dioctahedral 1:1 layer structure 
consisting of an octahedral aluminum hydroxide sheet and a 

tetrahedral silica sheet [57,58], have been investigated [61]. 
The authors employed two cluster models to mimic the 
surface of dickite. The active sites for adsorption on the 
clay minerals are the hydroxyl groups of the octahedral side 
and the oxygen atoms of the Si-O-Si groups on the 
tetrahedral side, which form hydrogen bonds with GB and 
GD. The size of the cluster was found to have negligible 
effect on the adsorption energies, but the interaction 
energies were found to be more negative for adsorption at 
the octahedral site than at the tetrahedral site.  

The edge structures of clay are much more reactive than 
the basal surfaces, as has been experimentally demonstrated 

[65]. This is attributed to broken bonds and their well-
known tendency to form inner-sphere complexes with 

protons and other cations [65-69]. A study of the 
interaction of GB and GD with tetrahedral edge clay 
mineral surfaces containing the Al3+ or Si4+ central cations 
(the [AlO(OH)3]2-, [Al(OH)4]-, Si(OH)4, and [SiO(OH)3]- 

fragments) [62] led to the conclusion that the adsorption on 
the neutral complex is characterized by the formation of 
weak C-H…O and O-H…O hydrogen bonds, resulting in 
physisorption. However, in the case of charged clusters, 
chemisorption occurs, owing to formation of a chemical 
bond between a phosphorus atom of GB/GD and an oxygen 
atom of the charged clusters. 

The thermodynamic parameters also show some 
interesting aspects. The calculated Gibbs energy values for 
the adsorbed system were found to be negative only in case 
of the charged edge mineral fragment with an Al3+ central 
cation, highlighting its thermodynamic stability. Interaction 
energy results also indicated that the strongest adsorption of 
GB and GD is for a (-2) charged [AlO(OH)3]2- mineral 
fragment, where the P-O covalent bond is created, and the 
interaction energy is much higher than that observed on 

dickite [61]. Therefore, it can be concluded that GB and 
GD are adsorbed preferably on charged edge mineral 
surfaces containing Al3+, than on regular electroneutral 
mineral surfaces. 

 

Chemical warfare agent’s simulants 

The high toxicity of CWA is a major hindrance to any study 
on the uptake and reactivity of the agents with surfaces. In 
addition, the varied functionality of the nerve agents makes 
it difficult to isolate the role of each functional group in the 
overall chemistry of the molecules. For these reasons, 
CWA simulants are employed by both the military and 
academic researchers. 

A simulant is considered ideal if it mimics all significant 
chemical and physical properties of the agent without its 
associated toxicological properties. Although a number of 
compounds have been used as CWA simulants (Table 2), 
no specific compound is ideal because a single simulant 
cannot adequately represent all environmental fate 
properties of a given CWA. Thus, depending on the 
concerned physical-chemical property, a number of 

different chemicals are used as chemical warfare agent’s 
simulants. 

 
Simulants classification 

The structures of various (commonly used) simulants are 
depicted in Table 2, along with their available Lethal Dose 

(LD50) values [70-77]. 
 
Sulfur Mustard (HD) Simulants 

Innumerable compounds have been used to simulate HD. 
Chloroethyl ethyl sulfide (CEES) or half mustard (HM) is 
the most common simulant, and was used to simulate HD in 
a study of CWA removal from water using activated carbon 

filters [78] and to study its hydrolysis reaction [79]. The 
other important simulants, 2-chloroethyl methyl sulfide 
(CEMS) and 2-chloroethyl phenyl sulfide (CEPS) were 
used for studying the degradation and fate of HD in soil 

[80,81]. 
 
G-Agent Simulants 

A number of potential simulants for the three G-agents; 
GA, GB, and GD have been identified. Diphenyl 
chlorophosphate (DPCP) was used as a simulant for G 
agents in order to examine detoxification via oxidation 

[82]. In a study pertaining to the evaluation of the 
adsorption of G agents on the components of a furnished 
room, three simulants, dimethyl methylphosphonate 
(DMMP), diethyl ethylphosphonate (DEEP) and 

triethylphosphate (TEP) were used [83]. Diisopropyl 
methylphosphonate (DIMP) was used to examine the 
sorption of organic contaminants from water by activated 

carbon fibers [78,84], and DMMP and TMP were studied 
to simulate the decomposition reactions of G type CWA on 

metal oxide surfaces [85-87]. 
 
V-Agent Simulants 

Amiton (VG) has been commonly used to simulate VX 

[82,88]. However, it exhibits many of the toxic properties 
of VX. Additionally, O,S-diethyl phenylphosphonothioate 
(DEPPT) and organophosphorus pesticides, such as 
malathion and parathion, have been used to simulate VX 

[81,89-91]. The LD50 values for various simulants (Table 

2) show that they exhibit lower toxicity than their real 

agents (Table 1). Also, it can be seen that DMMP has the 
highest LD50 value, which makes it the best simulant, and 
has, therefore, been the most employed simulant for 
research. 
 

Dimethyl methylphosphonate (DMMP) 

DMMP is frequently used as a simulant molecule for 
understanding the activity of the organophosphorus nerve 
agents (G-agents), since it is nontoxic and exhibits 
structural similarities to the nerve agents. Moreover, 
DMMP exhibits many of the group frequencies associated 
with the actual agents in infrared spectroscopy, making it 
ideal for evaluating infrared methods of nerve agent 

detection [92]. Although it is not classified as toxic, it is 
harmful if inhaled, swallowed, or absorbed through the 
skin.  
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Table 2. CWA simulants: structure and available LD50 values. 
 

S.No. Simulant Type Structure 

LD50 in 

rat oral 

(mg/kg) 

Ref. 

1 CEES/HM HD 
SCH3

Cl

 
*566 [70] 

2 CEMS HD 
S

CH3 Cl 
- 

 

3 CEPS HD 
S

Cl

 

- 

 

4 DPCP 
G 

agent O
P

O

O

Cl

 

- 

 

5 DMMP 
G 

agent 
P

O

OO

CH3

CH3

CH3

 

8210 

 

 

[71] 

6 DEEP 
G 

agent 
P

O

O
O

CH3

CH3

CH3

 

- 

 

7 TEP 
G 

agent 
P

O
O

O
O

CH3

CH3

CH3  

1600 

 

 

[72] 

8 DIMP 
G 

agent 
P

O
O

O

CH3

CH3

CH3
CH3

CH3

 

826 [73] 

9 TMP 
G 

agent P
O

O
O

O

CH3

CH3

CH3  

840 [74] 

10 Amiton 
V 

agent 

P
O

O

O
S

NCH3

CH3
CH3

CH3 

 

3.3 

 
[75] 

11 DEPPT 
V 

agent P

O

O

S

CH3

CH3

 

- 

 

12 Malathion 
V 

agent 

CH3

O

O

O

O

CH3

S

P
S

O

O

CH3

CH3

 

290 [76] 

13 Parathion 
V-

agent 
P

S

O
O

O

N
+

O

O
-

CH3

CH3

 

2 [77] 

  
*LD50 in mice oral. 

 
Experimental studies on DMMP decomposition 

The adsorption and decomposition of DMMP on bulk 

oxides has been reported for WO3 [54,93-94], Fe2O3 [95-

97], MnO2 [98], TiO2 [54,94,99-105], Al2O3 

[21,54,97,106,107-109], La2O3 [97], SiO2 [96,106,110-

114], and MgO [54,97,115,116]. Additionally, the 
interaction of DMMP with nickel, iron, copper, vanadium, 

and cerium oxides, supported on α-Al2O3 [107,117-119], 

and on titania-supported nickel and copper metal clusters 

[120-121] has been studied.  
DMMP interaction with metal-oxide nanomaterials has 

been studied with MgO [122-123], CaO [124] and Y2O3 

nanoparticles [85] and with heterogeneous CaO [124], 

MgO [125-126], TiO2 [127-129], Pt activated ZnO [130] 

and CeOx [118,131] nanocomposites and thin films, 
confirming enhanced reactive properties for the 
nanomaterials. The adsorption chemistry of DMMP on 
metal oxides resembles that of the real agents. As 

demonstrated in Fig. 12, DMMP readily adsorbs through 
the phosphoryl oxygen onto most metal oxides at Lewis 
acid (metal atom) or at Brönsted acid (hydroxyl) sites 

[97,123]. The decomposition on metal oxides (excluding 
silica) occurs via oxidation or hydrolysis on the surface.  
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Fig. 12. Proposed structure of (a) molecular DMMP adsorbed at a Lewis 
acid site, (b) molecular DMMP adsorbed at a Brönsted acid (hydroxyl) 
site, and (c) dissociated DMMP along with a surface-bound methoxy 
group. 
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Fig. 13. Mechanism involved in DMMP decomposition. 
 

The mechanism of interaction (Fig. 13) on the MgO, 
Al2O3, Y2O3, La2O3 and WO3 surfaces, as envisaged by the 
above mentioned research groups, suggested that, at first, 
DMMP is adsorbed molecularly through the phosphoryl 
oxygen to the surface at an acid site (generally metal 
cation), followed by stepwise elimination of the methoxy 
group. This methoxy group subsequently combines with 
surface hydrogen atoms to yield methanol, which, being 
volatile, is evolved from the surface. Finally, a surface-
bound methyl phosphonate product is observed, with the P-
CH3 bond intact. The formation of surface bound POx 
species poisons the active sites from future reaction 

[54,93,94,97,107-109,115,116].  
In general, room temperature decomposition of DMMP 

has been observed for a few metal oxide materials 

[107,109]. While experimental studies [18,20,25] in case of 
real agents highlighted the leading role played by water and 



 

Review Article                           Adv. Mat. Lett. 2013, 4(7), 508-521                ADVANCED MATERIALS Letters 

Adv. Mat. Lett. 2013, 4(7), 508-521                                                                                     Copyright © 2013 VBRI press.                                               
  

the hydroxyl group, their role in determining the outcome 
of the DMMP–metal oxide encounter is not completely 
understood.  

Catalysts play a predominant role in increasing the 

surface activity of metal oxides [125], as observed in the 
case of Fe2O3 and V2O5 catalysts coated on MgO and CaO 
in the decomposition of DMMP. The catalytic effect was 
attributed to the intermediacy of transition metal 
phosphates, which are mobile and seek out reactive sites on 
MgO and CaO. 
 

The O-CH3 bond is preferentially attacked, unless an 
alternative mechanism is available, for oxides like 

manganese oxide [98], alumina-supported cerium oxide and 

iron co-impregnated oxide [132], cerium oxide, Fe2O3, 

silica [96,110,118,119] and TiO2 [101,102,104,133]. 

However, the adsorption of DMMP on SiO2 [110-111] is 
remarkably different from that on WO3, TiO2 and Al2O3 

[97,104,111,114]. While decomposition via elimination of 
methoxy groups has been reported for WO3, TiO2 and 
Al2O3, weak interaction via formation of two hydrogen 
bonds between DMMP and the surface hydroxyls on SiO2 

has been reported for high surface area SiO2 powders (Fig. 

14). However, at sufficiently high temperatures, complete 
molecular desorption occurs from the SiO2 surface. Auger 

electron spectroscopy (AES) has been used [96] to analyze 
the interactions of DMMP with SiO2. For dehydrated SiO2, 
no decomposition of DMMP was observed, while on the 
hydrated surface about 10% DMMP decomposed into 
methylphosphonate and methanol.  
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Fig. 14. DMMP adsorbed on SiO2 through hydrogen bonding. 
 

On amorphous manganese oxide and Al2O3-supported 
manganese oxide catalyst, the decomposition of DMMP 

was found to occur via thermal oxidation to CO2 [98], but 
on alumina-supported cerium oxide, the products are 

methanol and dimethyl ether [118]. Adsorption of DMMP 
on the iron oxide surface takes place via cleavage of the 

strong phosphorus-carbon covalent bond [119]. This 
phenomenon has been attributed to the availability of 
multiple oxidation states to the Fe atom, which allows 
participation of the Fe(III)/Fe(II) redox couple in the 
reaction, providing a low-energy path for oxidative 
cleavage of the P-CH3 bond. Such kind of behavior is not 
possible for other metal oxides, which cannot provide a 
similar path of decomposition, and hence, the P-CH3 bond 
remains intact. 

The well-known photocatalytic property of TiO2 allows 
the decomposition to proceed via a different pathway. 
Therefore, other than the usual decomposition mechanism 

via cleavage of P–OCH3 groups [103,105] with the 
production of Ti–OCH3 surface species, photodegradation 

of DMMP in a stepwise manner also occurs to give 
methylphosphonic acid, PO4

3-, H2O and CO2 as products 

[101,102,104,133]. 
 

Theoretical studies on DMMP decomposition 

In order to develop a better understanding of the 
experimental work concerning decomposition of DMMP on 
metal oxides and the mechanisms involved, various 
theoretical models have been designed. For interaction with 

CaO nanoparticles, it was found [86] that the adsorption 
mechanism for CaO-DMMP and CaO-TMP systems is 

analogous to the previously studied CaO-GA system [19], 
with the only difference that, in this case, chemisorption 
occurs even on the partially hydroxylated system. The 
authors also concluded that stabilization of DMMP on CaO 
cluster models is greater than that of GA (order of 2 kcal 
mol-1), and that DMMP is a better simulant than TMP, 
since the results obtained for adsorbed DMMP are closer to 

those for the real nerve agent GA [19].  

A computational study [134,135] on the molecular and 
dissociative adsorption of DMMP on rutile and anatase 
forms of TiO2, as well as on clusters with unsaturated edge 
atoms terminated with pseudohydrogen, enabled a 
comparative study of adsorption on periodic and non-
periodic structures. For molecular adsorption, dative bond 
formation between Ti5c···O=P at the unsaturated, 5-fold 
coordinated Ti surface site was reported. While interaction 
of the DMMP methyl group with the surface oxygen via a 
C-H···O bond contributed to stabilizing the target 
molecule, little or no contribution was obtained for the 
methoxy O atom interaction with Ti5c. Of the several 
hypothetically possible products considered for dissociative 
adsorption, a (CH3)(CH3O)P(-O-)2 bridge between two Ti5c 

sites, together with a CH3 bonded to the O atom of a (Ti-
)2O2c site, was considered most favorable. The adsorption 
energies for the cluster models were found to be consistent 
with those of the periodic models, though ΔEads is slightly 

higher for the cluster calculations [134]. Also, as expected, 
dissociative adsorption is more exothermic than molecular 

adsorption. Extension of this study [136] to the adsorption 
of DMMP on the TiO2 anatase (001) surface, showed that 
adsorption in this case also occurs via Ti—O=P dative 
bond formation to a coordinatively unsaturated surface Ti 
site. One of the two Ti-O-Ti bridge bonds at the Ti 
adsorption site breaks, leading to the formation of a stable 
Ti=O titanyl group, a species that had never been reported 
in previous studies of adsorption on TiO2 surfaces. 

Another molecular and dissociative adsorption study of 

DMMP [137] used the cluster quantum-chemical method to 
elucidate the possible mechanism of destructive adsorption 
of DMMP on MgO nanoparticles. In consonance with the 

results for TiO2 [134], dissociative adsorption of DMMP 
was found to be thermodynamically favored over molecular 
adsorption to a single Lewis acid Mg2+ site on a 24 atom, 
two-layer model of the MgO (001) plane. The authors also 
considered a molecular adsorption pathway involving two 
Mg2+ sites, which was found to be unfavorable. According 
to the hypothesis proposed by the authors for 
decomposition of DMMP, a surface bound complex is 
formed as a result of molecular adsorption, and then 
dissociative adsorption takes place on increasing the 
temperature. The adsorption is followed by elimination of a 
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methoxy group from DMMP, which is subsequently 
adsorbed on a neighboring hydroxylated site. This methoxy 
group could be further oxidized by the phosphoryl oxygen 
of another DMMP molecule to produce formic acid and 
(CH3O)2PCH3, or could react with water to form methanol. 
Calculations also inferred that ions with reduced 
coordination are thermodynamically more favorable sites 
for molecular and dissociative adsorption of DMMP. This 
again proves the fact that edge and corner sites possess 
greater reactivity and hence serve as better adsorbents.  

 
DMMP and real agent’s comparison study 

Studies offering a comprehensive approach for comparison 
of DMMP with its real nerve agents were carried out by 

various research groups [138-141]. Bermudez [138] studied 
the adsorption of DMMP and the corresponding real agent 
GB on γ-Al2O3, using two different clusters, Al8O12 and 
Al20O30, generated from bulk γ-Al2O3. Out of the three 
modes investigated in their work, the energetically favored 
mode of adsorption was found to be Al-O=P dative-bond 
formation, in close correspondence with deductions from 
the experimentally obtained infrared spectra. In contrast to 

previous studies [17], the adsorption energy for DMMP was 
found to be about 8% smaller for Al8O12 than for the 
Al20O30 cluster, signifying weaker interactions in the 
smaller cluster. A difference of about 12% in adsorption 
energy was found between the B3LYP/6-31G* and 
B3LYP/6-311G(df) levels, with lower energy for the 
former. The adsorption energies on the Al20O30 cluster for 
DMMP and GB were found to be comparable (ΔEads = -
57.5 kcal mol-1 for DMMP and -49.2 kcal mol-1 for GB), 
signifying that DMMP is a good simulant for GB. 

Bermudez [140] then analyzed the effects of surface 
hydroxylation and photolysis for the adsorption of DMMP, 
GB and VX on the surface of γ-Al2O3. The binding mode 
for the three molecules on the unhydroxylated Al2O3 

surface was found to be the same as observed before [138], 
i.e. for all three species, adsorption occurs via the Al(Td)-
O=P dative bond to an unsaturated tetrahedral Al(Td) site. 
In case of VX, Al···N or Al···S dative bonding is not very 
favorable. 

 
Hydroxylation 

Studies on adsorption on the hydroxylated surface showed 
that, although OH···O=P bonding is the expected mode of 
adsorption for the hydroxylated surface, dative bonding 
remains the most stable mode when OH-free Al(Td) sites 
are available. Even on a fully-OH covered surface, only a 
single OH···O=P bond is formed, demonstrating the less 
relevant role of the hydroxylated surface as adsorbent. 
Some contribution to adsorption is also made by weaker 
CH···O bonds involving alkyl groups. Again, for hydrogen-
bond formation, the phosphoryl O atom of DMMP, VX and 
GB is favored over other active centers like the alkoxy O 
atom. The presence of the tertiary amine group makes VX 
basic enough to extract a proton from an acidic OH site, but 
due to its larger size, steric hindrance strongly affects its 
adsorption on the larger cluster. However, GB and DMMP 
(for which steric effects appear to be less important) display 
similar adsorption characteristic on both clusters. 
 

Photolysis 

Bermudez [140] studied the photochemical excitation of 
CWA when adsorbed on a photochemically inert oxide, in 
order to see if photochemistry can be induced in DMMP, 
GB and VX by sunlight. The results indicated that DMMP 
and GB could not serve the purpose, since the threshold for 
their electronic excitation, both in gas phase or when 
adsorbed on γ-Al2O3, lie in the vacuum ultraviolet (~7.1 eV 
or higher), which is much beyond the upper limit of the 
terrestrial solar spectrum (~4.5 eV). However, the 
photochemistry exhibited by VX was found to be 
interesting. In the gas phase, the threshold is ~4.2 eV, 
which shifts to a lower value of around 3.9 eV on the OH-
free surface, where VX adsorbs via an Al(Td)···O=P dative 
bond. On the other hand, VX bound to the hydroxylated 
surface via an OH···O=P dative bond shows a shift in 
adsorption to a higher value of about 4.3 eV. The change in 
excitation threshold for all the three species is attributed to 
shifts in molecular orbitals. It is clear from the results that 
for VX, photochemistry can be induced by sunlight since 
all excitation thresholds lie in the range of the terrestrial 
solar spectrum. Another interesting result which can be 
inferred is that even the photolytic properties of DMMP 
and GB are in accord with each other.  

The mechanism of DMMP adsorption on the SiO2 
surface differs from that on other metal oxides, as revealed 

by experiments. Therefore, Bermudez [139] carried out ab 
initio quantum chemical calculations to study the 
interaction of TCP (trichloro phosphate), DMMP and GB 
on the amorphous SiO2 surface. Adsorption on two SiO2 
models was considered: a small Si5O7H8 “cagelike” cluster 
and a larger Si21O56H28 model, and it was found that the 
larger model gives better adsorption results. The author 
attributed this behavior to the rigidity of the Si5O7H8 
structure, which consists of fused siloxane rings with only 
three or four Si atoms, as opposed to the “loose” and open 
structure of the large-cluster model.  For all the three 
species studied, hydrogen bond formation between the O 
atom of the P=O group and the two Si-OH groups is the 
most energetically favorable adsorption mechanism, which 
is in accord with experimental results (infrared 
spectroscopy data). Any possibility of hydrogen bonding to 
the alkoxy atom of DMMP and GB and to the F atom of 
GB was found to be less favorable. The characteristics of 
DMMP and GB adsorption on the amorphous SiO2 surface 
are closely similar, in the sense that no covalent bond is 
formed and weak interaction is reported. The fact that the 
computed adsorption energies of the two species are almost 
alike suggests that DMMP is a good simulant for GB in this 
regard also. 

DMMP adsorption behavior was compared with that of 

another agent of the G-series, GA [141] by modeling the 
ZnO surface as (ZnO)n (n = 4, 18) molecular clusters of 
non-polar and polar surfaces. The adsorption of DMMP 
and GA on both polar and non-polar surfaces proceeds as 
chemisorption, but the latter is energetically more 
favorable. The larger positive charge on Zn increases its 
bonding ability with the target molecule. The results display 
only one mode of possible interaction in case of DMMP, 
that is, Zn···O bond formation, whereas GA adsorption can 
occur both through covalent bond formation between the 
molecular P atom and the surface O atom (in the case of the 
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small GA-Zn4O4 complex) or between the N atom of GA 
and the Zn atom of the surface (large GA-Zn18O18 system). 
A point to be noted is that, although the adsorption modes 
for DMMP and GA molecules on the ZnO surface are 
different, the binding energies for both are almost the same, 
with somewhat more negative values for GA.  

 

Conclusion 

The threat of terrorist attacks has spurred experimental and 
theoretical research on CWA. Metal oxides, because of 
their ready availability, have been the subjects of such 
studies, and many different metal oxides have been 
investigated in this regard. Nanoscale metal oxides are 
more reactive because of the presence of low-coordination 
and defect sites, corners, edges, hydroxylated sites, etc. The 
products of degradation of CWA on metal oxide 
nanosurfaces have been examined experimentally. For 
example, the products on the alumina surface are salts, 
which erode the surface, exposing new alumina surface for 
adsorption, making the decontamination even more 
effective. The finding that the products of degradation are 
usually benign is very encouraging. The use of sunlight for 
photochemical degradation on TiO2 surfaces has also been 
explored, but complete degradation of the CWA only takes 
place on 6 h of exposure. The correlation found between 
the results for the G-agents and their simulant DMMP 
implies that experiments performed with the simulant can 
be extrapolated to understand the mechanism for the real 
agents. Though a lot of data regarding the adsorption and 
degradation of CWA on nanoscale metal oxides has 
accumulated over the years, a lot more experimental and 
theoretical work needs to be done to find materials for the 
early detection and decontamination of CWA. In particular, 
mixed metal oxide nanoparticles need to be explored 
further, as they have shown promise as future materials for 
CWA adsorption and degradation.   
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