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bstract

Numerous methods are used for destruction of sulfur mustard. Oxidation is one of those methods. There have been only limited data concerning
pplication of the advanced oxidation technologies (AOTs) for mustard destruction available before. In this study sulfur mustard oxidation rate
epending on kind of the oxidative system and process parameters used was assessed using selected AOT. The following were selected for mustard
xidation: ozone (O3), UV light (UV), hydrogen peroxide (H2O2); double systems: UV/O3, UV/H2O2, and O3/H2O2; a triple system: O3/H2O2/UV
nd Fenton reaction. Effectiveness of the selected AOT methods has been evaluated and the most suitable one for mustard destruction was chosen.
sing ozone in various combinations with hydrogen peroxide and UV radiation mustard can be destroyed much quicker comparing to the classical
xidizers. Fast mustard oxidation (a few minutes) occurred in those systems where ozone alone was used, or in the following combinations:
3/H2O2, O3/UV and O3/H2O2/UV. When those advanced oxidation technologies are used, mustard becomes destroyed mainly in course of the
irect oxidation with ozone, and reactions of mustard with radicals formed due to ozone action play a secondary role. Rate of sulfur mustard

xidation in the above mentioned ozone-containing oxidative systems decreases with pH value increasing from 2 to 12. Only when pH value of
eaction solutions is close to pH 5, mustard oxidation rate is minimal, probably due to “disappearance” of radicals participating in oxidation in this
H. Sulfur mustard can be most effectively destroyed using just ozone in pH 7. In that case mustard destruction rate is only slightly lower than the
ate achieved in optimal conditions, and the system is the simplest.

2007 Published by Elsevier B.V.
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. Introduction

Two basic directions of studies on chemical warfare agents
CWA) destruction are noticeable in the scientific literature.
arge scale CWA destruction methods are developed in the first

rend of those studies [1]. This applies to CWA stored in ware-
ouses and in chemical ammunition still possessed by various
rmies of the world [2,3]. The other direction of search for new
WA destruction methods results from the fact that there is still
possibility of contamination of various objects in course of
ilitary [4,5] or terrorist [5,6] actions with chemical warfare.

CWA should be destroyed fast and completely, and products

f their conversion should not be toxic [7,8]. Sulfur mustard
econtamination, from the point of view of its course, is usu-
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lly a complex and difficult process. It is quite common believe,
hat almost all effective mustard destructing agents will also
e applicable for destruction of almost all CWA. In 2002 a
ery interesting review of organisational and technical aspects
onnected with large scale CWA destruction was published [9].

CWA can be rendered harmless with numerous methods. Part
f those methods assumes that oxidation is an effective method
f destruction. Studies on implementation of methods based on
xidation are carried out in many research centres [10–13]. Some
f those centres have begun basic studies on application of the
dvanced oxidation processes (AOPs) for destruction of organic
ulfur and phosphorus toxic substances [14–17].

The process of destruction of hazardous substances, includ-
ng CWA, should produce non-hazardous substances, or at

east substances less hazardous than the original ones. Applied

ethods should not cause introduction of secondary pollu-
ants into the environment. Advanced oxidation technologies
AOTs) meet that requirements. The technologies use several

mailto:spopiel@wat.edu.pl
dx.doi.org/10.1016/j.jhazmat.2007.08.041
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Nomenclature

AOP advanced oxidation process
AOT advanced oxidation technology
CWA chemical warfare agents
GC/AED gas chromatography/atomic emission detection
GC/MS gas chromatography/mass spectrometry
HO− hydroxyl anion
HO• hydroxyl radical
H2O2 hydrogen peroxide
HOO• hydroperoxide radical
HOO− hydroperoxide anion
O2

•− superoxide anion radical
O3 ozone
ROS reactive oxygen species
t1/2 half-life time
UV ultraviolet light
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2.2. Reagents and solutions
actors simultaneously, such as ozone, hydrogen peroxide and
V radiation. Various combinations of those factors are used:
V/O3, UV/H2O2, O3/H2O2, O3/H2O2/UV. This group of
ethods includes also reactions realized using the Fenton

eagent, composed of hydrogen peroxide and iron(II) cations.
he use of Fenton’s reagent to remove less-biodegradable organ-

cs in wastewater is relatively attractive due to the fact that iron
s an abundant and non-toxic element, and because hydrogen
eroxide is easy to handle and can be broken down to envi-
onmentally benign products. The Fenton’s process is able to
estroy phenols, chlorinated phenols and herbicides in water
edia, as well as reduce chemical oxygen demand in municipal
aste [18]. If H2O2 is added to an aqueous system containing an
rganic substrate and ferrous ions in a strong acid medium some
omplex redox reactions will occur. The hydroxyl radical gener-
ted would attack the organic substrate RH like the unsaturated
olecule [19].
All advanced oxidation technologies have one thing in com-

on: when certain factors interfere with each other, reactive
xygen species (ROSs) are formed. ROS originating from the
dvanced oxidation processes are characterised by high reac-
ivity, and majority of them—by high effectiveness towards
umerous groups of organic compounds [20]. During the last
ecade the studies on AOP application for destruction of organic
ollution from both waste and drinking water have been largely
ntensified [21].

The simplest way to destroy mustard gas would be to oxi-
ize it with easily available and relatively cheap atmospheric
xygen. However, atmospheric oxygen oxidizes mustard very
lowly, and it is necessary to use catalysts to increase rate of
hat reaction. Mustard can be oxidized with hydrogen peroxide,
ut to speed the reaction up proper catalysts should be used as
ell. That is why numerous research centres look for catalysts
or oxidation with oxygen or hydrogen peroxide [22–24]. Some
esearch centres work on photochemical method of oxidation of
ulfides, as mustard simulations [25]. a
ig. 1. Scheme of the reactor where mustard oxidation reaction studies were
erformed.

The aim of this study was to determine sulfur mustard oxi-
ation rate depending on kind of the oxidizing system and
hysical and chemical parameters of the process. The fol-
owing have been chosen for studying the mustard oxidation
ate: O3 (ozonolysis), UV (photolysis), H2O2 (reaction with a
lassic oxidizer—hydrogen peroxide); double systems: UV/O3,
V/H2O2 and O3/H2O2; and a triple system: O3/H2O2/UV, and

he Fenton system.
Further aim of the study was to compare effectiveness of all

he studied methods of advanced oxidation and choosing the best
ne (or ones) for mustard gas destruction.

. Equipment, reagents and study methodology

.1. Equipment

Mustard gas oxidation was performed in a glass photochem-
cal reactor, structure of which allows simultaneous or separate
sage of ozone and UV radiation as oxidizing agents. The reactor
f 0.6 L capacity is schematically presented in Fig. 1.

Ozone generator OEM-15 from Ozone Advanced Systems
Munka Ljungby, Sweden) was used for ozonization. Ozone
as produced of oxygen passed through a set of column dry-

rs; the dryers were equipped with molecular sieves 5A and
0A and silica gel. A 6 W power mercury discharge lamp (pro-
uced against order by the Laboratory of Discharge Lamps in
he Institute of Electro-engineering, Warsaw, Poland) was used
s a UV radiation source.

Analyses were performed with a gas chromatograph HP 6890
ith the atom emission detector HP G2350A from Hewlett-
ackard. Equipment operation and data storage was realized
ith a Chemstation HP 35920A software.
Sulfur mustard was prepared in this laboratory in the 1990s
nd stored in a sealed glass ampoule; its purity (99.8%) was
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ow checked by GC/MS. Warning: mustard is a potent vesicant
nd must be handled in a closed system or in a hood with good
entilation.

Mustard oxidation was carried out in buffered aqueous solu-
ions. Mustard solutions were prepared by mixing of 10 �L

ustard with 100 mL of the Britton–Robinson buffer solu-
ions, pH: 2, 5, 7, 9, 12. Aqueous hydrogen peroxide solutions,
H 2, 5, 7, 9 and 12, were prepared by mixing aqueous
0% H2O2 (Chempur, Piekary Śląskie, Poland) with appro-
riate Britton–Robinson buffer solutions. Britton–Robinson
uffers were prepared in a usual way, i.e. by mixing a solu-
ion of 0.04 mol L−1 phosphoric acid, 0.04 mol L−1 acetic acid,
nd 0.04 mol L−1 boric acid with the appropriate amount of
.2 mol L−1 sodium hydroxide solution [26]. Chemicals for
he preparation of the Britton–Robinson buffers were obtained
rom POCH Gliwice, Poland. Reagent-grade dichloromethane
POCH, Gliwice) was used to extract mustard oxidation products
rom reaction mixtures. The dichloromethane solutions obtained
y extraction were dried over anhydrous magnesium sulfate
POCH, Gliwice).

Hydrogen peroxide solutions in the following concentra-
ions: 10−4, 10−3, 5 × 10−3, 10−2, 5 × 10−2, 10−1 mol L−1

ere used in the designed advanced oxidation systems (except
or the Fenton reaction). In the Fenton reaction, reagent-grade
ron(II) sulfate heptahydrate (Chempur, Piekary Śląskie) in form
f 5 × 10−3, 10−2, 5 × 10−2, 10−1 mol L−1 aqueous solutions
as used as a catalyst. Hydrogen peroxide solutions in 0.049;
.098; 0.47; 0.89; 1.63 and 3.27 mol L−1 concentrations were
lso used in the Fenton reaction. pH regulation in this reaction
ystem was realized by addition of 10% sulfuric acid solution
f the analytical grade (POCH, Gliwice).

.3. Study methodology

.3.1. The course of oxidation reaction with ozone
For all the mustard oxidation studies for which ozone was

sed, the volume rate of ozone–oxygen mixture flow was
.5 L/min. Ozone concentration in water was maintained
etween 1 and 2 mg L−1 and was assayed with an indigo [27]
nd iodometric method [28].

.3.2. Solution preparation, sampling and preparing
amples for analysis

Samples were collected from the reactor and prepared for
hromatographic analysis with liquid–liquid extraction. After a
efinite reaction time a 3 mL sample of the reaction mixture was
ollected from the reactor using a syringe connected to a Teflon
ose dipped in the reacting solution. The collected sample was
ransferred into a tube containing 50 �L of aqueous solution
f 1 mol L−1 thiosulfate. Thiosulfate caused decomposition of
zone dissolved in the collected sample and prevented its fur-
her oxidation. After a whole series of samples was collected
his way, exactly 2 mL of the solution was pipetted from each

ube and transferred to a tube with a screwed cap pre-filled with
mL of methylene chloride. Tubes were closed and shaken for
5 s and left until phase separation. Then, the lower phase con-
aining dichloromethane was transferred with a syringe to the

c
c
c

s Materials 153 (2008) 37–43 39

ext tube and dried with anhydrous magnesium sulfate. Dried
ichloromethane solution was decanted into the last tube. One
icroliter of the solution was collected from the last tube and

njected into the gas chromatograph. The procedure was repeated
or three experiments at particular conditions and the results are
ean values.

.3.3. Chromatographic analysis
Chromatographic conditions: cavity and transfer line temper-

ture was 270 ◦C, injector temperature: 260 ◦C, stream splitter
0:1, helium was a carrier gas, with a flow rate of 2 mL/min. The
ollowing reaction gases were used: hydrogen, oxygen and the
ethane–nitrogen (1:9) mixture. For the analysis of sulfur mus-

ard and its decomposition products an HP-5 capillary column
as used, 30 m long and 0.25 mm in internal diameter, pro-
ided with a (5:95, w/w) diphenyl-dimethyl-polysiloxane film,
.25 �m thick.

The analysis was carried out using a temperature program:
olumn heating up from the temperature of 80–220 ◦C with a
onstant rate of 10 ◦C/min and maintaining the final temperature
or 5 min.

.3.4. Reaction rate determination
Mustard oxidation rate in the individual oxidation systems

as determined with a mustard half-life t1/2, that is the time in
hich mustard concentration dropped to the half of the initial
alue. For this purpose the percentage rate of mustard in the
eaction mixture comparing to the initial content was determined
ased on the results of chromatographic analysis. Then, mustard
uantity in the reaction environment relationship curves to the
ime of oxidation reaction was drawn. Time passed until mustard
oncentration drops to the half of the initial value was obtained
rom the equation of the curve based on the measurement points.

. Results and discussion

Sulfur mustard oxidation was realized with single oxidizers:
3, H2O2, UV and their double systems: O3/UV, UV/H2O2,
3/H2O2 and a triple system: (O3/UV/H2O2). Fenton reaction
as also used with hydrogen peroxide and Fe2+ cations as cat-

lyst.

.1. Mustard oxidation rate in the Fenton reaction

Sulfur mustard oxidation rate in the Fenton reaction was
tudied by changing the value of:

pH of the oxidizing solution;
hydrogen peroxide concentration;
iron(II) cations concentration in solution.

.1.1. Influence of the pH value of the solution

To optimize the pH value the initial hydrogen peroxide con-

entration of 0.098 mol L−1 was chosen, and the iron(II) cation
oncentration of 10−2 mol L−1. In those conditions it became
lear that the Fenton reaction with mustard takes the highest
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ig. 2. Relationship between the mustard half-life and pH of the Fenton reaction
nvironment.

ate in solutions with pH value close to 3.3 (Fig. 2.). The pH
alue of 3.3 was applied for the further tests as an optimal one.

.1.2. Influence of hydrogen peroxide concentration and
ron(II) cations concentration

To study the influence of iron(II) concentration on mus-
ard oxidation rate the following iron(II) concentrations were
pplied: 5 × 10−3, 10−2, 5 × 10−2, 10−1 mol L−1 and seven
arious concentrations of hydrogen peroxide within the range
.0098–3.266 mol L−1. A matrix of 28 measurement points was
btained this way (Fig. 3). On this basis it was found that mus-
ard oxidation rate is the highest in the system of the following
arameters: hydrogen peroxide concentration −0.89 mol L−1,
ron(II) concentration −5 × 10−2 mol L−1.

.2. Rate of mustard oxidation with ozone
The tests were performed for buffered aqueous solutions with
H of 2, 5, 7, 9, and 12. Based on the results obtained it was found
hat the rate of mustard oxidation is the highest in solutions with

ig. 3. Spatial relationship of mustard oxidation rate, expressed as 1/t1/2, and

2O2 and Fe2+ concentration, obtained as a result of the process condition
ptimization.
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ig. 4. Relationship between mustard half-life and pH value of the solution
or the AOT in which ozone was used. Hydrogen peroxide concentration was
× 10−3 mol L−1.

H close to neutral. Relatively fast mustard oxidation takes place
n acid solutions with pH close to 2. This relationship is presented
n Fig. 4.

.3. Mustard oxidation rate in the O3/H2O2 system

Mustard oxidation rate in the O3/H2O2 system was studied
hanging the following process parameters: hydrogen peroxide
oncentration and pH value of the buffered solution.

.3.1. Influence of hydrogen peroxide concentration
All buffer solutions had the same pH of 7 while testing the

2O2 influence in the oxidizing system of O3/H2O2 on mustard
xidation. Only hydrogen peroxide concentration in the buffer
olution was variable. Oxidation rate was the highest in hydrogen
eroxide solution with concentration of 10−3 mol L−1. Increas-
ng the H2O2 concentration caused decrease in oxidation rate,
nd when H2O2 of 1 mol L−1 concentration the oxidation rate

as lower than rate of oxidation with ozone without H2O2 addi-

ion (Fig. 5). This last case can be described as “inhibition” of
he mustard ozonization process by H2O2.

ig. 5. The course of mustard oxidation process in the O3/H2O2 system with
arious hydrogen peroxide concentrations; pH 7.
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.3.2. pH influence
When testing the influence of pH in the oxidizing system

3/H2O2 on mustard oxidation rate, hydrogen peroxide concen-
ration in all the buffer solutions was the same, 10−3 mol L−1.
nly pH value of the buffer solution was variable.
Sulfur mustard oxidation rate in the O3/H2O2 system was the

ighest in neutral solutions. The process of mustard oxidation
n this system is much slower both in acid and alkaline solutions
Fig. 4). It was found, however, that just like in case of oxidation
ith ozone alone, significant acidification of the environment

ncreases oxidation rate.

.4. Rate of mustard oxidation in the O3/UV system,
epending on the pH value

Mustard oxidation rate in the O3/UV system was tested by
hanging the pH value of the buffered solution. Synergic conju-
ation of the oxidizing factors: ozone and UV irradiation caused
ncrease of oxidation rate. According to Fig. 4 mustard oxidation
n the O3/UV system, depending on the pH value, has a similar
ourse to oxidation with ozone alone. In the alkali environment,
tarting from the pH 7 a systematic decrease in oxidation rate
s noted. In acid environment, the oxidation rate first decreases
ith pH decrease, and after passing the pH value of 5 it starts to

ncrease again.

.5. Mustard oxidation rate in the H2O2/UV system

Mustard oxidation rate was tested by changing the hydrogen
eroxide concentration and pH value of the solution where the
xidation was taking place.

.5.1. Influence of hydrogen peroxide concentration
Influence of H2O2 concentration on mustard destruction rate

as tested with constant pH of the reaction environment equal
. For this purpose the following hydrogen peroxide concentra-

ions were selected: 0, 10−4, 10−3, 5 × 10−3, 10−2, 5 × 10−2,
0−1 mol L−1. Fig. 6 presents kinetic curves of mustard destruc-
ion in the UV/H2O2 system, for various initial concentrations
f hydrogen peroxide, and Fig. 7 presents the mustard half-life

ig. 6. Course of mustard oxidation process in the H2O2/UV system in the
elected hydrogen peroxide concentrations, pH 7.

w
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F
p

ig. 7. Influence of H2O2 concentration on mustard half-life in the UV/H2O2,
nd UV/H2O2/O3 systems. pH of the solution was 7.

etermined based on those curves. Increasing hydrogen perox-
de concentration from 0 to 5 × 10−3 mol L−1 caused increase
f mustard oxidation rate (Fig. 7). Rate of mustard destruction
n the H2O2/UV system decreased with increase of hydrogen
eroxide concentration above 5 × 10−3 mol L−1.

.5.2. pH influence in the UV/H2O2 system
pH influence on mustard destruction process rate was tested

ith constant H2O2 concentration of 5 × 10−3 mol L−1. During
hese tests it was found that in the oxidizing system H2O2/UV
he reaction rate is generally higher for acid solutions compar-
ng to alkali ones (Fig. 8). In alkali solutions the reaction rate
ecreases in a linear manner with increasing pH, and in acid solu-
ions the rate reaches its local minimum close to the pH value
f 5.

.5.3. pH influence in the aqueous solutions exposed to UV
ight

Mustard destruction rate upon exposure to UV radiation was
tudied for the buffered aqueous solutions with pH values of 2,
, 7, 9, and 12. Based on the results obtained, present in Fig. 8, it
as found that the mustard disappearance process was the fastest

n the solution with pH 7. Both in the acid and alkaline solutions,

ustard decomposition rate was low. Mustard disappearance

ate under influence of UV radiation in these solutions was just
lightly higher than its hydrolysis.

ig. 8. Relationship between mustard half-life under influence of UV light and
H value of the reaction environment.
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Fig. 9. Mustard destruction effectiveness in the applied advanced oxidation sys-
tems, presented as a relationship between mustard half-life and kind of the
applied system. Oxidizing systems, in the individually optimised conditions:
(1) O3 (pH 2); (2) UV (pH 7); (3) O3/H2O2 (pH 7, [H2O2] = 10−3 mol L−1);
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4) O3/UV (pH 2); (5) H2O2/UV (pH 2, [H2O2] = 5 × 10−3 mol L−1); (6)

3/H2O2/UV (pH 2, [H2O2] = 5 × 10−3 mol L−1); (7) Fenton system (pH 3.3;
H2O2] = 0.89 mol L−1, [Fe2+] = 5 × 10−2 mol L−1).

.6. Mustard oxidation rate in the O3/H2O2/UV system

Mustard oxidation rate in the O3/H2O2/UV system was tested
hanging hydrogen peroxide concentration and pH value of the
olution.

.6.1. Influence of hydrogen peroxide concentration
Influence of H2O2 concentration on mustard half-life was

ested in the buffered solution of pH 7 (Fig. 7). Hydrogen per-
xide concentration of 5 × 10−3 mol L−1 proved to be optimal
or the given oxidative system.

.6.2. pH influence
Sulfur mustard oxidation rate was tested in the oxidizing sys-

em O3/H2O2/UV for the reaction environment of pH equal 2,
, 7, 9 and 12 (Fig. 4). Hydrogen peroxide concentration in all
ested solutions was 5 × 10−3 mol L−1.

Mustard oxidation rate is the highest in highly acidic solution
pH 2), moderate in neutral and alkaline solutions, and the rate
as the lowest with the pH value close to 5.

. Discussion and conclusions

Based on the performed tests it is possible to compare mustard
alf-lives in the studied systems, taking the optimised parame-
ers of the oxidation process into account. This comparison is
resent in Fig. 9.

Among the studied oxidizing systems, the mustard oxidation
eaction rate was the highest in the triple system (O3/H2O2/UV).
elatively fast mustard oxidation occurred in those systems
here ozone was used (both as a sole factor and in the fol-

owing systems: O3/H2O2, O3/UV and O3/H2O2/UV). For all
he a/m systems mustard half-lives in the reaction mixtures were
imilar. This tendency is shown in Fig. 9.
pH of the reaction environment has significant influence on
he mustard oxidation rate. Fig. 4 presents relationship between
ustard half-life and pH value of the solution for the oxidiz-

ng systems containing O3. Usually, when O3 is present in the

•

s Materials 153 (2008) 37–43

ystem—pH 2 is optimal. Only for the O3/H2O2 system the pH 7
s optimal. Generally, oxidation rate is high in highly acidic and
eutral solutions, and it is the lowest in solutions with pH value
lose to 5. In the alkaline solutions the reaction rate decreases
ith increase of pH of the solution. This means that mustard
ecomes destructed mainly in a direct reaction with ozone, and
adical reactions play only a secondary role in this case. This
onclusion is in line with reference data [20,21,29] regarding
OP application.

Presence of the t1/2 = f(pH) function extreme with pH 5, char-
cterised by low oxidation rate, can be explained with presence
f the dismutation phenomenon (decay through disproportion-
tion) of the superoxide anion radical and hydroxyl radical.
eference data show [30], that resultant dismutation rate for

he HO•
2/O2

•− radical system is the highest for the pH value
etween 4.5 and 5.5.

In the H2O2/UV system in alkaline environment, rate of mus-
ard photolysis decreases with increase of pH value above 7
Fig. 8). This is probably due to the fact that in alkaline environ-
ents rate of the reaction between the formed, highly reactive
O• radicals and the dissociated form of hydrogen peroxide is
uite high:

O• + HOO− →H2O + O2
•− (k = 7.5 × 109 L mol−1 s−1)

Significant decay of the reactive radical leads to decrease of
rganic compounds destruction rate (including mustard), that is
onsistent with reference data [31]. Decrease of hydroxyl radical
oncentration negatively influencing the process rate and occur-
ing in environments with pH < 10 is much slower, for in this pH
ange the hydroxyl radicals are scavenged via the process much
lower than before:

O• + H2O2 → H2O + HO•
2 (k = 2.7 × 107 L mol−1 s−1)

herefore their reaction with mustard is faster in this pH range.

. Conclusions

Using ozone in various combinations with hydrogen peroxide
and UV radiation it is possible to destroy mustard in much
shorter time comparing to classical oxidizers.
Relatively fast mustard oxidation occurred in those systems
where ozone was used (both for ozone alone and in the fol-
lowing systems: O3/H2O2, O3/UV and O3/H2O2/UV). For all
the systems, mustard half-lives in the reaction mixtures are
similar.
Mustard oxidation rate is the highest for solution pH 2, in
those cases when the oxidizing system contains ozone alone
or when ozone is supported by UV radiation, and when ozone
is supported simultaneously by UV and H2O2.
In the advanced oxidation systems in which ozone is the
oxidizing factor (O3/H2O2, O3/UV, O3/H2O2/UV and O3
alone)—mustard is destroyed mainly in course of the reac-
tion of direct oxidation with ozone, and reactions of mustard

with radicals generated by ozone play just a secondary role.
Sulfur mustards oxidation in the following systems: O3,
O3/H2O2, O3/UV and O3/H2O2/UV is largely dependent on
pH. Oxidation rate is high for very low pH values and for pH
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value of approximately 7. Low oxidation rate for pH 5 is prob-
ably due to the fact that with those pH values hydroxyl radicals
become effectively dismutated under influence of superoxide
anion radicals.
Sulfur mustard can be most easily destroyed using ozone
alone in neutral environment with pH value of 7. In this case
mustard destruction rate is just slightly lower than the rate
achieved in optimal conditions, and the system is the simplest
of all and it is convenient for practical applications.
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[7] S. Franke, P. Franz, G. Grümmer, W. Warnke, Lehrbuch der Militärchemie,
vol. 2, Militärverlag der DDR, Berlin, 1977.

[8] Y.-C. Yang, J.A. Baker, J.A. Ward, Decontamination of chemical warfare
agents, Chem. Rev. 92 (1992) 1729–1743.

[9] G.S. Pearson, R.S. Magee, Critical evaluation of proven chemical weapon
destruction technologies: (IUPAC technical report), Pure Appl. Chem. 74
(2) (2002) 187–316.

10] Y.-C. Yang, L.L. Szafraniec, W.T. Beaudry, F.A. Davis, A comparison of the
oxidative reactivities of mustard (2,2′-dichlorodiethyl sulfide) and bivalent
sulfides, J. Org. Chem. 55 (1990) 3664–3666.

11] D.E. Richardson, H. Yao, C. Xu, R.S. Drago, K.M. Frank, G.W. Wagner,
Y.-C. Yang, Kinetics and equilibrium formation of a weakly basic oxidant
system for decontamination, in: Proceedings of the 1998 ERDEC Scientific
Conference on Chemical and Biological Defense Research; U.S. Army

Edgewood Chemical Biological Center, 1999.

12] G.W. Wagner, Y.-C. Yang, Rapid nucleophilic/oxidative decontamination
of chemical warfare agents, Ind. Eng. Chem. Res. 41 (2002) 1925–1928.

13] E. Raber, R. McGuire, Oxidative decontamination of chemical and biolog-
ical warfare agents using L-Gel, J. Hazard. Mater. 93 (2002) 339–352.

[

s Materials 153 (2008) 37–43 43

14] S. Echigo, H. Yamada, S. Matsui, S. Kawanishi, K. Shishida, Comparison
between O3/VUV, O3/H2O2, VUV and O3 processes for the decompo-
sition of organophosphoric acid triesters, Water Sci. Technol. 34 (1996)
81–88.

15] E.A. Kozlova, P.G. Smirniotis, A.V. Vorontsov, Comparative study on
photocatalytic oxidation of four organophosphorus simulants of chemical
warfare agents in aqueous suspension of titanium dioxide, J. Photochem.
Photobiol. A: Chem. 162 (2004) 503–511.

16] R. Doong, W. Chang, Photoassisted TiO2 mediated degradation of
organophosphorus pesticides by hydrogen peroxide, J. Photochem. Pho-
tobiol. A: Chem. 107 (1997) 239–244.

17] P.W. Bartram, V.D. Henderson, J.W. Hovanec, M.D. Brickhouse, G.W.
Wagner 1998. Reactions of GD and VX with Ozone. Final Report TR-550.
Abingdon, Md.: EAI Corporation. Battelle Memorial Institute and Charles
Williams, Inc. 1999.

18] K.H. Chan, W. Chu, Model applications and mechanism study on the
degradation of atrazine by Fenton’s system, J. Hazard. Mater. B118 (2005)
227–237.

19] Ipek Gulkaya, A. Surucu Gulerman, B. Dilek Filiz, Importance of
H2O2/Fe2+ ratio in Fenton’s treatment of a carpet dyeing wastewater, J.
Hazard. Mater. B136 (2006) 763–769.
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