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ABSTRACT

The zinc-cadmium oxide (ZnO-CdO) nanocomposites with different weight percentages of cadmium oxide (CdO)
nanoparticles were successfully synthesized by the sonochemical method using zinc and cadmium nitrates
as precursors to probe their nano-structured surfaces for the decomposition reactions of chloroethyl phenyl
sulfide (CEPS) as a surrogate of sulfur mustard agent simulant. Scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FT-IR)
techniques were used to consider the characterization and determination of the composition of the synthesized
nanocomposites. The reactions were carried out in methanol, chloroform and n-heptane solvents and monitored
by Gas chromatography equipped with Flame ionization detector (GC-FID) and Gas chromatography coupled with
a mass spectroscopy analyses. The GC analysis clearly demonstrated that maximum decomposition (100%) of
CEPS took place on the surface of porous Zn0-25.99 wt% CdO nanocomposite catalyst in n-heptane solvent, after
6 h at room temperature (RT).

Keyword: Zinc-cadmium oxide (ZnO-CdO); Nanocomposite catalyst; Sono-chemical synthesis; Chloroethyl phenyl
sulfide (CEPS); Decontamination.

1. INTRODUCTION

Chemical contamination is among the most important
issues which can be manifested by widely used toxic
chemicals such as agricultural pesticides and so on.
Also there are increased risks of chemical contamina-
tion through the use of chemical warfare agents (CWAs)
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in military actions, in the case of accidents and also in
terrorist attacks [1]. Among CWAs, sulfur mustard bis-
chloroethyl sulfide or HD (commonly abbreviated as H
for munition grade and D for distilled) with molecular
formula of (CICH,CH,),S is a potential chemical war-
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fare agent which can be used by terrorist organization
[2-5]. One of the most famous sulfur mustard agents is
chloroethyl phenyl sulfide (CEPS). Since highly per-
sistent HD is extremely toxic, research studies have
been generally performed with less toxic analogues
(simulants) like CEPS [6, 7]. The CEPS is considered
as a HD simulant because it contains a single chlorine
atom on the  carbon atom relative to HD as illustrated
in Scheme 1.

Currently, many advances have been made to design
methodologies and strategies to neutralize harmful
chemical agents. The first decontaminants employed
against CWAs, were bleaching powder and potassium
permanganate [6]. Because of disadvantages associ-
ated with bleach solution, search for new decontami-
nants began after World War II. N-chloro compounds
(chloramines-B, chloramines-T, trichlorocyanurate
acid and sodium N, N-dichloroisocyanorate), DS2,
oxon, etc. were also found to be promising, but lack of
stability hindered their wide spread application [7-9].

Most of the above problems can be overcome us-
ing sorbent decontaminants. A sorbent decontaminant
is a free flowing, solid material which adsorbs liquid
agents tightly in its pores and degrades subsequently
[3]. As in the recent years, interests have been in-
verted toward the application of nanomaterials and
nanotechnology, more nanocrystalline inorganics such
as metals and metal oxides with adsorptive and cata-
lytic properties have been assayed as solid catalysts
to replace the liquid detoxification of CWAs. The in-
triguing properties of nanomaterials are expected to
be aroused owing to the increased fraction of surface
atoms as their sizes decrease which occurs under con-
ditions differing from those of the bulk atoms. High
surface area and the reactive sites tailored in the form
of edge and corner defects, unusual lattice planes and
high surface to volume ratio, react in a stochiomet-
ric way that will lead to an arsenal of smart nano-
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Scheme 1: The molecular structures of: (a) HD and (b)
CEPS.
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structured surfaces for specific remediation appli-
cations [10-12]. Nano-crystalline metals and metal
oxides not only neutralize toxic industrial chemicals,
but also destroy V-, G- and H- series CWAs through
hydrolysis, hydrodehalogenation and/or hydrodesul-
furization processes [13].

Several nano-crystalline metal oxides such as VO,
[4], CaO [14], MgO [15-17], AL,O, [15-18] and ZnO
[19] have been utilized as adsorbents and catalysts for
various defense applications such as nuclear, biologi-
cal, chemical (NBC) warfare, destructive adsorption
and decomposition of acid gases and polar organics
including CWAs and their mimics [20-22]. Recently,
nano-crystalline ZnO and CdO have gained increas-
ing interests according to a variety of properties such
as non-toxicity, optical and piezoelectric characteris-
tics, and potential applications in solar energy conver-
sion and photo-catalytic degradation of organic pol-
lutants [23-25]. There are numerous methods for the
preparation of ZnO and CdO nanoparticles including
precipitation [26], hydrothermal method [27], micro-
emulsion synthesis [28], sol-gel method [29] and so-
no-chemical synthesis [30]. In this research, we have
proposed a simple, facile and low cost sono-chemi-
cal technique as a feasible method for the synthesis
of porous ZnO-CdO nanocomposites with different
weight percentages of CdO nanoparticles. Then, the
nanocomposite with the optimized amount of CdO
nanoparticles was investigated as the catalyst for the
decomposition of CEPS.

2. EXPERIMENTAL DETAIL

2.1. Materials and reagents

Zinc nitrate hexahydrate Zn(NO,),.6H,0, cadmium
nitrate tetrahydrate Cd(NO,),.4H,0, sodium hydrox-
ide NaOH, ethanol, octane, methanol, chloroform and
n-heptane all were obtained commercially from Mer-
ck, chloroethyl phenyl sulfide (CEPS) was purchased
from Sigma-Aldrich. All the materials were of chemi-
cal grade and were used as received. Deionized water
was used for the preparation of all solutions.

2.2. Instrumentation
Ultrasonic experiments were performed by a GM
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2200 model Bandelin sonoplus (45 kHz) for the syn-
thesis of nanocomposite samples. For the separation,
samples were centrifuged via a Universal centrifuge
(CAT. NO. 1004) instrument. The synthesized ZnO-
CdO nanocomposites were subjected to various char-
acterization instruments. The morphology, particle
size and the element composition were determined via
SEM images using a field emission scanning electron
microscope fitted with an energy dispersive X-ray
spectrometer (FESEM-EDX, LEO-1530VP), respec-
tively. The X-ray diffraction (XRD) analysis was car-
ried out on a Philips X-ray diffractometer using Cu-
Ko radiation (40 kV, 30 mA and A = 0.15418 nm). The
Samples were scanned with a speed of 2°.min! at 20
ranged from 10° to 90°. The IR spectra were scanned
on a Perkin-Elmer model 2000 FT-IR spectrometer in
the wavelength range of 450 to 4000 cm™ with KBr
pellets. A Varian Star 3400CX series gas chromato-
graph equipped with flame ionization detector (FID)
and an OV-101CWHP 80/100 silica capillary column
(30 m, 0.25 mm inner diameter (i.d) and 0.25 pum film
thicknesses) was used to monitor the decomposition
reactions of CEPS on the surface of the nanocompos-
ite catalysts. The extracted products were analyzed by
a HP-Agilent gas chromatograph-mass spectrometer
equipped with a DB 1701 fused-silica capillary col-
umn (30 m, 0.25 mm inner diameter (i.d) and 0.25 pm
film thicknesses). In brief, the column temperature
was initially hold at 60°C for 4 min and programmed
at 20°.min! for 13 min to 220°C to reach the final
temperature which was then hold for 4 min. Helium
(99.99 % purity) was selected as the carrier gas with
the flow rate of 1 mL.min!. The detector temperature
was fixed at 230°C. The injection was performed in
the split mode.

2.3. Preparation of ZnO-CdO nanocomposite

ZnO-CdO nanocomposites were prepared by so-
nochemical method. For this purpose, initially four
samples of zinc nitrate hexahydrate were prepared
in 100 mL Erlenmeyer flasks through dissolving
3.85 g of Zn(NO,),.6H,0 powder into 10 mL of de-
ionized water (1.29 molar). 0.285, 0.55, 1.1 and 2.2 g
of Cd(NO,),.4H,0 powder were then added to above
solutions, respectively. While the mixtures were be-
ing heated and stirred magnetically with 70°C then

100 mL of 1 M KOH aqueous solution was added
drop-wise at 70°C for 60 min. Additionally, 1 M of
NaOH aqueous solution was added drop-wise to pre-
cursor solutions under vigorous stirring, whereup-
on the samples turned into white gels. The addition
of NaOH was continued until the gels vanished and
white precipitates formed. The resulting precipitates
were separated from solutions by centrifugation, and
then sonicated for 60 min in an ultrasonic bath. After
the sonication, the precipitates cooled to room temper-
ature, then filtered and washed with deionized water
and ethanol three times to remove —OH groups from
their surfaces. Subsequently, the clean precipitates
were dried in an oven at 60°C for 12 h and calcined in
a furnace at 200°C for 1 h to obtain ZnO-CdO nano-
composite powders.

2.4. Decomposition procedure of CEPS with ZnO-
CdO nanocomposite catalyst

In order to investigate the decomposition reactions,
ZnO-CdO-CEPS samples were prepared according to
the following procedure; 10 puL of octane as the inter-
nal standard and 10 puL of CEPS were added to 5 mL
of each solvents (methanol, chloroform and n-hep-
tane) representing the optimizing work solutions, in a
20 mL Erlenmeyer flask which was sealed to prevent
the vaporization of the solvents. All samples were vor-
texes for 1 min to give blank samples. 0.4 of ZnO-
CdO nanocomposite powder was then added to above
solutions. No efforts were made to control ambient
light or humidity. To achieve a perfect adsorption and
a complete reaction between nanocomposite catalyst
and sulfur mustard simulant through optimizing vari-
ous shaking times, all samples were shaken on a wrist-
action shaker for respectively 0, 1, 2, 3, 6 and 12 h.
Finally 10 pL of all solution samples was extracted
by a micro-syringe and injected to GC and GC-MS
instruments for quantitative analysis.

3. RESULTS AND DISCUSSION

3.1. Scanning electron microscopy (SEM)

The morphology, structure and particle size of the as-
synthesized catalyst samples were surveyed through
magnification by SEM images for the 2.29 wt%
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(Figures la and 1b), 5.54 wt% (Figures lc and 1d),
16.43 wt% (Figures le and 1f), and 25.99 wt%
(Figures 1g and 1h) of CdO, respectively. The SEM
images show the approximately spherical shape and
homogeneous morphology of the particles and de-
note that increasing CdO content does not leave
any changes in the topology of the catalytic surface.
Furthermore, using the described synthesis method
yields ZnO-CdO composites within nano-metric scale
(less than 100 nm). The presence of some bigger par-

ticles in the images is attributed to the aggregation or
overlapping of some smaller particles. The average
particle sizes in SEM images are consistent to a good
extent and agreement with those calculated from XRD
peak patterns.

3.2. Energy dispersive X-ray spectroscopy (EDX)
analysis

Energy dispersive X-ray (EDX) analysis was per-
formed to confirm the presence of zinc and cadmium
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elements in nanocomposite samples and the results are
shown in Figure 2. As illustrated in Figure 2, there is
no unidentified peak observed in EDX spectra. These
results confirm the purity and composition of ZnO-
CdO nanocomposite and also obtain the amounts of
CdO content as weight percent within the nanocom-
posite structures. These amounts are equal to 2.29
wt% (Figure 2a), 5.54 wt% (Figure 2b), 16.43 wt%
(Figure 2c), and 25.99 wt% (Figure 2d), respectively.

3.3. X-ray diffraction (XRD) patterns

The structure and average particle size of the synthe-
sized ZnO-CdO nanocomposite samples have been
assayed via X-ray diffraction (XRD) measurement. As
shown in Figure 3, the sharp and narrow peaks at scat-
tering angles of 20 of 31.72°, 34.4°, 36.24°, 47.52°,
56.6°, 62.8°, 66.3°, 67.9° and 69.1° corresponding to

ZqKa

CPS

ZnKb

2 4 6 8 10 12 14 16 18
Energy (Kev)

(b)

CPS

1 2 3 4 5 6 7 8 9 10 11 12 13
Energy (Kev)

(d)
Figure 2: EDX spectra of ZnO-CdO nanocomposites, (a) 2.29 wt%, (b) 5.54 wt%, (c) 16.43 wt%, and (d) 25.99 wt%.

diffraction planes of (100), (002), (101), (102), (110),
(103), (200), (112) and (201), respectively and are re-
lated to ZnO and the peaks at 20 of 33.001°, 38.285°,
55.258°, 65.91°, 69.288° and 82.5° are corresponded
to CdO with diffraction planes of (111), (200), (220),
(311), (222) and (400), respectively. These peaks
which are illustrated as square points in Figure 3a, 3b,
3c and 3d reveal the CdO crystals. Also the patterns
have clearly indicated that the samples have not been
synthesized as single phases but as a composite. The
diffraction peaks appeared for all XRD patterns can
be indexed with standard patterns of ZnO (a wurtzite
structure and hexagonal phase with lattice constants,
a=3.24982(9) A and ¢ = 1.6021 A, JCPDS card NO.
79-207) and CdO (FCC phase, JCPDS card NO. 75-
293). The average particle size of nanocomposites was
calculated from line broadening of the peak at 20 =
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Figure 3: XRD patterns of the synthesized ZnO-CdO nanocomposite, (a) 2.29 wt%, (b) 5.54 wt%, (c) 16.43 wt% and
(d) (h) 25.99 wt% (m indicates peak pattern depicting presence of CdO).

10-90° using Scherrer equation (1) [31]:

g 0.94\
BcosB

(1

Where d is the crystalline size, A is the wavelength
of X-ray source, [ is the full width at half maximum
(FWHM) and 0 is the angle of incidence for the se-
lected diffraction peak (Bragg diffraction angle). Us-
ing Scherrer equation, the average particle sizes of
Zn0O-CdO nanocomposites with 2.29 (Figure 3a), 5.54
(Figure 3b), 16.43 (Figure 3c) and 25.99 wt% (Figure
3d) CdO were estimated to be about 44.6, 49.3, 47 and
42 nm, respectively.

3.4. FT-IR study

The investigation of the presence of functional groups
on the surfaces of synthesized nanocomposite catalysts
was acceded by FT-IR spectra, as shown in Figure 4
in which the strong absorbed peaks around 450 cm
verify the formation of Zn—O and Cd-O bonds. The
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peaks at 847 and 1350 cm™! are assigned to C—H and
C—C bonding vibrations in the synthesized samples,
respectively. There are bands in the regions 1630 and
1710 cm™ which are presented probably due to the
adsorbed CO, and moisture by samples or potassium
bromide (KBr) pellets or due to traces of the remained
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Figure 4: FTIR spectra of ZnO-CdO nanocomposites (a)

2.29 wt%, (b) 5.54 wt%, (c) 16.43 wt% and (d) 25.99 wt%
of CdO.
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solvent on the surface of metallic cations in the pow-
ders. The peaks positioned around 3460 cm™ is cor-
responded to hydroxyl (O-H) stretching vibrations.
FT-IR spectra are shown for the 2.29 wt% (Figure
4a), 5.54 wt% (Figure 4b), 16.43 wt% (Figure 4c),
and 25.99 wt% (Figure 4d), respectively. After the
characterization of the samples, ZnO-CdO nanocom-
posite with the highest amount of CdO nanoparticles
(25.99 wt%) was selected due to higher amounts of cad-
mium oxide and smaller crystal particle size, to decon-
taminate the chemical warfare agent simulant of CEPS.

3.5. Catalytic study

3.5.1. GC-FID analysis

In order to study the chemical decomposition of
chloroethyl phenyl sulfide (CEPS) as a surrogate of
sulfur mustard agent, the catalytic performance of po-
rous ZnO-CdO nanocomposite with 25.99 wt% CdO
nanoparticles content was evaluated at room tempera-
ture and those progresses were monitored by GC-FID
analysis. To accede maximum efficiency, the influ-
encing parameters such as solvent type and shaking
time have been explored and optimized. The effect of
polarity on the reaction procedure and the choice of
solvent type were discussed through utilizing metha-
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Figure 5: GC chromatograms for ZnO-CdO-CEPS sample
in methanol solvent, a) 0 h, b) 1h, c) 2 h, d) 3 h, e) 6 h and
f) 12 h.
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Figure 6: GC chromatograms for ZnO-CdO-CEPS sample

in chloroform solvent, a) O h, b) 1h, ¢) 2 h, d) 3 h, e) 6 h and
f) 12 h.

nol, chloroform and n-heptane.

The GC chromatograms, area under curve (AUC) data
and the results under different solvents and shaking
times are summarized in Figures 5 to 8. It is observed
from GC chromatograms that CEPS has a retention
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Figure 7: GC chromatograms for ZnO-CdO-CEPS sample

in n-heptane solvent, a) 0 h, b) 1h, c) 2 h, d) 3 h, e) 6 h and
f) 12 h.
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time at about 10.6 min. To calculate the amounts of
decomposed sulfur mustard stimulant, the integrated
area under peak data of two samples, CEPS and oc-
tane as the internal standard have been given for all
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times and solvents. Subsequently, the ratio of the in-
tegrated data (integrated AUC of CEPS/integrated
AUC of octane) was determined. The experiments
were performed at different time intervals from a, b,
¢, d, e and f that are corresponded to 0, 1, 2, 3, 6 and
12 h from Figures 5 to 8. With increasing the time,
AUC amounts of CEPS were firstly increased until 6
h, and then a constant trend was observed. It is noticed
from chromatograms that with increase in the reaction
(shaking) time, higher amounts of CEPS would be de-
contaminated which are illustrated by the new peaks
at retention times of 9.7 and 14.5 min. Moreover, the
experiments have clearly demonstrated that the maxi-
mum decomposition occurred in n-heptane solvent
after 6 h. not with standing the transition state must be
involved in the polar reaction, polar solvent hinders
the reaction's progress. It could be construed from GC
analysis that polar solvent can compete with the reac-
tive sites presented on the surface of ZnO-CdO nano-
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Figure 9: GC-MS analysis and mass spectra of the reaction products ZnO-CdO nanocomposite with CEPS,

a) CEPS, b) HEPS and c) PVS.
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composite including Bronsted and Lewis acid sites. In
particular, the blocking of Lewis acid sites would hin-
der the coordination of CEPS. Since methanol is con-
sidered as such a strong hindrance to the reaction, this
tends to lend further support to the idea that methanol
simply blocks access to the surface of the catalyst.
3.5.2. GC-MS analysis

Once CEPS reacted with ZnO-CdO nanocomposite
catalyst, the identification and quantification of the de-
composition products was followed by GC-MS analy-
sis. Figures 9a, 9b and 9c depicts the mass spectra for
CEPS (m/z values ranged from 28, 45, 69, 84, 109,
123 and 172), hydroxyl ethyl phenyl sulfide (HEPS)
(m/z values ranged from 28, 43, 59, 85, 131 and 154)
as hydrolysis product and phenyl vinyl sulfide (PVS)
(m/z values ranged from 28, 43, 58, 75, 91 and 136)
as elimination product, respectively. The formation of
HEPS and PVS emphasizes the role of hydrolysis and
elimination reactions in the decomposition of CEPS,

thereby rendering its less-toxic products.

3.6. Mechanism of the decomposition procedure
Based on the observations provided by GC and GC-
MS analyses, the mechanism schemes reflecting the
decomposition (adsorption and destruction) of the
sulfur mustard simulant on the adsorbent catalyst
along with the formation of destruction products are
proposed (Scheme 2) in which the decomposition re-
actions through both Zinc and cadmium species (Zn**
and Cd*") have been reviewed. It is worth noting
that one of the proposed routes is possible and may
proceed simultaneously.

In this route, adsorption reactions of sulfur mustard
simulants occur through nucleophillic attack of the
Bronsted (hydroxyl groups (Zn-OH) and/or (Cd-OH))
acid sites presented on the ZnO-CdO of the external
surface of the composite to chlorine and sulfur atom of
CEPS molecule (initially, cyclic sulfonium ion seems
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to be formed as an intermediate which is in the non-
volatile form of the related compound so that could
not be extracted out and detected by GC). Shortly af-
ter that, the chlorine atom in CEPS molecule will be
removed through the dehalogenation reaction. In the
presence and absence of H,O molecule, different re-
actions may proceed and hydrolysis and elimination
products on the surfaces of Zn?* and Cd*" as Lewis
acid sites will be revealed. Both hydrolysis and elimi-
nation processes take place to yield hydroxyl ethyl
phenyl sulfide (HEPS) and phenyl vinyl sulfide (PVS)
as decomposition products of CEPS.

4. CONCLUSIONS

In the present study, ZnO-CdO nanocomposite with
different weight percentages of CdO nanoparticles
have been synthesized by sonochemical method with
the goal to convert chloroethyl phenyl sulfide (CEPS)
as a sulfur mustard stimulant to the chemical war-
fare agent, HD, to less-toxic products. Those physi-
cochemical properties of the nanocomposite were
characterized and identified by SEM, EDX, XRD
and FT-IR techniques. Thereafter, ZnO-CdO nano-
composite with 25.99 wt% CdO nanoparticles was
selected for studying the decomposition reactions of
CEPS. Adsorption and decomposition reactions have
been evaluated in different solvents and shaking times
and monitored by GC and GC-MS analyses. Maxi-
mum decomposition (100%) occurred in n-heptane
solvent after 6 h, compared to methanol and chloro-
form (56% and 81%, respectively). It is realized from
experiments that polar solvent hinders the access to
the active sites on the surface of nanocomposite. The
results showed that ZnO-CdO nanocomposite serves
as a promising catalyst for the efficient decomposition
of CEPS molecule by forming less-toxic hydrolysis
and elimination products.
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