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a  b  s  t  r  a  c  t

Sun  light  assisted  photocatalytic  decontamination  of  sulfur  mustard  (HD)  was  studied  by  using  ZnO
nanoparticles  and  the  data  was  compared  with  those  carried  out  in  the  presence  of  UVA  and  visible light
radiation.  In  the  presence  of  Sun  light,  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. GC–MS data  indicated  the
formation  of  thiodiglycol,  hemisulfur  mustard,  divinyl  sulfide,  2-chloro  ethyl  vinyl  sulfide,  etc.,  on  the
surface  of  ZnO  nanoparticles  in  the  case  of  dark  and  visible  light  irradiation  experiments.  However,  in
Sun light  and  UVA  light  irradiation  experiments,  GC–MS  data  indicated  the  formation  of  HD  sulfoxide,
ulfur mustard
nO nanoparticles
econtamination
hotocatalysis

HD  sulfone,  1,3-dithiane,  2-chloro  ethanol,  acetaldehyde,  carbon  dioxide,  etc.  along  with  hydrolysis  and
elimination  products.  Under  the  illumination  of  visible  light  and  in dark  hydrolysis,  elimination  and
surface  complexation  reactions  have  contributed  to decontamination  of  HD.  Whereas,  in  the  presence
of Sun  light  and  UVA  light,  photocatalytic  reactions  like C–S  bond  cleavage,  oxidation  of  C,  S atoms
were  observed  to have  contributed  to decontamination  of  HD  in  addition  to hydrolysis  and  elimination
reactions.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Decontamination of surface tainted with chemical warfare
gents (CWA) is the prerequisite act we do to avoid health haz-
rds. Sulfur mustard, a well known CWA, causes damage to skin,
yes and respiratory system. It alkylates purines in DNA, damages
ermal–epidermal junction, causes swelling of space between der-
is  and basal cells due to fluid accumulation and lead to blistering.

t was used for first time on 12th July, 1917 at city Ypers, France
y German forces on British forces. Due to its effectiveness, persis-
ency and stability, it has been termed as king of CWA. Undesirable
ealth effects caused by sulfur mustard (HD) contact can be avoided
y its decontamination [1].

Nanosized metal oxides such as Al2O3, MgO, CaO, ZnO, TiO2, and
ixed oxides of alumina [2–10], titania nanotubes [11], metal ion
xchanged titania nanotubes [12], zinc oxide nanorods [13], man-
anese oxide nanostructures [14–16] have been tested recently as
otential sorbent decontaminants against CWA. Due to high surface

∗ Corresponding author. Tel.: +91 751 2390169; fax: +91 751 2233482.
E-mail addresses: gkprasad@lycos.com, gkprasad2001@yahoo.com (G.K. Prasad).

381-1169/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.08.018
area, large numbers of reactive edges, corner defect sites, unusual
lattice planes and high surface area-to-volume ratio, acid and base
sites, surface hydroxyl groups, nanocrystalline metal oxides pos-
sess enhanced sorptive and reactive properties towards CWAs and
these in turn help in decontamination.

On the other hand, heterogeneous photocatalysis is a gifted
alternative approach for decontamination of CWA. Heterogeneous
photocatalysis using nano-sized photocatalysts is more interesting
due to their exceptional properties [17]. Because of high surface
area-to-volume ratio, nano-photocatalysts facilitate adsorption of
more amount of CWA  molecules on their surface due to inherited
large adsorption capacity, and assist in high photocatalytic conver-
sion of CWA. When a semiconductor material is irradiated with
radiation whose energy is greater than band gap, electron–hole
pairs are generated. These e−–h+ pairs react with moisture and
surrounding oxygen species to form hydroxyl radicals (•OH) and
superoxide anion (O2

−•) radicals. Surface migrated electrons and
holes, hydroxyl radicals, superoxide anion radicals react with
adsorbed pollutant molecules like CWA  and render them non-toxic

[18–21]. Recent studies have focussed mainly on photocatalytic
oxidation of CWA  assisted by TiO2 particles. Vorontsov and co
workers have extensively studied photocatalytic decontamination
of organophosphorous CWAs using TiO2 particles both in liquid and

dx.doi.org/10.1016/j.molcata.2011.08.018
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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Fig. 1. Schematic diagram of the experimental set up.
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as phases. They also have studied the photocatalytic decontami-
ation of 2-chloro ethyl ethyl sulfide (CEES), a simulant of HD using
itania materials of large particle size. As per his observations, CEES
egraded to its oxidation products due to photocatalysis [22–26].

While most of the researchers concentrated on TiO2 as photo-
atalyst plenitude of studies have also been focussed to explore
otential of other metal oxides for the degradation of environ-
ental pollutants [27,28]. Among others, zinc oxide appears as

romising photocatalyst, and quantum efficiency of ZnO powder
s significantly greater than that of TiO2 powder and in some cases,
nO has proven to be more effective than TiO2 [29,30].  In addition
o these, ZnO is available at low cost, which gives it an important
dvantage. ZnO mediated photocatalysis process under UV light
adiation has been successfully used to degrade dye pollutants for
he past few years [31]. However, solar UV light reaching surface
f earth which is available to excite TiO2 is relatively small (around
%), and artificial UV-light sources are somewhat expensive. The
iggest advantage of ZnO is that it absorbs over a larger fraction of
olar spectrum than TiO2 [32,33].

On the other hand, ZnO was found to be promising adsorbent
or the degradation of environmental pollutants in the presence
f light. It was used as a photocatalyst for degradation of tereph-
halic acid (TPA), a toxic contaminant in textile industry [34]. It
as also used for degradation of salicylic acid, a water pollutant
hich arises from a number of sources including paper milling,

osmetic industries [35]. In addition to these, ZnO powders were
lso exploited for their photocatalytic activities in degradation of
ethyl orange dye [36]. Recently, Prasad et al. have studied and

eported the detoxification reactions of HD on the surface of zinc
xide nanorods and explored role of hydrolysis and elimination
eactions in its detoxification [37]. They have studied decontami-
ation of sarin on ZnO nanoparticles [38]. However, no body have
tudied photoassisted decontamination of CWA  like HD. Inspired by
he above, we have synthesized the nanomaterials of ZnO by sol–gel

ethod and attempted to study photocatalytic decontamination
eactions of HD in the presence of Sun light and compared the data
ith that carried out in UVA and visible light radiations. Prior to

he reaction studies, nanocrystalline materials were characterized
y TEM, XRD, FT-IR, TGA, N2 BET, etc.

. Experimental

.1. Materials

Zinc acetate dihydrate, oxalic acid dihydrate, dichloromethane,
thyl acetate, dimethyl sulfoxide, and methanol were obtained
rom M/s. S.D fine chemical India Ltd., and ethanol was  purchased
rom E. Merck India Ltd. HD was synthesized in our laboratory and
t is highly toxic and should be handled in a fume cupboard (with

 proper scrubbing/filtration system) by trained persons with per-
onal protective measures.

.2. Synthesis of zinc oxide nanomaterials

Zinc oxide nanomaterials were synthesized by sol–gel method
39]. For this purpose, methanolic solution of oxalic acid was added
o hot methanolic zinc acetate solution in a conventional reaction
ask with a constant heating and stirring. The reaction temperature
as maintained at 60 ◦C throughout addition of above reactants.
hereafter, obtained materials were filtered, dried at 80 ◦C and
alcined at 500 ◦C. To obtain materials of other crystallite sizes,
ero-gel was calcined at 900 ◦C, 1000 ◦C and 1100 ◦C temperatures
espectively.
2.3. Photocatalyitc degradation of HD

100 mg  of ZnO was taken in a quartz tube and 100 �l of
dichloromethane solution containing 2 �l of HD was  spiked on
it and dichloromethane was allowed to evaporate. Subsequently,
quartz tube containing the nano photocatalyst was irradiated by
UVA or visible light or Sun light in a photo reactor. M/s. Luzchem,
Canada of LZC 4V model photo reactor was used for UVA light
and visible light irradiation experiments. Intensity of light was
measured by digital light meter (SLM 110 model) of A.W. Sperry
Instruments, USA with help of adopters provided. Intensity of UVA
light (∼360 nm)  was  found to be 0.3 mW/cm2 and intensity of visi-
ble light (> 450 nm)  was  found to be 18 mW/cm2. A constant airflow
@ 150 ml/min was  passed into the photo reactor from air cylinder of
high purity. Experimental setup designed for this analysis is shown
in Fig. 1.

The gaseous products formed on surface of catalyst when irra-
diated with light were trapped by suction through liquid nitrogen
trap @ 40 ml/min. The trapped solution was  analyzed for CO2 and
CH3CHO. CO2 was  analyzed by the equipment from Technovation
India Ltd., India, and CH3CHO was  analyzed by NUCON GC fitted
with FID detector by using OV-17 packed column of length 1 m
in an isothermal mode as mentioned above. Remaining HD was
extracted after periodic intervals of time using acetonitrile. The
extracted samples were analyzed with GC affixed with FID detector
for monitoring products as well as remaining HD. UVA lights, fluo-
rescent tubes of Luzchem, Canada were used for this study. For Sun
light irradiation studies, experiments were conducted by using test
rig shown in Fig. 1. Samples were exposed to Sun light by keeping
thin glass plate on the reactor. After keeping the samples inside,
the reactor was closed as in Fig. 1.

2.4. Characterization

XRD patterns were obtained in an XPert Pro Diffractometer, Pan-
alytical, Netherlands, using Cu K� radiation. N2 BET measurements
were done on ASAP 2020 of Micromeritics, USA. Subsequently,
thermograms were recorded on TGA-2950, TA instruments, USA.
HP Agilent GC–MS system (5973 Inert) was used for the charac-
terization of reaction products. Transmission electron microscopy
measurements were done on Tecnai transmission electron micro-
scope of FEI make. Samples were suspended in 30 ml acetone, and
then suspension was  sonicated for 30 min. After that, suspension

was placed on carbon coated copper grids of 3 mm dia and dried at
room temperature prior to the analysis.
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Table  1
BET surface area and pore volume values of ZnO particles synthesized by calcination
of  xerogel at 500 ◦C, 900 ◦C, 1000 ◦C, and 1100 ◦C.

Calcination temperature of
the xerogel (◦C)

BET surface area
(m2/g)

Total pore volume
(ml/g)

500 42.6 0.15
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900 33.4  0.12
1000 18.1 0.04
1100 6.78 0.02

. Results and discussion

Crystallite sizes of ZnO particles prepared by calcination of the
erogel at 500 ◦C, 900 ◦C, 1000 ◦C, and 1100 ◦C were determined by
EM. TEM image of ZnO particles obtained by calcination at 500 ◦C
llustrated the crystallites with ∼30 nm size (Fig. 2(a)). Whereas,
mage of ZnO particles obtained by calcination of the gel at 900 ◦C
Fig. 2(b)), 1000 ◦C (Fig. 2(c)) showed the crystallites with sizes at
round 300–500 nm,  ∼1000 nm respectively. The crystallite size of
he ZnO particles obtained by calcination at 1100 ◦C was  found to
e ∼2000 nm.  Morphology of the ZnO nanoparticles influences the
hemical reactivity to a noticeable extent. TEM data also show the
ormation of ZnO particles of various sizes with spherical shape.
t also shows the randomly oriented aggregates of spherical sized
anoparticles and these aggregates were found to be having sizes
anging from 30 nm to 2000 nm.  Growth of the crystallite size with
ncreased calcination temperature can be ascribed to sintering of
articles at high temperatures. In addition to this, they were found
o be self assembled in peculiar and random manner to form chain
ike aggregates with porous structure. Perhaps, the surface charges
nd structural similarity observed to have facilitated formation of
hese self assembled chain like nanostructures.

XRD data of the obtained materials, calcined at various temper-
tures such as 500 ◦C, 900 ◦C, 1000 ◦C, and 1100 ◦C depicted peaks
t 2� values 31.775◦, 34.425◦, 36.275◦ and 47.625◦. These peaks
an be attributed to the presence of (1 0 0), (0 0 2), (1 0 1) and (0 0 2)
ndices. This XRD pattern (Fig. 3) illustrates 2� values and relative
ntensities of peaks that match with JCPDS data of zincite (see Fig. 3).

Surface area of adsorbent materials influences their chemi-
al reactivity to a greater extent, as adsorption capacity directly
epends on surface area values. For this purpose, obtained ZnO
anoparticles were subjected to N2 BET analysis. The values of
urface area and pore volume are incorporated in Table 1. As the
rystallite size was reduced from 2000 nm to 30 nm,  value of surface
rea was seemed to increase.

.1. Photocatalyitc degradation of HD

Sunlight (250–800 nm)  or UVA light (320–400 nm)  or visi-
le light (400–800 nm)  when used alone demonstrated negligible
econtamination efficiency towards HD as indicated by blank
xperiments conducted in absence of nano ZnO particles. This
bservation can be attributed to the fact that, photon energy of
he above mentioned light radiations is not enough to excite HD

olecule. In order to investigate the reactivity of nano ZnO particles
n dark, experiments were carried out by using particles of 30 nm
ize. Apparently, they have decontaminated 57% of HD within 16 h.
his reactive decontamination property of nano ZnO towards HD
n the absence of light can be ascribed to available surface area on
anoparticles, surface hydroxyl groups, Lewis acid sites, moisture
hich was present over the surface of nanoparticles. In addition to

hese, with decrease in average crystallite size of ZnO nanoparticles

econtamination efficiency was found to increase. When crystal-

ite size was reduced from 2000 nm to 30 nm,  the decontamination
fficiency was found to increase from 8 to 57% within 16 h. The
ncreased decontamination efficiency with decreased crystallite

Fig. 2. TEM images of the ZnO particles calcined at 500 C (a), 900 C (b), and 1000 C
(c).
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ig. 3. XRD data of ZnO particles obtained by calcination at various temperatures.

ize can be credited to increased surface area-to-volume ratio, and
ncreased number of reactive sites and surface hydroxyl groups.

GC–MS data of extracted samples indicated formation of
hiodiglycol (m/z values 122, 104, 91, 61, 43) and hemisulfur mus-
ard (m/z values 140, 141, 111, 109, 104, 73, 63, 45, 27, 29). These
roducts attributed decontamination of HD through hydrolysis
eactions. Besides these, certain elimination products of HD were
lso detected such as divinyl sulfide, vinyl chloro ethyl sulfide, and
inyl hydroxyl ethyl sulfide and showed the m/z  values of 85, 71, 59
nd 53; 122, 73, 60, 57 and 53; and 104, 73, 61 and 59, respectively.

It was observed that, reactions of HD with ZnO nanoparticles
n the absence of light were found to be very slow, contributed
nly to hydrolysis, elimination and surface complexation reactions.
he samples were found to contain 1–3% moisture content and
resumably could have contributed to hydrolysis of HD. As the
eactions were found to be slow, heterogeneous photocatalytic pro-
ess assisted by ZnO nanoparticles was opted to facilitate faster
econtamination of HD. Moreover, decontamination of HD facili-
ated by nano-ZnO and Sun light will be very interesting as nano
nO can be sprayed on contaminated surfaces, and synchronized
hotocatalysis assisted by Sun light and nano ZnO can take care of
ontaminants, finally contaminated surfaces are rendered safe to
perate.

In order to understand the reactivity of ZnO nanoparticles
owards HD in the presence of Sun light, experiments were carried
ut using the particles with average crystallite size of 30 nm.  100%
f HD was found to get decontaminated in 12 h indicating the pho-
ocatalytic decontamination of HD. Owing to increased adsorption
apacity, more number of HD molecules were found to be adsorbed
n surface of ZnO nanoparticles and reacted with electrons and
oles that were generated on its surface upon illumination with
un light. In addition to this, holes reacted with moisture to form
ydroxyl radicals (•OH) and protons, while electrons reacted with
xygen to form superoxide anion (O2

−•) radicals. These O2
−• and

OH are extremely unstable and have reacted with adsorbed HD
olecules and decontaminated it to various reaction products.

ollectively in the presence of Sun light, nano ZnO had caused
econtamination of HD through hydrolysis, elimination as well as
hotocatalytic reactions.

Acetaldehyde and carbon dioxide were the gaseous products

ormed in large quantities as indicated by GC–MS data. The car-
on dioxide concentration increased gradually with time and
pproached a value of 840 ppm in 6 h and started decreasing, and
Fig. 4. Product concentration profile of HD decontaminated on nano ZnO irradiated
with Sun light.

finally reached to 300 ppm in 8 h due to degradation of HD molecule
(Fig. 4).

On the other hand, rate of CO2 generation should be increased,
however, because of the gradual increase in amount of acetalde-
hyde formed, which was further converted to acetic acid, and then
to CO2 and H2O, significant quantity of CO2 was  not observed.
Incomplete degradation of surface organic compounds could have
also caused low CO2 concentration. This observation can be
attributed to oxidation of carbon atom of HD. The concentra-
tion of CH3CHO had reached a maximum value of 220 ppm in
6 h and started decreasing, indicating the deactivation of catalyst
and poisoning of surface, formation of HCl and H2SO4 on the sur-
face. Less volatile products formed on the surface of nano ZnO
were studied by extracting with dry acetonitrile, ethyl acetate and
dichloromethane. The solution was analyzed by GC–MS after silyla-
tion. GC–MS depicted the formation of bis(2-chloroethyl) disulfide
(–SC2H4Cl)2. It seemed that, thiyl radicals ClCH2CH2S• were formed
due to photo reaction recombined giving the detected product
bis(2-chloroethyl) disulfide (–SC2H4Cl)2. In addition to these, some
other dimerized products were also recorded by GC–MS (Table 2).
This observation can be ascribed to cleavage of C–S bond due to
photocatalysis.

Moreover, several other products were also detected by GC–MS
and the data was  similar to that observed in the case of photocat-
alytic decomposition of 2-chloro ethyl ethyl sulfide on TiO2 [26].
Hemisulfur mustard and thiodiglycol were seemed to be formed
due to hydrolysis of HD and were detected by GC–MS analysis of
silylated extract of ethyl acetate from ZnO surface. In addition to
these, 2,2-dichloro diethyl sulphoxide, 2,2-dichloro diethyl sulfone,
1,3-oxathiolane, etc., were also detected in acetonitrile extract.
However, 2-chloro ethyl vinyl sulfide, vinyl chloride, acetic acid,
2-chloro ethanol, etc. were the minor products observed in ethyl
acetate extract. Of all illumination experiments, Sun light assisted
photocatalysis by ZnO has exhibited superior decontamination
efficiency towards HD. Hence, we  have studied effect of average
crystallite size on photocatalytic decontamination efficiency. It was
observed that, as crystallite size decreased from 2000 nm to 30 nm
the decontamination efficiency increased from 84% to 95% in 8 h.

In addition to the above, data obtained for the experiments car-
ried out in Sun light illumination was compared with that obtained
In the presence of visible light of 18 mW/cm2 intensity, exper-
iments were carried out using nano ZnO particles with average
crystallite size of 30 nm.  It was observed that, 93% of HD was
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Table  2
List of products detected due to the photocatalytic decontamination of HD on nano-
ZnO.

Product name Molecular formula m/z values

Acetaldehyde CH3CHO 44, 43, 31, 29, 26,
15

Carbon dioxide CO2 44, 28, 22, 16
2-Chloro ethanol ClCH2CH2OH 81, 83, 43, 36, 31,

27, 15
Acetic acid CH3COOH 60, 59, 43, 15
2-Chloro ethyl vinyl sulfide C4H7SCl 122, 94, 73, 65, 45,

27
1,3-Dithiane C4H8S2 120, 105, 87, 74, 45
1,4-Dithiane C4H8S2 120, 105, 92, 73,

61, 46
1,4-Oxathiane C4H8OS 104, 74, 61, 46, 34
1-Methyl-2,5-oxathiane C4H8OS 104, 89, 60, 45, 35,

27, 15
Thiirane C2H4S 60, 45, 34
Oxirane C2H4O 44, 31, 29, 26, 15
Thietane C3H6S 74, 46, 39
2,3-Dihydrothiophene C4H6S 85, 71, 58, 45
1,3-Dithiolane 1 oxide C3H6OS2 122, 110, 106, 98,

73, 66, 46
Ethane thiol C2H6S 64, 58, 47, 37, 29,

26, 15
1,3-Oxathiolane C3H6OS 106, 78, 73, 64, 53,

45, 27
1,4,7-Oxa dithionane C6H12OS2 105, 90, 78, 61, 45,

164, 121
2,2-Dichloro diethyl

sulphone
C4H8O2SCl2 127, 92, 63, 27

Bis(2-chloroethyl)
disulphide

C4H8S2Cl2 190, 155, 128, 92,
79, 63

Hemisulfur mustard C4H9OSCl 140, 141, 111, 109,
104, 73, 63, 45, 27,
29

Thiodiglycol C4H10O2S 122, 104, 91, 61, 43
2-Hydroxy ethyl vinyl

sulfide
C4H8OS 104, 91, 61, 43

2,2-Dichloro diethyl
sulphoxide

C4H8OSCl2 174, 158, 127, 104,
63, 27
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Bis(2-chloroethyl thio)
methane

C5H10S2Cl2 204, 158, 127, 92,
63, 27

econtaminated in 24 h, and this observation was found to be
lightly better than that observed in dark conditions (In dark, only
3% HD was decontaminated) and inferior to that observed in the
ase of Sun light. GC–MS data depicted the formation of hemisul-
ur mustard, thiodiglycol, 2-chloro ethyl vinyl sulfide, hydroxy
thyl vinyl sulfide, and minute amounts of 2,2-dichloro diethyl
ulphoxide, 2,2-dichloro diethyl sulfone, etc. demonstrating the
econtamination of HD through hydrolysis, elimination and pho-
ocatalytic oxidation reactions on the surface of nano ZnO particles.

Visible light activity of ZnO nanoparticles towards HD can be
ttributed to the presence of inherent defect sites, residual impuri-
ies, oxygen vacancies, and other irregularities within the above.
hey were found to be formed during the nucleation, growth,
recipitation, and calcination of ZnO nanoparticles while doing
ynthesis.

Excited electrons move to the defect sites from conduction
and through nonradiative transitions upon illumination of ZnO
anoparticles with visible light. These electrons interact with O2
olecules and generate O2

−• which in turn react with moisture
resent on the ZnO nanoparticle and further generate OH•. These
H• reacted with HD and decontaminated it to non-toxic products.
his observation (slightly better photoreactivity of ZnO nanopar-
icles towards HD in the presence of visible light relative to the

eactions in the absence of light), visible light activity of ZnO
anoparticles is consistent with reported results [40,41].

In a similar way, experiments were conducted by illuminating
ith UVA light of 0.3 mW/cm2 intensity. Relatively, UVA light has
Fig. 5. Product concentration profile of HD decontaminated on nano ZnO irradiated
with UVA light.

exhibited better decontamination efficiency than visible light, but
interestingly it was  found to be inferior to that observed in the
case of Sun light. ZnO particles of average crystallite size 30 nm,
have decontaminated 95% HD in 16 h (slightly lesser than Sun light,
where 100% of HD was  decontaminated in 12 h). Apparently, ZnO
with band gap 3.2 eV is active in UVA light and hence CO2 and
acetaldehyde were formed due to degradation of HD molecules due
to photocatalysis. Value of concentration of CO2 reached 520 ppm
in 6 h and it decreased to 300 ppm in 8 h (Fig. 5).

Concentration of CH3CHO was found to be 800 ppm in 6 h, it
decreased to 400 ppm in 8 h. Synergistic UVA light and nano ZnO
assisted decontamination of HD also produced similar kind of prod-
ucts which were observed in Sun light assisted decontamination.

Based on the above observations, it was understood that OH•

have played predominant role in decontamination of HD in to non-
toxic products in the presence of Sun light or UVA light or visible
light.

Formation of hydroxyl radicals on the surface of ZnO nanopar-
ticles in the presence of Sun light or UVA light or visible light was
probed by the reactions with DMSO. ZnO nanoparticles were mixed
with DMSO (1:1%, W/W)  and exposed to above said radiations. After
exposure, products were extracted with ethanol, concentrated and
subjected to GC–MS analysis. GC–MS data indicated the formation
of methane sulfonic acid ethyl ester and methane sulfonic acid as
depicted by m/z values at 124, 109, 97, 79, 65, 45 and 96, 79, 65,
48, 31. Hydroxyl radical was  found to react with DMSO and con-
verted it to methane sulfonic acid, etc. This observation confirmed
the formation of hydroxyl radicals and is consistent with reported
method [42].

3.2. Mechanism of photocatalytic degradation of HD  on ZnO
nanoparticles

In absence of light, HD reacted with surface of nano ZnO slowly
by means of hydrolysis and elimination reactions as indicated by
GC–MS data. A reaction scheme reflecting the decontamination of
HD on ZnO in dark conditions was  proposed (Scheme 1).

According to this reaction scheme, HD molecules reacted with
surface of ZnO in two ways, in one way they reacted with interca-
lated or physisorbed water molecules and surface hydroxyl groups

that were present on surface of nano ZnO to form thiodiglycol. Ini-
tially, cyclic sulfonium ion was appeared to be formed that being in
form (non-volatile) of salt could not be extracted out and detected
by GC. In another way, HD molecules reacted with Lewis acid
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Scheme 1. Elimination and hydrolysis reactions of su

Zn2+) sites to form surface bound alkoxy species and the same
s supported by IR data. IR data indicated disappearance of band
t 700 cm−1 (C–Cl), change of peak pattern at around 1440 and
295 cm−1 (CH2–Cl), slight change in peak intensity at ∼3352 cm−1

–O–H) further confirming the hydrolysis, elimination and surface
omplexation of HD. These reactions poison the active surface of
ano ZnO and reduce the reactivity towards HD [13].

As the decontamination reactions were found to be very slow in
he absence of light, photocatalysis was opted for faster decontam-
nation removal of HD. In addition to this, it is interesting to explore
ow ZnO nanoparticles behave against HD when used as powder
econtaminant in the natural Sun light. Apparently, data indicated
aster and significant decontamination of HD due to photocataly-
is in the presence of Sun light and nano ZnO, but it did not occur
ither in absence of ZnO or without light either Sun light or visible
ight or UVA light.
On the other hand, photocatalytic decontamination reaction
as stimulated by light radiation. Initially, charge carriers like elec-

rons and holes were seemed to be generated, and then migrate
o the surface of photocatalyst. Holes react with moisture to form
ustard occurring on the surface of ZnO nanoparticles.

hydroxyl radicals (•OH) and protons, while electrons react with
oxygen to form superoxide anion (O2

−•) radicals. These O2
−• and

•OH are extremely unstable and could have reacted with adsorbed
HD molecules and decontaminated it in the presence of light.

It was revealed that, photocatalytic oxidation of HD started with
sulfur radical cations, firstly the radical cation of HD reacted with
superoxide anion radical or oxygen and formed HD sulfone and HD
sulfoxide owing to oxidation of S atom of HD (Scheme 2). The radical
cation observed to have undergone cleavage of either of C–S bonds,
where, the alkyl cations reacted with water to produce alcohols and
thiols as per the following reactions.

Cl–CH2CH2S+CH2CH2Cl → •SCH2CH2Cl + ClCH2CH2
+

•SCH2CH2Cl + H2O → HSCH2CH2Cl
ClCH2CH2
+ + H2O → ClCH2CH2OH

This observation was also supported by GC–MS data as it had
detected 2-chloro ethanol in acetonitrile extract from nano ZnO
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Scheme 2. Reaction mechanism indicating p

xposed to light and HD. The other route is elimination of proton
rom alkyl radical cation which was assisted by superoxide anion
s base to form chloro ethyl vinyl sulfide, hydroxy ethyl vinyl sul-
de. The thiyl radicals ClCH2CH2S• formed due to photo reaction
ecombined giving the detected products bis(2-chloroethyl) disul-
de (–SC2H4Cl)2, bis(2-chloroethyl thio) methane (C5H10S2Cl2).
his can be ascribed to the cleavage of C–S bond.

In another way, formation of large amounts of acetaldehyde,
arbon dioxide and small amounts of acetic acid, vinyl chloride,
thylene oxide, etc., can be attributed to oxidation of C atoms of
D by superoxide anion radical. The following are the proposed

eactions.

Cl–C2H4)2S + O2
−• + H2O → CH3CHO + CH3CH2SH

H3CH2SH + O2
−• → CO2 + H2O + H2SO4

H3CHO + O2
−• → CH3COOH
H3COOH + O2
−• → CO2 + H2O

lCH2CH2OH + O2
−• → CO2 + H2O + HCl
  

talytic decontamination of HD on nano ZnO.

HSCH2CH2OH + O2
−• → CO2 + H2O + H2SO4

It should also be noted that, mechanism is highly complex and
can also follow combinations of mechanisms such as oxidation of
C atom, cleavage of C–S bond, oxidation of S atom, hydrolysis of
C–Cl bond or elimination of HCl and free radical mechanisms as
well. Nevertheless, based on above observations and quantities of
products observed, it was  understood that C–S bond cleavage had
contributed to a major extent for HD photocatalytic decontamina-
tion.

3.3. Regeneration of nano ZnO

Nano ZnO was observed to be deactivated when re-used due
to poisoning of catalysts i.e., formation of alkoxy species, H2SO4
and HCl on its surface. Initially it exhibited 95% of decontamina-
tion efficiency towards HD and it decreased to 93% when it was  re
used after washing with acetonitrile. Thereafter it decreased to 92%

for 3rd use and then to 90% for 4th use. Whereas, ∼95% of decon-
tamination efficiency was maintained continuously for fourth time
when surface of nano ZnO was  treated with 30% hydrogen peroxide
and UVA light followed by washing with copious amounts of water,
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thanol and dichloromethane and this observation is supported by
R data.

Formation of these species was indicated by appearance of a
and at 1100 cm−1 (–C–O–Zn). An additional band at 1234 cm−1

as also observed further, indicating the formation of surface
ound sulfate species. However, when treated with hydrogen
eroxide and UVA light, surface was cleaned and renewed thus
xhibiting better photocatalytic decontamination properties.

The IR data also showed band at 3240 cm−1 indicating the pres-
nce of O–H stretching vibration, a band at 1630 cm−1 indicating
he deformation vibrations of physisorbed water. In the case of HD
dsorbed on ZnO, a band at 2930 cm−1 indicated C–H vibration of
H2S, bands at around 1220 cm−1 and 1270 cm−1 correspond to
H2 vibration of CH2–S group which are characteristics of adsorbed
D on nano ZnO. Band at 700 cm−1 changed due to hydrolysis of
D on ZnO. Whereas for irradiated sample (UVA or visible light or
un light), the band pattern observed to be changed. Bands at 1126,
200 illustrated the formation of sulphonate species and band at
round 1410 cm−1 indicated the formation of –COOH group typi-
al of acetic acid formed during photocatalysis of HD on nano ZnO.
urther, ZnO absorbs over a larger fraction of solar spectrum due to
hich it made it clear that, in presence of Sun light, nano ZnO par-

icles have exhibited superior decontamination properties when
ompared to that observed with UVA and visible light radiations.

. Conclusion

Sun light assisted decontamination of HD was studied in the
resence of nano ZnO particles and the data was  compared with
hat observed in the case of UVA and visible light irradiation
xperiments. With the decrease of crystallite size, decontamina-
ion efficiency towards HD was found to increase. In the absence of
ight, hydrolysis, elimination and surface complexation reactions

ere found to contribute to decontamination of HD. However, in
he presence of light decontamination of HD can be attributed to
xidation, cleavage of C–S bond, elimination of HCl facilitated by
uperoxide anion and hydroxyl radicals along with holes and elec-
rons which were formed on the surface of nano ZnO particles due to
hotocatalysis in addition to the hydrolysis, elimination reactions.
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