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ABSTRACT

Coupled SnO,~Co3;0, nanocomposite has been prepared by a simple co-precipitation
method. The prepared coupled composites were tested for photocatalytic reduction of
Hg>" under visible light. The characterization of catalyst properties was done by the means
of X-ray diffraction, Brunauer-Emmett-Teller, transmission electron microscopy, and
ultraviolet—vis spectra. The presence of CozO4 in a SnO, composite can change the surface
properties to achieve sensitivity to visible light. A coupled SnO,~Co304 nanocomposite can
eliminate the recombination of electron-hole pairs in the catalyst. The results demonstrated
that the optimum mol% of SnO,:Coz04 was 1:3, as this resulted in the greatest performance
of the photocatalyst and a reduction of about 100% of Hg®" in a 100 ppm solution in just
30 min. Additionally, the quantum yield for Hg formation by 1Sn:3Co sample is higher than
that of Co and Sn samples by about one and six times, respectively.
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1. Introduction

Mercury has some applications in various indus-
tries; and at present, its use is mostly forbidden due
to its higher level of toxicity. Mercury(Il) is also a
frequent component of industrial wastewater and is
used in agricultural products such as pesticides, fungi-
cides, herbicides, insecticides, and bactericides, which
are currently forbidden. Mercury is also used in other
industries such as chlorine-alkali, paints, pharmaceuti-
cals, electronics, and cosmetics, among others [1,2]. In
aquatic systems, mercury is often converted by
bacteria into methyl mercury, and hence magnified
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hundred to thousand times as it moves through the
aquatic food chain, posing potential risks to both
humans and wildlife that consume fish [3]. Heteroge-
neous photocatalysis is a convenient tool for mercury
reduction because it uses inexpensive chemicals [4-6].

The wide varieties of electronic and chemical prop-
erties of metal oxides make them exciting materials
for both basic research and technological applications.
Metal oxides span a wide range of electrical and
optical properties from wide-band gap insulators and
lasers to metallic, superconducting, and field-emitting
materials. Enormous efforts are being directed
towards the development of nanometer-sized metal
oxides in studies related to their fundamental mecha-
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nisms such as size and/or quantum effects and
towards the application of these materials [7].

Semiconductors with wide band gaps show greater
stability than those with small and medium band
gaps, but have lower light-harvesting ability in visible
light and as such. Attempts towards coupling
semiconductors with different band gaps are consid-
ered to be a good approach to prepare photocatalysts
possessing both high activity and good stability. In
coupled semiconductors, the excited electrons can
transfer from the high-conduction band to a lower
one, hence leading to an efficient separation of photo-
generated electron-hole pairs [7].

Photocatalytic activity enhancements over coupled
semiconductors, including CdS/TiO, [8], ZnS/TiO, [9],
CuxO/TiO; [10], CuO/TiO; [11,12], WO5/TiO, [13], Ba-
TIO3/T102 [14], SHOZ/TIOZ [15], TazO5/TlOz [16], and
CuO/ALO;/TiO, [17], have been investigated exten-
sively. While SnO, shows good activity and stability
under irradiation in both acidic and basic media, pure
SnO, has much lower photocatalytic activity even under
UV irradiation due to its large band gap (3.8 eV) [18].
The CuO/SnO, nanocomposites have been studied as
gas sensor materials [19-21] as well as electrochemical
materials [22]. In order to improve the photocatalytic
activity of SnO,, coupling of SnO, must be carried out
with another semiconductor with a lower band gap.

The Co30, is a p-type semiconductor with a small
band gap. If the SnO, is coupled with the CozO,,
n-SnO,/p-Co30, heterojunctions can be formed in the
interface. The photogenerated electrons from SnO, can
easily migrate to CozO,. This favors the separation of
photogenerated electrons with holes, leading to an
enhancement of photocatalytic activity. Regarding the
photocatalytic reduction of Hg”* using a coupled
SnO,—Co304 nanocomposite, less information is avail-
able, which gives us the chance to make preparations
for and to investigate the photocatalytic performance of
SnO,-Co304 nanocomposite. SnO,~Co30, photocatalysts
have been prepared by simple co-precipitation method
and are characterized by XRD, ultraviolet-vis spectra
(UV-vis), transmission electron microscopy (TEM), and
Brunauer-Emmett-Teller (BET). Effects of different vari-
ables on the photocatalytic reduction of Hg** have been
investigated in detail, including CozO, content, photo-
catalyst loading, and reaction time.

2. Materials and experimental procedures
2.1. Materials

All chemicals used throughout the present study
were of the A.R. grade and were purchased from
Sigma. SnCly-5H,O was used as the source of Sn;
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CoCl,-6H,0 as the source of Co; and NaOH was used
to adjust the pH balance.

2.2. 5nO; nanoparticle synthesis

The co-precipitation method was carried out in
order to prepare SnO, nanoparticles using SnCly-5H,0
as a starting material. As is typical, SnCly at a desired
molar ratio was dissolved in distilled water. After
continuously stirring at 80°C, the NaOH solution was
added as a precipitating agent until a pH of 11 was
reached. The precipitate was dried overnight at 100°C
and calcined at 550°C for 5 h to obtain SnO, nanopar-
ticles (Sn).

2.3. Co304 nanoparticles synthesis

The Co3;0, nanoparticles were prepared by the
co-precipitation route in which CoCl,:6H,O was
dissolved in distilled water with an aqueous solution
of NaOH while stirring at 80°C until complete precipi-
tation was achieved at a pH value of almost 11. Next,
the precipitate was filtered and then washed thor-
oughly with distilled water until it was free of Cl ions.
It was then finally dried at 100°C overnight and
calcined at 550°C for 5 h to obtain Co3O,4 nanoparticles
(Co).

2.4. SnO;~Co30,4 nanocomposites synthesis

In the co-precipitation method, an adequate
amount of SnCly-5H,O and CoCl, with appropriate
molar ratios (3:1; 2:1; 1:1; 1:2, and 1:3) were dissolved
in distilled water. The obtained mixtures were contin-
uously stirred at 80°C, followed by adding the NaOH
solution which is considered to be a precipitating
agent. After that, filtration and washing were carried
out, followed by calcination at 550°C for 5 h to obtain
5n0O,-Co3;04 nanocomposites. The obtained samples
with different molar ratios of Sn:Co (3:1; 2:1; 1:1; 1:2,
and 1:3) were labeled as 35n-1Co; 25n-1Co; 1Sn-1Co;
1Sn—-2Co; and 15n-3Co, respectively.

2.5. Characterization

X-ray diffraction (XRD) analysis was carried out at
room temperature by means of a Bruker axis D8 using
Cu Ka radiation (1 = 1.540 A). Specific surface area
was calculated from measurements of N, adsorption
using a Nova 2000 series Chromatech apparatus at
77 K. Prior to the measurements, all samples were
treated under vacuum at 250°C for 2 h. The band gaps
of the samples were identified by UV-vis diffuse
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reflectance spectra (UV—vis-DRS) in air at room
temperature in the wavelength range of 200-800 nm
using a UV/vis/NIR spectrophotometer (V-570, JAS-
CO, Japan). TEM was recorded with a JEOL-JEM-1230
microscope and prepared samples were suspended in
ethanol. This was followed by ultrasonication for
30 min, after which a small amount of this solution
was transferred onto a carbon-coated copper grid and
dried before loading the sample into the TEM.

2.6. Photocatalytic activity tests

The photocatalytic reduction of Hg(l) was
conducted in a glass reactor. Visible light was provided
by way of a 300 W Xe lamp with a 400 nm cut-off filter
to ensure the desired irradiation. In a typical run, a
weight of the catalyst was stirred into 500 mL of aque-
ous Hg(II) solution (100 ppm) and the solution’s pH
was adjusted to 4.0 using formic acid. Prior to photore-
action, air was pumped into the reaction in the dark for
a duration of 30 min to achieve the adsorption-desorp-
tion equilibrium. The light source was then turned on
and the solution was continuously stirred throughout
the irradiation to maintain catalyst suspension. The
temperature of the suspension was maintained at 25°C
by circulating water through an external cooling jacket
and exposing the system to air. At regular intervals,
samples of the suspension were withdrawn and filtered
through a 0.45-um Millipore filter. The concentration of
mercury(Il) in solution was determined using a
UV/vis/NIR  spectrophotometer (V-570, JASCO,
Japan), which was used for all spectrophotometric
measurements (wavelength 253.7).

The photocatalytic reduction efficiency of Hg**
was estimated by applying the following equation:

% Photocatalytic reduction of Hg?>" = (Cy — C)/Cy x 100
(1)

where “Cy” is the initial concentration of Hg>* and
“C” is the residual Hg”* concentration in solution.

The photonic efficiency was calculated for each
experiment as the ratio of the Hg formation rate and
the incident light intensity as given in the following
equation:

r x 100
= 2

¢

where “&” is the photonic efficiency (%), “r” is the
photoreduction of Hg**, and “I” is the incident photon
flux (3.37 x10 °EinL™'s™"). The quantum yield of Hg
formation could be determined as ® = ¢/Fs, where “&”
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is photonic efficiency and “Fs” is the fraction of light
observed by tested catalyst.

3. Results and discussion
3.1. Characterization
3.1.1. XRD analysis

X-ray powder diffraction (XRD) was used to follow
the phase changes undergone by the materials by
monitoring the d-lines corresponding to the interlayer
distance of the material and its harmonics. Fig. 1
represents the XRD diffractograms of the Sn, Co, and
5nO,~Co30,4 nanocomposites. The following section
describes what was reveled upon inspection of the
obtained XRD diffractograms as given in Fig. 1.

Based on the JCPDS card No. 88-0287, the SnO,
d-lines could be detected. In addition, according to
JCPDS card No. 78-1970, Cos0, diffraction lines could
be detected. SnO, phase exists as a major phase at molar
ratios of 2:1 and 3:1 (Sn:Co). Furthermore, by increasing
the content of Co at molar ratios of 1:2 and 1:3 (5n:Co),
the coexistence of CozO4 and SnO, phases increases, the
peak intensity of Cos;O, phase becomes more pro-
nounced, and the sharpness of diffraction lines increases
while those pertaining to SnO, become broader.

3.1.2. BET analysis

Textural properties were studied by nitrogen
adsorption for Sn, Co, and SnO,~Co030,. The main
data obtained from the BET analysis are summarized
in Table 1. Assessment of the obtained data revealed
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Fig. 1. XRD patterns of SnO,, Co30, and SnO,~Coz0,
nanocomposites.
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that the values of Sggr increase with the increase of %
Co content. Furthermore, the lower value obtained for
the oxide with low Co content is in agreement with
the narrow peaks observed in the XRD diagram with
such oxide.

3.1.3. Optical properties

The optical absorbance UV-vis diffuse reflectance
spectra of SnO,, Coz;0,4, and SnO,-Co30, nanocompos-
ites is displayed in Fig. 2. Increasing the content of
Co30,4 led to a parallel increase in the absorption
(visible region), suggesting that it is possible to use
SnO,—Co0304 nanocomposites as photocatalysts under
visible light irradiation.

Table 2 compiled the calculated band gap (Eg)
depending on the corresponding absorption edges. It
can be seen from the compiled data, as displayed in
Table 2, that the calcinations of SnO,~Co03;0, nanocom-
posites at 550°C for 5 h had led to the appearance of a
mixture of CozO, and SnO, phases, which in turn led
to the overlapping of the corresponding components
in the coupled oxides. In addition, it can also be seen
that the band gap energy changed with the change in
Co304 content, indicating an inverse correlation
between Co3;0, content and the band gap energy of
the coupled SnO,~Co03;0, photocatalyst.

3.14. TEM

TEM yields information about the internal struc-
ture of materials. The TEM images of SnO,, Coz0,,
and SnO,~Co304 nanocomposites are shown in Fig. 3.
The following section describes what could be
observed followed by a careful examination of the
obtained results.

The values of nanoparticle size pertaining to SnO,
and SnO,—Co30, consisted of about 20-33 nm,
whereas CozO, nanoparticles are much smaller (about
6-10 nm). The highest size for SnO,~Co030,4 nanocom-
posites could be attributed to larger SnO, and smaller

Table 1
BET surface of SnO,, Co;04, and SnO,-Co30,4 nanocompo-
sites

Catalyst systems Ser (M?/g)

Sn 30
35n-1Co 34
25n-1Co 38
15n-1Co 41
15n-2Co 43
15n-3Co 47
Co 52
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Fig. 2. UV-vis absorption spectra of SnO,, Co3;O4 and
5Sn0O,—Co030,4 nanocomposites.

Table 2
Band gap and quantum yield of SnO,, Coz0,, and SnO,-
Co30,4 nanocomposites

Catalyst systems Band gap, eV Quantum yield, ®

Sn 3.7 0.0149
3Sn-1Co 2.9 0.0467
25n-1Co 2.7 0.0673
1Sn-1Co 2.5 0.0766
15n-2Co 2.4 0.0841
15n-3Co 2.3 0.0935
Co 2.2 0.0804

Co30;4 nanoparticles. Nevertheless, many values of
small-sized Co3;O, nanoparticles became more
observable. No SnO, nanoparticles were observed in
the TEM images for the ratios from 35n-1Co to
15n-3Co.

3.2. Test for photocatalytic activity towards Hg** reduction

Within the frame of the present study, Hg>*
reduction was taken as a model test reaction to study
the photocatalytic activity of the system under consid-
eration.

3.2.1. Study on the effect of Co and Sn content

Fig. 4 shows the photocatalytic reduction of Hg**
pertaining to Sn, Co, and Sn-Co nanocomposites
under visible light. The reaction was conducted under
the following conditions: 100 ppm Hg*" concentration;
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Fig. 3. TEM images of SnO,, Co304 and SnO,—Coz;O4
nanocomposites, whereas (A) Sn; (B) 35n-1Co; (C) 2Sn—
1Co; (D) 15n-1Co; (E) 15n-2Co; (F) 1Sn:3Co; and (G) Co.

500 ml volume of Hg>* solution, and 0.4 g weight of
catalyst.

It is clear from the obtained data of the investi-
gated catalytic systems that in the Sn sample, no
reduction of Hg>" occurred when subjected to visible
light (k > 420 nm) irradiation for 60 min. On the
contrary, the presence of Co and Sn-Co suggests that
there is an observed increase in Hg*" reduction that is
parallel to the rise in irradiation time (f). In the light
of these results, the photocatalytic activity increased in
the following order: Sn < 35n-1Co < 25n-1Co
< 15n-1Co < Co < 15n-2CO < 15n-3Co.

This is most likely a result of the combined action
of many factors such as composition, specific surface
area, adsorption capacity for Hg?*, band gap, and
microstructure. It is supposed that the composition of
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Fig. 4. Photocatalytic reduction of Hg*" by SnO,, Co304,
and SnO,—Co304 nanocomposites.

SnO,~Co30,4 sample nanocomposites should play a
predominant role in their photocatalytic activity.

On the basis of the observed decreasing values of
activity with the decrease of Co content in 35n-1Co
system, a small fraction of SnO, is not likely to make
contact with CozO, (i.e. the surfaces of a portion of
SnO, nanoparticles were either bare or insufficiently
covered with CozO, nanoparticles), which restricted
the efficient interfacial electron transfer from CosO, to
SnO,. As a result, their photocatalytic activities cannot
be enhanced to the greatest extent. On the other hand,
the much greater the Co content in the Sn—Co nano-
composites, the maximum their photocatalytic
activities. This was mainly due to the ability of CozO,
to be more active than SnO, under visible light
(k > 420 nm) irradiation. Furthermore, the high Sn
content in the Sn—Co surface possibly obscured the
light irradiation on Co3;04 and hampered the contact
of SnO, with aqueous Hg**. Consequently, there must
be an optimum composition for a SnO,~Coz0,
nanocomposite to achieve the highest photocatalytic
activity. 15n-3Co is considered to be a suitable content
of Co30, (75 mass%) and possessed the highest
photocatalytic activity among the SnO,-Co30, nano-
composites.

3.2.2. Effect of photocatalyst concentration on
photocatalytic reduction of Hg**

The relative concentration of the photocatalyst is
another important parameter of photocatalytic
reduction of Hg?* under visible light irradiation.
Concentrations of the 15n-3Co sample ranging from
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02 to 1.6gL™" in 100 ppm Hg** solutions were
employed in this study. As shown in Fig. 5, an
increase in the photocatalytic reduction of Hg**
efficiency was observed with the increase in catalyst
concentration from 0.2 to 1.2 g L™". Beyond the concen-
tration level of 1.2 gL_l, however, further increase in
the photocatalyst concentration was seen to be less
effective in the photocatalytic reduction of Hg**. As
such, it can be seen that the increase in the photocata-
lyst concentration increased the number of active sites
on the photocatalyst [23] and consequently, the
number of Hg>* and photons absorbed increased.
However, as the photocatalyst concentration level
increased to above 1.2gL71, the rate constants
decreased due to the blocking of light penetration by
the excessive concentration of photocatalysts [24].

3.2.3. Photocatalyst recycling process

The aim of the catalyst recycling process is to eval-
uate the practical application of photocatalysts in
order to develop a heterogeneous photocatalysis tech-
nology for wastewater treatment and accordingly, the
photocatalytic activity of the recycled 15n-3Co sample
catalyst was carried out. Examination of the obtained
data revealed that the photocatalytic reduction of
Hg*" efficiency was 99% during the first five cycles as
shown in Fig. 6 and during that time, the separation
of the photocatalyst was found to be effective; hence,
suggesting that the photocatalyst is basically stable
and offers promising possibilities for environmental
remediation.
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Fig. 5. Effect of photocatalyst amount on photocatalytic
reduction of Hg>".
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Fig. 6. Recycle and reuse of photocatalysts for photocata-
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3.2.4. Photocatalytic mechanism

Considering the irradiation of semiconductor phot-
ocatalysts using light together with photon energies
greater than or equal to their band gaps, an excitation
of the electrons exists in their valence bands to their
conduction bands, consequently leaving behind an
equal amount of electron holes in their main valence
bands. Next, a portion of the photogenerated electrons
(¢7) and holes (") might be expelled from the surface
of the photocatalyst, after which they become involved
in the redox reactions together with the adsorbed
species.

In light of the process including SnO,-Coz;0,
nanocomposites used for photocatalytic reduction of
aqueous Hg(I), one could observe that no more
reducing agents or hole scavengers were added. For
that, it was proposed that the photogenerated
electrons were reduced from Hg(Il) to Hg, while the
holes responsible for the oxidation of water were
reduced to O,.

The proposed mechanism is shown in the follow-
ing equations:

SnO; — Co304 + hy — SnO; — Co304 (67 + h+) (3)(3)
Hg(H) +2e — Hg (4@
2H,O + 4h — O, + 4H" (5)5)

Fig. 7 displays the relation between the separation of
the efficient charge and the lifetime of the charge
carriers. For SnO,-Co3O, nanocomposites under
visible light irradiation, the electron in the valence
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Fig. 7. p-n Junction formation model and the schematic
diagram of the electron-hole separation process.

band of Co30,4 can be excited to its conduction band
with continuous generation of an equal amount of
holes in its valence band, whereas SnO, has low
response ability because of its wide band gap value
(Eg = 3.7 eV), and a lower negativity of valence band
pertaining to SnO, than that of Co;0,4. Therefore, the
migration of photogenerated electrons from the CozO4
conduction band to that of SnO, could be easier. Thus,
photogenerated electrons and holes in CozO, can be
effectively separated, and so their recombination will
be decreased.

4. Conclusions

SnO,—Co304 nanocomposite photocatalyst was
successfully prepared with the co-precipitation
method. This method is simple and cost-effective, and
is thus suitable for large-scale production of SnO,-
Co0304 nanocomposite. The prepared composites were
analyzed by XRD, TEM, UV-vis, and BET. Through
photocatalytic experiments using aqueous Hg(Il) as a
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target contaminant under visible light (k > 420 nm)
irradiation, the following results were obtained: (1) the
photocatalytic activities of SnO,-Co3;0, nanocompos-
ites depended on their composition, and 1Sn-3Co with
a suitable content (75 mass%) of CozO, possessed the
highest photocatalytic activity among SnO,~Coz0,
nanocomposites; (2) the 1Sn-3Co sample also exhib-
ited higher photocatalytic efficiencies than SnO, and
Co304 and (3) the 1S5n-3Co sample demonstrated a
certain degree of photocatalytic stability. Optimization
of reaction conditions leads to a conclusion that a
SnO,~Co304 and a use of 0.6 g of the catalyst on a
500-mL, 100-ppm Hg?** solution yield 100% reduction
of Hg** within 30 min irradiation under visible light.
The high, visible, and light-driven photocatalytic activ-
ity as well as the good stability of the SnO,-Co3;O4
nanocomposite enables it to be a promising photocata-
lyst in the efficient utilization of solar energy for the
treatment of Hg(Il) wastewater.
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