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ABSTRACT. The tin (IV) oxide nanoparticles are prepared by controlled precipitation method and calcined at temperatures
of 200-600 °C. The prepared SnO, nanoparticles characterized by XRD patterns, TEM image, IR and UV-Vis spectra. The
XRD patterns and TEM image show the tetragonal structure and spherical morphology for SnO, nanoparticles, respectively.
The photocatalytic activity of the prepared SnO; nanoparticles studied in degradation reaction of methylene blue (MB). The
results show the size of nanoparticles, band-gap energy and photocatalytic activity of SnO, depends on the calcinations tem-
perature. The SnO, nanoparticles calcined at 500 °C indicated the highest photoreactivity. Also, the zero-valent tin (ZVT)
nanoparticles with tetragonal structure are prepared by a reducing agent and used as a catalyst in degradation of MB. In basic
pH of 11, the degradation >95% of MB at time 150 min obtained at presence of ZVT nanoparticles.

Key words: SnO,, Sn, Nanoparticles, Methylene blue, Photocatalyst

INTRODUCTION

Nanometer range semiconducting materials have been a
subject of intense study for last several years due to their
size dependent physical and chemical properties below a
critical size characteristic of the material.'? Photocata-
lytic property is a interesting property that exhibited by
these nanocrystals. This property is size quantization
effect which arise due to the increasing quantum confine-
ment of the electrons and holes with diminishing size of
the crystallites and the consequent changes in the elec-
tronic structures.*”

The performance and application of semiconductor
photocatalyst are largely based on how much its electronic
structure and photoinduced charge property at the surface
or interface are realized.” The studies on the effects of
some factors, such as material size, phase composition,
structure and dopant species, on the properties of photo-
induced charges, including charge transfer behavior and
surface states, are of very significance to the preparation
and application of semiconductor materials.*

Semiconductor photocatalysis has attracted increasing
attention as an effective technique to eliminate the pol-
lutants in air and wastewater. While many efforts have
been made to put this technique into commercial appli-
cation, many problems arise, such as the fast recombina-
tion rate of the photoexcited electron-hole pairs, which is
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the key factor in the process of semiconductor photoca-
talysis.*’ Therefore, there has been much interest in low-
ering the recombination rate of electron-hole pairs in order to
improve the photocatalytic efficiency of semiconductor
photocatalysts.®

Tin (IV) oxide has been a widely studied material over
decades because of its wide range of applications as gas
sensors, heat mirrors, and transparent electrodes for solar
cells, opto-electronic devices and in catalysis.” Tin dioxi-
de is an n-type semiconductor crystallizing in tetragonal
rutile structure and having the band-gap of about 3.65 eV
at bulk state."

Applications of Sn (0) nanoparticles are in the prepa-
ration of metal films, as Li alloy anodes for rechargeable
batteries, as precursors to SnO; nanoparticles for use as
gas sensors and in heterogeneous catalysis.'"'> However,
despite the unique properties of Sn (0) particles in hybrid
materials or catalysis, there are only a few reports dealing
with their preparation. Evaporation under ultrahigh vac-
uum of bulk tin followed by condensation of the vapor is
by far the most common method for the synthesis of Sn (0)
particles.'>*

In this work, the production of SnO; and zero-valent tin
(ZVT) nanoparticles and characterization of prepared
nanoparticles is reported. The effect of calcinations tem-
perature studied on the photocatalytic activity of SnO,
nanoparticles. The bleaching of methylene blue is also
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studied in presence of SnO, and zero-valent tin (ZVT)
nanoparticles.

EXPERIMENTAL

Synthesis of SnO; and Sn Nanoparticles

All materials were purchased from Merck and Aldrich
Company with high purity and analytical grade. The dou-
ble distilled water was used to prepare the aqueous solu-
tions.

Tin (IV) chloride (SnCls-5H,0) and ammonia solution
(1:1) with high purity and analytical grade were used as
precursor for synthesis of SnO, nanoparticles. A controlled
precipitation procedure used to prepare the SnO, nano-
particles. Firstly, ammonia solution was added to 50 ml of
0.05 M SnCly solution drop by drop using a decanter with
control of sample pH while the mixture was stirred vigo-
rously at 80 °C temperature. The pH of sample was con-
trolled at pH of 3-4 and heating and stirring of sample was
continued duration 2-3 h. The white precipitate of Sn(OH),
was then centrifuged at 3000-4000 rpm, washed with water
and ethanol several times. The Sn(OH)s nanoparticles
were treated by heating in temperature of 80 °C for about
4 h. Finally, the white SnO, powders were calcined in an
oven at temperatures of 200-600 °C for about 2 h and then
stored for further use.

The zero-valent tin nanoparticles were prepared by
SnCl; as starting material, sodium borohydride (NaBHa)
as reducing agent and Tween80 as surfactant. Sodium
borohydride solution (0.06 M) was added to a solution of
0.1 %w/w SnCl, and 0.2 %w/w of Tween80 so that one
drop was added each of 3-4 s. The Sn nanoparticles was
removed by centrifuge with 3000-4000 rpm and then
washed with water and ethanol several times and dried at
50-60 °C at time 2-3 h.

Characterization of Nanoparticles

The prepared nanoparticles characterized by using X-
ray diffraction (XRD) patterns, IR spectra, UV-Vis spec-
tra and TEM images. An X-ray Diffractometer Bruker
D8ADVANCE Germany with anode of Cu (wavelength
of 1.5406A of Cu K,,) and filter of Ni apply to record the
XRD patterns of nanosized powders. The nanoparticles
size was estimated by a JEOL JEM-1200EXII transmis-
sion electron microscope (TEM) operating at 120 kV. The
supporting grids were formvar-covered, carbon-coated,
200-mesh copper grids. IR-spectra of SnO, nanoparticles
in range 4000-400 cm™ were recorded by using Nicolet
Impact 400D FT-IR Spectrophotometer. UV-Vis Spectro-
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photometer Carry-100 used to record absorption spectra
of synthesized SnO; in range of 200-500 nm. B.E.T
(Brunauer-Emmett-Teller) surface area of nanoparticles
was determined by using Monosorb Quantochorom.

Catalytic Activity of Nanoparticles

The photocatalytic activity of SnO; nanoparticles studi-
ed in the degradation reaction of methylene blue (MB). A
photocatalytic reactor system with a mercury low pres-
sure lamp (70 W) with Amax=332 nm and light intensity 22
W/m? used to measure photoactivity of SnO, nanoparti-
cles. The lamp and the tube were then immersed in the
photoreactor cell with a light path of 3.0 cm. The photo-
reactor was filled with 50 ml sample contain 10.0-50.0
mg/LL MB and 0.0-1.2 g/L nanoparticles of SnO,. The tem-
perature of photoreactor was kept at 25 °C with a water-
cooled jacket on its outside. A magnetic stirrer applied to
ensure that the suspension of the heterogeneous catalyst is
uniform during the degradation. Batch experiments were
also performed to study the effect of ZVT nanoparticles in
degradation of MB. Dye solution (10-50 mg/L) was pre-
pared in deionized water. A 100 mL of MB solution was
poured into a 250-mL Erlenmeyer flask and 0.8 g/L of
ZVT nanoparticles was added.

The degraded samples collected at regular intervals, fil-
tered through Millipore membrane filters, and centrifuged to
remove the particles. The collected samples were ana-
lyzed to measure the absorbance of dye by using a UV-Vis
spectrophotometer. The decrease of absorbance value of
samples at Amax of dye (625 nm) in certain time intervals
shows the rate of degradation efficiency (%D) and cal-
culated by Eq (1):

%D = 100X[(Co-C1)/Co] = 100X[(Ao-Al)/Ao] ()

InEq (1), C, and C; are the initial concentration and con-
centration of dye at time t, respectively, and A, and A are
the initial absorbance and absorbance of dye at time t,
respectively.

Kinetic Study of Catalyzed Degradation

The simplified pseudo-first order kinetic model of
Langmuir-Hinshelwood (Eq. 2) use to calculate the appar-
ent rate constant of degradation process of dye at initial
concentrations 10, 20, 30, 40 and 50 mg/L at pH 11.

In(C,/C)) = kKt = Koppt Q)

In Eq. (2), Cis concentration of the dye (mg/L), ¢ is deg-
radation time (min), k is reaction rate constant (min™), K is
the adsorption coefficient of the dye onto the catalyst par-
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ticles (L/mg) and k,,, is the apparent rate constant (min™"). v

The photocatalytic activity of prepared SnO, was also
studied under sunlight irradiation and also compared to
commercial SnO,. The recovery of catalysts and reus-
ability of them were studied at optimum conditions. Also,
the MB bleaching catalyzed by nanosized SnO; was studi-
ed in presence of chloride, bromide, iodide, carbonate,
sulfate, phosphate, nitrate anions and magnesium and cal-
cium cations as like a real sample.

- -~
nm

RESULTS AND DISCUSSION L 25
Fig. 2. TEM image of SnO; nanoparticles calcined at 500 °C.
Characterization of SnO; and Zero-valent Tin Nano-
particles
Figs. 1A-1D show the XRD patterns of SnO» nanopar- 600 °C was calculated from Debye-Scherrer formula'’
ticles that are calcined at temperatures of 300, 400, 500 and found 2.46, 3.48, 5.21 and 8.31 nm, respectively. The
and 600 °C in time 2 h, respectively. As seen, in all tem- TEM micrograph of SnO» nanoparticles calcined at 500
peratures, the calcined SnO, particles show the diffrac- °C is shown in Fig. 2 that reveals the morphology and par-
tion peaks of (110), (101), (200), (111), (211), (220), ticles size. The monodispersed particles with spherical
(002), (311), (112), (301), (202) and (321) at 2q of 26.8, shape and size <25 nm with an equable distribution except
33.9, 37.9, 39.0, 51.8, 54.8, 57.7, 61.8, 64.8, 66.0, 71.2 for a little aggregated particulate, is observed in TEM
and 78.6°, respectively. Which matches well with JCPDS image. On the other hand, the TEM photographs show
card # 41-1445 and structure of the crystal is found to be that tin (IV) oxide powder is nanometer scale, which is in

Cassiterite type tetragonal of SnO; crystal.!®!""!'5 But, the reasonable agreement with the results obtained from the
crystalinity of particles as well as the particles size increase XRD patterns.

with increasing of calcinations temperature. The XRD The FT-IR spectra of SnO; nanoparticles (Fig. 3) show
patterns show the decreasing of FWHM and thus increas- the bands of 600-700 cm™ that are assigned to the anti-
ing of particles size of SnO, with increasing of calcina- symmetric Sn-O-Sn stretching mode of the surface-bridg-

tions temperature from 300 to 600 °C. The average crystallite ing of oxide.'® The UV-Vis spectra of SnO, calcined at
size of the tin dioxide crystal calcined at 300, 400, 500 and temperatures of 400, 500 and 600 °C are shown in Fig. 4.
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Fig. 1. (A) XRD pattern of SnO, nanoparticles calcined at 300 °C, (B) XRD pattern of SnO, nanoparticles calcined at 400 °C, (C) XRD
pattern of SnO, nanoparticles calcined at 500 °C. (D) XRD pattern of SnO, nanoparticles calcined at 600 °C.
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Fig. 3. FT-IR spectra of SnO, calcined at 500 °C.
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Fig. 4. The UV-Vis spectra of SnO, nanoparticles calcined at
400, 500 and 600 °C from down to up.

The red-shift in absorption edge is observed with increas-
ing of temperature. So that, the wavelength of absorption
edge is observed at 262, 268 and 275 nm for SnO; calcined at
temperatures of 400, 500 and 600 °C, respectively.'”!8

Figs. 5 and 6 indicate the XRD pattern and TEM micro-
graph of zero-valent Sn nanoparticles, respectively. The
XRD pattern show diffraction peaks that are indexed to a
tetragonal cell for tin particles (JCPDS #04-0673).!%%
The crystallite size of tin nanoparticles with Scherrer for-
mula is estimated to be 16.62 nm. The TEM micrograph is
also confirmed the formation of tin nanoparticles with
size less of 20 nm by reduction of Sn** ions by NaBH, at
presence of Tween80. Also, the B.E.T analysis indicated
that the surface area of zero-valent tin nanoparticles is
15.8 m?/g.
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Fig. 5. XRD pattern of zero-valent tin nanoparticles.
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Fig. 7. Effect of calcination temperature (°C) on the photocata-
lytic activity of SnO, nanoparticles.

Photocatalytic Activity of SnO, Nanoparticles

The photocatalytic activity of SnO, can be dependent
on the preparation conditions such as time and tempera-
ture of treatment and calcination process. The effect of
calcination temperature on the photocatalytic activity of
SnO; in methylene blue degradation is shwon in Fig. 7.
The conditions are 0.1 g/L catalyst, pH of 7 and MB of 10
mg/L. As seen, the highest photocatalytic activity is due to
SnO» nanoparticles calcined at 500 °C. As mentioned
(Figs. 1A to 1D), the crystallinity and powder size of
SnO, nanoparticles increase with increasing of calcina-
tions temperature. On the other hand, the band-gap energy
is calculated 4.72, 4.62 and 4.50 eV for SnO, nanoparti-
cles calcined at temperatures of 400, 500 and 600 °C,
respectively (Fig. 4). The band-gap energy of semicon-
ductors is related to their photocatalytic activity for phto-
degradation of pollutants. The greater of redox potential
of the photogenerated electron-hole pairs is due to the
larger of band-gap energy. Thus, a semiconductor exhibi-
ts more redox capacity with increase of band-gap.*'*
Therefore, the most degradation for MB is seen in pres-
ence of SnO; calcined at 500 °C with band-gap energy of
4.62 eV and size of 5.21 nm. The SnO; calcined at 600 °C
show the lower activity despite of having the lower band-
gap energy. This decrease is related to increasing of par-
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Fig. 8. Effect of samples pH on the photocatalytic activity of
SnO, nanoparticles.

ticles size and thus the decrease of surface due to agglome-
ration of them in 600 °C temperature.

The photocatalytic activity of a semiconductor is related
to the pH of samples and dosage of it. The effects of pH
and amount of SnO, nanoparticles are indicated in Figs. 8
and 9, respectively. The Fig. 8 shows the increasing of
photocatalytic activity of SnO, nanoparticels with increasing
of samples pH. The increasing of pH is due to increase
hydroxyl ions concentration to react with the holes and
formation hydroxyl radicals. Also, the adsorption of MB
molecules with positive charge is occurred on the surface
of catalyst in basic solutions because the negative charge
of SnO, with pH of isoelectric point of 3.5.2 However, the
degradation of MB is inhibited when the pH is greater than
11. Because the hydroxyl ions compete with dye molecules
in adsorption on the surface of catalyst.?>** Degradation
efficiency at presence of 0.1, 0.5, 0.8, 1.0 and 1.2 g/L is
obtained 78.6, 88.7, 93.5, 89.1 and 84.2, respectively. As
seen, the optimized value of SnO; nanoparticles is 0.8 g/L.
The active sites and density of particles in the area of illu-
mination are increased with increasing of concentration of
catalyst in the photodegradation process.>?® But, at
higher catalyst loading of 0.8 g/L, the activated particles
deactivate by agglomeration. Also, the decrease of radi-
ation penetration and increase of radiation scattering occur at
higher catalyst loading.

Because the influence of many factors and even their
mutual effects, the heterogeneous photocatalysis reaction
is complicated process. However, the pseudo-first-order
rate equation of Langmuir—Hinshelwood (Eq. 2) is used to
determine the apparent rate constant, k,,, of MB photo-
degradation catalyzed by SnO, nanoparticles.”” The appar-
ent rate constants are obtained at range of 10-50 mg/L of
methylene blue and collected in 7able 1. The regression

Table 1. The apparent rate constants (ky, min") and regression
coefficients (R?) of methylene blue degradation catalyzed by SnO,
and zaro-valent Sn nanoparticles calcined at 500 °C

C,. mglL SnO, nanopaniczles Zero-valent Sn nanopatz“[icles
kapp R kapp R
10 233x10°  0.9553 15.4x107 0.9553
20 14.7x10°  0.9824 9.6x107 0.9824
30 9.0x10°  0.9914 6.2x107 0.9914
40 6.4x10°  0.9678 4.0x10° 0.9678
50 5.8x10°  0.9812 2.1x10° 0.9812

coefficients (R?) of Langmuir-Hinshelwood kinetic model
also indicated in 7able 1. As seen, the apparent rate con-
stant decrease with increasing of the initial concentration
of MB. The decrease of apparent rate constant is due from
two reasons: i) increasing the probability of absorption of
photons by pollutant molecules and decrease to reach of
them to surface of catalyst, ii) increasing of pollutant mole-
cules adsorbed on the surface of catalyst and decrease the
active sites to generate of radicals.?®%

Photocatalytic activity of prepared SnO, nanoparticles
studied also under sunlight irradiation in optimized con-
ditions. The degradation efficiency of MB was 92.7% in
time 150 min with apparent rate constant of 21.6x107
min”'. As a result, the prepared tin (IV) oxide shows pho-
tocatalytic activity under sunlight irradiation as well UV-
irradation.

The photocatalytic activity of SnO, nanoparticles inves-
tigated in presence of ions of Ca*, Mg2+, CI, Br, I, COs%,
NOs’, SO4* and PO4* with concentration of 1000 mg/L as
real samples. The effect of each ion on the nanosized SnO,
activity is shown in Fig. 9. However, the photocatalytic
activity of SnO; nanoparticles diminished in a real sample
contains cations and anions. This reduction is due to scav-
enger effect of active radicals by cations and anions.*

100 -

80 +
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& > %Q,s» Qqés &é}o
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Fig. 9. The effect of several ions on the photocatalytic activity of

SnO, nanoparticles.
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Also, the catalytic activity of tin dioxide nanoparticles is
compared to commercially SnO, with purity of 99.7%.
The degradation of 63.4% of MB is obtained at presence
of commercially SnO, powder. This reduction of degra-
dation efficiency can be due to difference of surface area
and band-gap of SnO, nanoparticles and SnO, powder. So
that, B.E.T (Brunauer-Emmett-Teller) surface area of pre-
pared nanoparticles is obtained 258.3 m?/g in comparison
of 132.6 m*/g of SnO, powder. The reusability of SnO»
nanoparticles studied in four-cycles. In each cycle, the
nanoparticles separated, washed with water and ethanol
and dried at 80 °C and used in next cycles. The D% values
obtained 97.0, 93.7, 89.7 and 82.6% in order of four-cycles.

Catalytic Activity of Zero-valent Tin Nanoparticles
The use of zero-valent metal particles such as Sn for
decontamination of common soil and water contaminants
has been the subject of many studies.*® Synthesis of zero-
valent tin (ZVT) nanoparticles was achieved by reaction
NaBH4 and SnCl, according to the following equation:

28n**+BH, +2H,0-28n(0)+BO; +4H+2H; (2)  (3)

The bleaching of MB solution studied at presence of 0.8
g/L of ZVT nanoparticles and pH 11 like as the optimum
conditions in photodegradation reaction. The pseudo first-
order rate constants (ks,,) of MB degradation by ZVT
nanoparticles are calculated using Eq. (2) and indicated in
Table 1. As seen, the rate constants of MB degradation
catalyzed by SnO; photocatalyst and ZVT nanoparticles
are near to each other. The MB degradation is obtained
97.8 and 92.1% in presence of SnO, and Sn nanoparticles,
respectively, in duration of 150 min. Thus, reactivity of
ZVT nanoparticles in MB degradation process is compa-
rable with photocatalytic activity of SnO, nanoparticles in
photodegradation reaction of dye in spite of different in
degradation mechanism. The holes and electrons are pro-
duced by SnO, semiconductor under irradiation and the
formation of hydroxyl radicals particularly in basic solu-
tion apply as an active species in degradation of MB.%!
While, zero-valent tin is a strong reducing agent in basic
solutions with £°=-0.91 and -0.93 V for Sn(II) to Sn(0) and
Sn(IV) to Sn(Il), respectively (Eq. 4). Furthermore, the
most important factor that influences on &, is the surface
area of the zero-valent metal.*

Sn(OH)® 258n0.H 225 Sn @)
This means that it can act as an electron donor that due

to reduction of MB molecules in basic solution. The methyl-
ene blue is a redox indicator with blue color in oxidized
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form and colorless in reduced form. The reduction of MB
is occurred in acidic solutions and this reduction is due to
reduction of absorbance at Amax of it in visible region.
While, in basic solution (pH=11) and in presence of ZVT
nanoparticles, the MB molecules degrade and the reduc-
tion of absorbance in wavelength ranges of 200-300 and
600-700 nm is observed in UV-Vis spectra similar to vari-
ations of MB absorption spectra in photodegradation reac-
tion. Thus, Sn (0) nanoparticles as well SnO, nanoparticles
in photodegradation could be due to destruction of a dye
pollutant such as MB.

CONCLUSION

The activity of SnO; as a photocatalyst is dependent on
the calcinations temperature, dosage of it and pH of sam-
ples. Because, the calcinations temperature influence on
the band-gap energy and size of particles. The zero-valent
tin as reducing agent can be due to degradation of methyl-
ene blue in basic solution. In the same conditions of nano-
particles (0.8 g/L of catalyst) and sample pH of 11, the SnO,
nanoparticles and zero-valent Sn nanoparticles show sim-
ilar and attractive activity in degradation of methylene blue
as a dye pollutant.
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