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Zinc Oxide Prepared by Homogeneous Hydrolysis with Thioacetamide, Its Destruction of
Warfare Agents, and Photocatalytic Activity
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Zinc sulfide (ZnS) nanopatrticles were prepared by homogeneous hydrolysis of zinc sulfate and thioacetamide
(TAA) at 80 °C. After annealing at a temperature above 4@0in oxygen atmosphere, zinc oxide (ZnO)
nanoparticles were obtained. The ZnS and ZnO nanopatrticles were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM), selected
area electron diffraction (SAED), and Brunau&mmett-Teller (BET)/Barrett-Joyner-Halenda (BJH)
methods were used for surface area and porosity determination. The photocatalytic activity of as-prepared
zinc oxide samples was determined by decomposition of Orange Il dye in aqueous solution under UV irradiation
of 365 nm wavelength. Synthesized ZnO were evaluated for their non-photochemical degradation ability of
chemical warfare agents to nontoxic products.

1. Introduction OC(NH,), —~ OCN™ + NH4+ (5)
Photocatalytic degradation processes have been widely ap-
plied as techniques of destruction of organic pollutants in OCN +H" + 2H,0 —HCO; + NH4+ (6)

wastewater and effluents. Titanium dioxide (B)(has been

extensively investigated as one of the most active semiconductorThe first step, the reversible formation of ammonium cyanate,

photocatalyst$. It has been known that ZnO is a suitable is followed by the irreversible hydrolysis of cyanate ions. During

alternative to TiQ so far as band gap energy is concerned, and the decomposition of urea, the NHions are formed and the

in fact higher photocatalytic efficiency compared with Fikas consumption of H results in an increase of pH in the solution.

been reported for Zn®:4 After reaching the pH value necessary for precipitation of the
Homogeneous hydrolysis with urea as a precipitate agent canhydroxides, precipitates of insoluble material start to férm.

be used for preparation of oxo-compounds, such as metal oxidegContrary to the heterogeneous precipitation method, when acidic

and hydroxides or precursor on base mixed oxo-hydroxides. Themetal salt solution is mixed with the basic neutralizing agent,

urea method is based on thermal decomposition of urea at amuch milder concentration gradients occur during the homo-

temperature higher than 6C .56 geneous precipitation, resulting in significantly different proper-
ties of the precipitation product.
(NH,),CO + 3H,0 — CO,t + 2NH,OH (1) Homogeneous precipitation in aqueous solution for prepara-

tion of spherical particles of ferrinydrife? spherical particles
of photocatalytic anatasé;!* nanosized anatase or ferrihydrite

+ —
NH,OH + H,0— NH," + OH @) for decomposition of warfare agerisand pigments based on
mica coated with oxides of metaf* was used.
MeZ" + 20H — Me(OH), ©) In the same way as the urea method, homogeneous precipita-

tion of metal sulfides by thermal decomposition of thioacetamide
(TAA) can be used® Thioacetamide at a temperature higher

With heating of an aqueous solution of urea, the stoichiometry than 60°C in acidic solution released hydrogen sulfide:

of urea hydrolysis can be described by
CH,;CSNH, + H,0 — CH,CONH, + H,S (7
OC(NH,), + H" + 2H,0 — HCO,” + 2NH,"  (4)

H,S+ H,0 —HS + H,0" (8)
According to Soler-lllia] the hydrolysis of urea takes places in
two steps: Me**"HS — MeS+H"' 9)
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According to Valenzuela and co-workéfZnO was prepared 2.2. Characterization Methods.Surface areas of the samples
by precipitation of zinc(ll) nitrate salts with an agueous solution were determined from nitrogen adsorpticesorption isotherms
of NH,OH. Calcined in static air at a temperature of 8@ at liquid nitrogen temperature using a Coulter SA3100 instru-

for 8 h and characterized by photodegradation of phenol. ment with outgas for 15 min at 120C. The Brunauer
Ultrafine ZnO particles (1225 nm) were prepared by thermal Emmett-Teller (BET) method was used for surface area
decomposition of zinc carbonate hydroxid&nO particles were calculation®? the pore size distribution (pore diameter and pore
prepared that ranged from 5 to 12 nm from zinc acetate solution volume of the samples) was determined by the Bardsiyner-

by the filter expansion aerosol generator (FEAG) proééss. Halenda (BJH) metho#

Flame spray pyrolysis, i.e., spray pyrolysis assisted with flame,  Transmission electron micrographs (TEM and HRTEM) were
was employed to synthesize spherical ZnO nanopartiles. obtained by using two instruments, namely, Philips EM 201
Photocatalytic decolorization of azo dye Orange Il in water has operated at 80 kV and JEOL JEM 3010 operated at 300 kV
been examined in an external UV light irradiation slurry (LaB6 cathode). Copper grid coated with a holey carbon support
photoreactor using zinc oxiéfeas a semiconductor photocata-  film was used to prepare samples for the TEM observation. A

lyst. The papé reports the large-scale synthesis of hexagonal powdered sample was dispersed in ethanol, and the suspension
cone-shaped ZnO nanopatrticles by the esterification betweenyas treated in an ultrasonic bath for 10 min.

zi_nc acetate and_alcoho_l. The prepared ZnO particles ex_hibit Scanning electron microscopy (SEM) studies were performed
high photocatalytic activity for the photocatalytic degradation using a Philips XL30 CP microscope equipped with energy-

of rhodamine B. The ZnO/Znfxomposites of photoc?talysts dispersive X-ray (EDX), Robinson, SE, and BSE detectors. The
were synthesized by hydrothermal treatment at-1P80°C of sample was placed on an adhesive C slice and coated with a 10
ZnO,, which in turn was obtained from an aqueous solution of . thick layer of Au-Pd alloy.

ZnSQy and HO,. The composite particles showed the morphol- X-ray powder diffraction patterns were obtained on a Siemens

ogy of ZnO prismatic crystallites with small Zn@ranules at . - s
the surfacé? ZnO powders with different morphologies were D.5005 instrument using Cudradiation (4.0 k.V’ 30 mA) 'and
diffracted beam monochromator. Qualitative analysis was

probe reaction to evaluate the photocatalysis of these zno YS9 the JCPDS PDF-2 database. Crystalhteéﬁsmes of the
powders. Thin zinc oxid¥ films with a thickness range from sample§ were calculated from the Scherlrer equaton. )
10 to 80 nm have been grown on silicon substrates by the _Kln_etlcs of the photocatalytic degradation as well as miner-
thermal physical vapor deposition approach. One papeports  alization of 25 mL of 0.25 mM Orange Il dy&and 200 mL

of the synthesis of self-assembled aligned hexagonal prismaticSelutions with particles of zinc oxide (200 mg/L) were measured.
Cu-doped ZnO nanoparticles in agqueous and organic mediumQuartz water-jacketed laboratory photoreactor, magnetically
for photocatalytic hydrogen production under visible light stirred and continuously |rrad|at_ed Wlth one “black light” lamp
irradiation. (A = 365 nm,lp = 5.3 x 1075 einstein dm?® s71), was used.

The ability of nanodispersed metal oxides (MgO, CaO, ZnO, The laboratory irradiation experiments were perfqrmed in a self-
AlO,(OH),, Al,0s, ZrO, and TiQ, etc.) to decompose certain construt_:ted photpreactor. It conS|sts_of two (_:oaX|aI quartz tut_)es
very toxic substances, such as sarine, somane, VX agent, orplaceql n the middle of a_steel cylinder W|th_alum|num foil
HD agent into nontoxic products was studied in detail by covering its inner wall. T_he |nngrquang tube.(dlameter, 24 mm;
Wagner et af%27” and Koper et a#® Reactivity with warfare length, 300 mm) was f'”ed. with the !nvest|gated suspension
agents of the nanosized MgO nanoparticles prepared in an(70 mL) and r_nagnet|cally stirred. Cooling water was circulating
autoclave hypercritical drying procedure from Mg(Og#and between the inner and the outer quartz tubes_ to k_ee_p a constant
nanosized aluminagAl 02 from aluminumseebutoxide was tgmperature of 20C. The used source.of uv |rraQ|at|on was a
studied. Nanopatrticles of iron and titanium oxides prepared by h|gh-p_ressure mercury lamp enclosed in a gla_ss filter bulb whose
homogeneous hydrolysis of ferric sulfate and titanium oxo- €MSSION consists to 93% of 365 nm radiation. It was placed
sulfaté! are used for decomposition of warfare agents. clo_se to the quartz tub_es. _By means Of. the ferrioxalate

In this study thioacetamide instead of urea was used as theactlnometry, an average light Intensity entering the volume of
precipitation agent in the synthesis of zinc sulfide, which is a g%_zigé‘ e?;;?;:;ﬁga?fj 'Is'ﬁgjit:;);dg?jdd:;ﬁjrt?;wSvi;dsﬁfked
precursor for preparing spherical clusters of zinc oxide nano- ;' '

particles. The photocatalytic activity on an Orange Il dye and from the reactor with a peristaltic pump through a flow cuvette

sulfur mustard non-photochemical decomposition on the pre- back to the reactor. The concentration of Orange Il dye was
P P P'€ determined by measuring the absorbance at 480 nm with visible
pared ZnO samples are tested.

spectrophotometer ColorQuestXE.

Prepared ZnO samples were evaluated for their ability to
convert sulfur mustard (hereafter also signed as HD) into

2.1. Synthesis of Sampledll used chemicals, zinc sulfate  nontoxic products. Synthesized powdery samples were dried
and thioacetamide (TAA), were analytical grade and were over 24 h in a vacuum kiln (at 100, 400 Pa) before tests. A
supplied by FlukaA 1 M amount of ZnS@ 7H,0 was dissolved weighed portion of a given evaluated sample was put into a
in 4 L of distilled water, ad 1 M thioacetamide was added. glass vial provided with a solid screw cap (Supelce, type CRS-
The reaction mixture was adjusted to gH2 with sulfuric acid. 33). The toxic agent in a solution of a chosen solvent was dosed
The reaction mixture was heated at temperature ¢i80nder onto the powder reagent layer. The vial was sealed with a cap
stirring for 4 h. Thus-synthesized zinc sulfide was washed with and placed into the thermostat. All experiments were performed
distilled water with decantation, filtered off, and dried at 105 at 25°C, and each run was repeated four to six times. An
°C in furnace atmosphere. After annealing in the temperature addition of isopropyl alcohol (2 mL) terminated the reaction.
range of 208-800 °C in oxygen atmosphere for 1 h, six fine The suspension was vigorously agitated, and the liquid fraction
ZnO/ZnS powders denoted as SIS 7_200, SIS 7_400, SIS 7_500yas separated from the solid using a centrifuge (9000naimr2
SIS 7_600, SIS 7_700, and SIS 7_800 were synthesized. for 3 min) and subsequently analyzed for residual content of

2. Experimental Section
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Figure 1. XRD patterns of the ZnS (a) and ZnS samples annealed at
temperature of 400 (b), 500 (c), and 80D (d).

the mustard. The respective detoxification capabilities of the
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shape is assumed) ariddand ® are the wavelength and the
incident angle of the X-rays, respectively. The peak width was
measured at half of the maximum intensity. Partgllof Figure

1 show the XRD patterns of sample SIS7 annealed at the
temperatures of 400, 500, and 800 in oxygen atmosphere.
As is shown in XRD patterns, the zinc blende structure was
transformed into zincite (ZnO, PDF 36-1451) at a temperature
higher than 400C. It suggested that the zinc sulfide nanopar-
ticles were oxidized into ZnO nanoparticles. According to eq
11 shown below, oxidation of ZnS occurred with the exchange
reaction between oxygen and sulfur:

2ZnS+ 30, — 2ZnO+ 2SOt (12)

In reference to Figure 1, the strongest diffraction peak in plane
(1 0 1) consists of the standard zinc oxide powder diffraction
file. From fwhm values of the zinc oxide (1 0 1) plane diffraction
peak, the particle diameters were obtained. Table 1 shows the
result calculated from the Debey&cherrer formula. In Table

1, we have found that the particle siz® icreases with the
increasing annealing temperature.

3.2. Surface Area and Porosity.In Table 1 is shown the
surface area (BET), the pore distribution, and the total volume
of pores related to mass (porosity) of samples obtained at various
heating temperatures.

These results show that the specific surface of zinc sulfide
(samples SIS7 and SIS7_200) grow with increased temperature.
At a temperature of 400C (sample SIS7_400) a recrystalli-
zation process take place and the specific surface area is
decreased. With increasing temperature above’@0@amples
SIS7_500-SIS7_800) the specific surface area decreases.

The pore distribution calculated from the BJH method
confirms that zinc sulfide and zinc oxide samples are mi-
croporous with pore sizes in the range of & nm. Variable
annealing temperature did not change the total pore area and

evaluated samples were expressed as percentages of mustakfle total pore volume (Table 1).

elimination from the reaction mixture under the given experi-
mental condition.

3. Results and Discussion
3.1. X-ray Diffraction. The X-ray diffraction (XRD) pattern

for sample SIS7 prepared by homogeneous hydrolysis of zinc-

(1) sulfate with TAA is shown in Figure 1a. It shows that the

3.3. High-Resolution Transmission Electron Microscopy
and Electron Diffraction. Image processing analysis of a
HRTEM micrograph is a useful method in the refinement of a
microstructure in the sense that we can more accurately analyze
grain sizes and grain boundaries. Furthermore, from fast Fourier
transform (FFT) it is possible to determine and to index
crystallographic planes and find orientations of nanoparticles.

nanocrystals exhibit a zinc blende crystal structure (ZnS, PDF Figure 2 shows HRTEM micrographs of zinc sulfide (sphalerite)

05-0566).

It is known that a decrease in particle size results in a
broadening of the diffraction peaks. From full-width at half-
maximum (fwhm) of the strongest diffraction peak in plane (1
1 1), the mean particles sizén diameter was determined from
the peak half-widthB by Scherrer formul&®

t= ki
B cos®

(10)

wherek is a shape factor of the particlk € 1 if the spherical

TABLE 1: Characteristics of Prepared Samples

particles, prepared by homogeneous precipitation with thio-
acetamide. Figure 2d shows that the lattice spacing of
approximately 0.347 nm between adjacent lattice planes cor-
responds to the distance between 200 crystal planes. As it
follows from a database (PDF 05-0566, JCPDS PDF2, 2001),
the lattice spacing 0.347 corresponds to the 200 diffraction line
of sphalerite.

HRTEM images of ZnO crystallites (see Figure 3) obtained
at annealing sample SIS 7 at a temperature of°TOH oxygen
atmosphere (sample SIS7_700) shows two types of domains
corresponding to ZnO space gro&m3m. The face-centered

sample heating temgC) RTG t (nm) BET (n?g™?) total pore area (nm) total pore vol (g Y) K (min-1)
SIS7 0 ZnS 6.2 76.8 1.718 0.02
SIS7_200 200 ZnS 18.0 153.5 1.536 0.06
SIS7_400 400 ZnS 19.9 101.9 1.527 0.01 0.0005
SIS7_500 500 Zn0O 41.8 50.54 1.530 0.02 0.0043
SIS7_600 600 ZnO 48.7 35.9 1.527 0.01 0.0079
SIS7_700 700 Zn0O 74.2 31.3 1.527 0.01 0.0379
SIS7_800 800 ZnO 75.9 13.4 1.527 0.01 0.0196
Deggusa P25 Ti® 50 0.0222



4218 J. Phys. Chem. A, Vol. 111, No. 20, 2007 Hou%kovaet al.

Figure 2. HRTEM micrographs of sphalerite prepared by homogeneous precipitation with TAA denoted as SIS7 (magnification 25 000).

atmosphere (magnification 100 000).
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Figure 4. SEM micrographs of particles prepared by homogeneous hydrolysis of zinc sulfate and thioacetamide (TAA) at a temperat@re of 80
(a,b) and SEM micrographs after annealing at 200 (c), 400 (d), 500 (f), 600 (e), 700 (h), afA@ 8§

cubic unit cell has been used to index the electron diffraction agglomerates of diameter of abouufn (Figure 4a,b), which
(ED) pattern (calculated by FFT) inserted in Figure 3. The are formed from spherical particles of 6 nm joined to the chains.
motive on Figure 3c corresponding to plane 001 and the motive After oxidation, agglomerates and chains of particles have
on Figure 3d correspond to plane 111. Figure 3b depicts the disintegrated and a particle cluster of approximately size of 10
corresponding selected area of electron diffraction pattern nm has been formed. With increasing annealing temperature,
(SAED). The particle size calculated from HRTEM is similar the agglomerate size decreases (Figurec
to that obtained from X-ray powder diffraction method. 3.5. Photocatalytic Activity. The photocatalytic activity of

3.4. Scanning Electron Microscopylt is apparent that the  as-prepared samples was determined by degradation of Orange
product of homogeneous precipitation of thioacetamide and zinc Il dye aqueous solutions under UV radiation. In regions where
sulfate consists of approximately spherical round particles, Lambert-Beer law (12) is significant, the concentration is
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Figure 5. Photocatalytic decomposition of Orange Il dye on zinc Fime{min)

sulfide (ZnS) samples annealed at a temperature above °@00 Figure 6. Decomposition of sulfur mustard on prepared samples with
(SI1S7_406-800) and on the standard photocatalyst Degussa (P25). time.
Absorbance is expressed Idls, wherel is the intensity of absorbance

at 480 nm of solution containing sample and Orange Il dye in real particles. The corresponding kinetic curve of the standard
time andlg is the intensity of absorbance at 480 nm of the initial solution photocatalyst P25 (Degussa) is included.

f | doO Il dye. . .
of sample and Brange 1 dye 3.6. Method of Disintegration of Warfare Agents. The

proportional to absorbance testing of the detoxification activity of prepared mixed oxides
was made with the use of mustard gas. Mustard gas was taken
A= ecl (12) purposely because it is the most resistant among standard

chemical agents against nanodispersive oxides. Reaction schemes
of non-photochemical destruction of sulfur mustard were
described by Wagner and co-work@pg7-36

The samples of zinc oxide were evaluated for their ability to
degrade chemical warfare agents (sulfur mustard gas) to
nontoxic products. The respective detoxification capabilities of

whereA is absorbance; is the concentration of the absorbing
component] is the length of the absorbing layer, aads the
molar absorbing coefficient. The time dependences of Orange
Il dye decomposition can be described by using eq 13 for the
first kinetics reactiors®

d[on evaluated samples were expressed as percentages of the sulfur
g~ K@~ [OI) (13) mustard HD conversion (see Figure 6). Good results were
obtained by the decomposition on zinc oxide annealed at
where [Oll] is the concentration of Orange |l dya, is the temperature of 400C (sample SIS7_400), where conversion

initial concentration of Orange Il dye, akds the rate constant.  comes to 42%. Increasing the annealing temperature decreases
It is obvious from Figure 5 that the first-order kinetics curves the non-photochemical decomposition of warfare agents due to
(plotted as lines) fitted to all experimental points. the lower specific surface area of the samples.

In fact, illumination of the surface of zincite by photons of
energy greater than the band gap energy (3 eV) creates a pai#. Conclusion

of electron e and holes h following the reaction . . . )
The spherical particles of zinc sulfide were prepared by

ZnO+ hy — ZnO(e ,h") (14) homogeneous hydrolysis of zinc(ll) sulfate in aqueous solution
at a temperature of 60C with thioacetamide. The ZnS was

The valence band photogenerated holes are free to react withannealed in oxygen atmosphere in a temperature range ef 200
OH~ adsorbed onto the surface of ZnO to create hydroxyl 800°C and converted to ZnO.

radicals OH. The band electrons react with electron acceptors  The solids consisted of uniform spherical aggregates with a
such as oxygen creating oxygen radicals G* diameter of approximately Am.

These radicals present extremely strong oxidizing properties  The photocatalytic activity of as-prepared zinc oxide samples

and are able to degrade the Orange Il dye entirely to water andyas determined by decomposition of Orange Il dye in aqueous

carbon dioxide: solution under UV irradiation of 365 nm wavelength The sample
. — . . heated at a temperature of 700 exhibited a good photocata-
OH + 0O, + Oll —intermediates~ CO, + H20(1 lytic activity, k = 0.0379 minL. (k for P25 Degussa is 0.0222
min=1.)

The photocatalytic degradation of Orange Il dye is presented Nanosized anatase and ferrihydrite prepared by homogeneous

in Figure 5 and Table 1. The zincite particles show good hydrolysis with urea efficiently decompose chemical warfare

photocatalytic properties for the decomposition of Orange Il agents such as mustard gas, soman, and™Sample ZnO

dye in an aqueous solution under UV radiation. prepared by homogeneous hydrolysis with thioacetamide heated
On the basis of the results in Table 1, we have found that at a temperature of 400C established a good decomposition

the rate constank of the mineralization of Orange Il dye of the mustard gas, and its reactivity is superior to-ARyO.2

increases with annealing temperature. Probably, well-crystallized

nanoparticles with average size of-405 nm and with perfect Acknowledgment. The work was supported by the Academy

crystal structure improve the photocatalytic activity of ZnO of Sciences of the Czech Republic (Project No. AV0Z40320502).
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