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ABSTRACT: Grinding (solvent-free) method was used as a superior technique to prepare
mesoporous photocatalysts of ZnO, ZnS, ZnO / ZnS, CdO, CdS and CdO / CdS-SBA-15. In this
technique, the nitrate, acetate and chloride salts of zinc and/or cadmium were grinded with
as-synthesized SBA-15 as a mesoporous material. The controllable sulfurationis was used to prepare
ZnS, ZnO/ZnS, CdS and CdO/CdS-SBA-15 at temperature of 80 °C. The advantages of grinding
technique were: i) the elimination of solvent and thus decrease of expense and ii) the complete
incorporation of metal salts in the nanochannel of mesoporous material in a short time. X-ray
powder diffraction, N, adsorption-desorption and FT-IR spectroscopy were used to characterize
the prepared materials. The highly dispersed semiconductors in SBA-15 demonstrate an active
photodegradation of Congo red in aqueous solution. The nanocomposites of ZnO/ZnS and CdO/CdS
in channels of SBA-15 showed the highest photocatalytic activity. The photocatalytic activity of
Zn0-, ZnS- and ZnO/ZnS-SBA-15 were also dependent on the salt precursor of zinc. The prepared
composite photocatalysts of zinc/SBA-15, by using ZnCl, as salt precursor, indicated the higher
activity.
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INTRODUCTION
The Ordered Mesoporous Materials (OMMSs) with
the porous nature and high surface area are used as substrate

are hexagonal with pore diameters in the range of 5-30 nm.
High surface area, narrow pore size distribution and high

for catalysts [1,2]. The SBA-15 is a type of ordered
mesoporous materials that can act as a molecular sieve.
Due to formation of SBA-15 with a symmetry of two-
dimensional P6mm [3], the triblock copolymer
surfactants are suitable templates. The arrays of SBA-15

pore volume are several important advantages of SBA-15 [4,5].
However, the SBA-15 shows a high potential for
incorporation of metals, metal oxides and metal sulfides [6,7].
Increasing of catalytic reactivity of metal oxides
and metal sulfides in mesoporous material of SBA-15
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is expected because the prepared catalyst has large
surface area.

For synthesis process of mesoporous materials,
the size growth of catalyst nanoparticles and their shape
as well as their appearance and stabilization are controllable [8].
The catalyst nanotubes can be formed as a narrow
layer in the inner walls of the mesoporous silica. Also,
the formation of nanocomposite catalysts by using
the various semiconductors such as metal oxides and
metal sulfides is a merit of mesoporous materials [9].
The creation of nanocomposite catalysts can increase
photocatalytic activity. The existence of nanochannels
(5-10 nm) and the stability of thermal and hydrothermal
of SBA-15 provide this mesoporous silica material as an
important candidate for wusing as substrate of
photocatalysts [10].

The creation of a nanocomposite is one of the ways
for increasing the photocatalytic  activity of
photocatalysts. As usual, the nanocomposites show high
quality properties with respect to their pure components.
The nanocomposite CdS/CdSe with structure of core-
shell can produce intensephotoluminescence with high
quantum vyield [11]. The increase of photoluminescence
intensity of CdS/CdSe nanocomposite arises from
passivation of CdSe nanoparticles surface by nanosized
ZnS [12]. Shen and co-workers show the photocatalytic
reactivity of nanosized TiO,, which can be increased
by formation of TiO,—CdSe nanocomposite [13]. The
coupling of ZnO nanopowder with CdS and CdSe
can increase appreciably the Incident Photons Current
Conversion  Efficiency (IPCE%) of zinc oxide
nanoparticles [14]. The zinc oxide semiconductor acts
as a photocatalyst in UV region of radiation [15]. However,
synthesis of ZnO-CdS and ZnO-CdSe nanocomposite,
by a simple and cheap method, gives the zinc oxide
nanoparticles activein visible region [16]. For a
synthesized nanocomposite, the individual components
can show suitable advantages. For example, in CdS-ZnO
nanocomposite, cadmium sulfide with band-gap energy
(Eg) of 2.4 eV acts as a visible sensitizer. While, zinc
oxide (Eg = 3.34 eV) can help to separate holes and
electrons as well as decreasing rate and probability of
charge recombination in semiconductor [17]. The
formation of nanocomposites as nanorods has
a preference versus nanoparticles because they indicate
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a smaller volume density of point defects in composite
structures.

The purpose of this work is to synthesize mesoporous
photocatalysts of ZnO, ZnS ZnO/zZnS, CdO, CdS and
CdO/CdS-SBA-15 by using a solvent-free (grinding)
method. The characterization of prepared materials
are performed and the photocatalytic activity are also studied
in this research.

EXPERIMENTAL SECTION
Synthesis of photocatalysts

The SBA-15 was prepared by a process modified
from Ref. [18-20]: 2 g of triblock copolymer P123
(EO2PO7EQ, average molecular weight = 5,800,
Aldrich) was dissolved in a solution of 60 g 2 M HCI and
15 g H,O at room temperature at first, then followed by
the addition of 4.5 g of TEOS (tetraethylorthosilicate,
Aldrich  Co.). The mixture was stirred at
40 °C for 24 h, then transferred into an autoclave for
further condensation at 100 °C for 2 days. The final solid
was collected by filtration, washed with distilled
water,and dried at room temperature. The surfactants
were removedby calcinations at 550 °C for 6 h.

The 2ZnS-, ZnO-, ZnO/ZnS-, CdS-, CdO- and
CdO/CdS-SBA-15 photocatalysts were synthesized by
procedure mentioned for SBA15. After preparation of
SBA15 and before calcinations step, the SBA-15
was manually ground with the calculated amount ofzinc
nitrate and/or cadmium nitrateat room temperature so that
the content of zinc and/or cadmium was 40% in prepared
photocatalysts. In general, the resulting homogeneous
powder of Zn(NOs)2- and Cd(NOs).-SBA15 was calcined
at 550 °C with rate of 2 °C/min for 5 h in air with a flow
of 100mL/min. Then, ZnO-SBA-15 and CdO-SBA15
powders were obtained. In order to obtain the ZnS-SBA-15
and ZnO/ZnS-SBA15, the requisite amount of
thioacetamide (TAA) was added to ZnO-SBA-15 powder
and the mixture was heated in an autoclave at 80 °C for 6 h.
The ratio of ZnS and ZnO in the prepared composite
(Zn0O/ZnS-SBA15) was 1:1. The CdS-SBA15 and
CdO/CdS-SBA15 photocatalysts were synthesized by the
same procedure with the CdO-SBA15 powder
as precursor. The chloride and acetate salts were used
to study the effect of salt anion on the modification
of substrate and photocatalytic activity of ZnO/ZnS-SBA-15.
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Fig. 1: XRD patterns of (a) Si-SBA-15 and (b) ZnO/ZnS-SBA-
15 at low-angle with content of 40% zinc.

Characterization of nanoparticles

Nicolet Impact 400D FT-IR Spectrophotometer
was used to record the IR-spectra of prepared photocatalysts
(pressed discs with KBr) in range 4000-400 cm’.
A Diffractometer Bruker D8ADVANCE Germany
with anode of Cu (A=1.5406 A of Cu K,) and filter of
Ni applied to record of X-ray diffraction (XRD) patterns
of nanoparticles and mesoporous SBA-15 in the 26 ranges
from 0.5 to 7° or from 5 to 70°. The surface of prepared
photocatalysts were estimated by the B.E.T. method and
N, adsorption isotherms. The nitrogen as an adsorption
gas at 77 K using a Belsorp Mini IT instrument was used
in this study. Samples were out gassed at 300 °C for 4 h
prior to surface area measurements. The EDX spectra of
prepared ZnO/ZnS and CdO/CdS nanocomposites
were obtained by a Philips XL 30 Scanning Electron
Microscope (SEM).

Activity of the photocatalysts

The activity of prepared photocatalysts was studied
in photodegradation of Congo red (CR) as a dye pollutant.
A photocatalytic reactor with a 36 W mercury low pressure
lamp as irradiation source was used to perform of
photodegradation reactions. The light path was 3.0 cm
in photoreactor cell. The photoreactor filled with 20 mL
of 10-50 mg/L of CR and 0.1-1.0 g/L of ZnS-, ZnO-,
ZnO/ZnS-, CdS-, CdO- and CdO/CdS-SBA-15
photocatalysts. The whole reactor cooled with a water-
cooled jacket on its outside and the temperature was kept
at 25 °C. All reactants in a degradation reaction were
stirred using a magnetic stirrer to uniform of photoreactor cell.
In order to setting the adsorption/desorption equilibrium
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Fig. 2: XRD pattern of (a) ZnS/SBA-15, ( b) ZnO/ZnS-SBA-15
and (c) ZnO/SBA-15 at wide-angle with content of 40% zinc.

of CR on heterogeneous catalysts surface, the reactor
was kept in dark conditions within 30 min.

Thedegradation efficiency of CR determined with
measurement of absorbance of samples by a UV-Vis
spectrophotometer Carry-100 using a paired 1.0 cm
quartz cell. The samples centrifuged to remove the
heterogeneous  photocalatlysts  before  absorbance
measurement. The absorbance of samples before (Ao) and
after a distinct time (A:;) of irradiation and Beers’ law
were used for calculate of degradation efficiency (Eg. (1)).
The dosage of photocatalysts were also investigated
on the degradation efficiencies.

%Degradation = 100 x [1- (C/Cy)] = 1)
100 x [1-(A/AL)]

RESULTS AND DISCUSSION
Characterization of photocatalysts

The X-ray diffraction patterns of SBA-15 and
Zn0O/ZnS-SBA-15 at low-angle and ZnO-, ZnS-,
Zn0O/ZnS-SBA-15 at wide-angle are indicated in Figs. 1
and 2, respectively. The prepared samples are calcined at
550 °C. The XRD pattern (Fig. 1a) with a projecting peak
(100) at 26 = 1.09° and two weak peaks (110) and (200)
at 20 = 1.73 and 1.97° show a pémm hexagonal lattice
symmetry for SBA-15 [18,20]. The XRD pattern of
Zn0O/ZnS-SBA-15 (Fig. 1b) and the decrease the intensity
of projecting the peak (100) indicates complete dispersion
of zinc oxide and zinc sulfide in channels of SBA-15.
In other words, in nanocomposite of ZnO/ZnS-SBA-15,
Si cations are substituted by zinc cations in grinding and
heating steps of prepared sample. The intense decrease of
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Fig. 3: XRD pattern of (a) CdS/SBA-15, (b) CdO/CdS-SBA-15
and (c) CdO/SBA-15 at wide-angle with content of 40%
cadmium.
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Fig. 4. (a) Nitrogen adsorption—desorption isotherms and
(b) pore distribution curves of calcined SBA-15, ZnO/ZnS-
SBA-15 and CdO/CdS-SBA-15.
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characteristic peaks of SBA-15 can be due to powerful
interaction ZnO/ZnS with substrate. The nugatory
variation of peak location (100) in XRD pattern of
Zn0O/ZnS-SBA-15 and SBA-15 indicates protection of
SBA-15 structure with mesoscopic order [20]. In Fig. 2,
a broad peak at 26 approximately 23° is seen that shows
an amorphous structure of SBA-15 wall [1-4].

Zinc oxide crystallizes in two main forms, hexagonal
wurtzite and cubic zincblende [21,22]. The wurtzite
structure is most stable at ambient conditions and thus
most common. The hexagonal wurtzite of ZnO
nanoparticles is confirmed with prominent peaks of (100),
(101) and (110) at 26 =32.2, 37.1 and 57.3° (Fig. 2c). Also,
as seen from Fig. 2a and 2b, the diffraction peaks at
20 = 28.5° 47.6° 56.5° correspond to (111), (220) and (311)
planes show the formation of cubic cell of ZnS
nanoparticles (zinc blende structure with JCPDS card,
File No. 79-0043) with unit cell parameter a, = 3.61 A.
Thus, it is observed that ZnO is converted to ZnS in TAA
aqueous solution at 40 °C. TAA can be rapidly released
sulfide ion at elevated temperature under hydrothermal
process. The Scherrer formula show the average crystal
size of 15 nm for the ZnO and ZnS nanoparticles
in substrate of SBA-15 [23,24].

The XRD patterns of CdO-, CdS-, CdO/CdS-SBA-15
at wide-angle are also shown in Fig. 3. As seen, the
intensity of broad peak at 26 = 23° is decreased that show
the destruction of amorphous structure of SBA-15 walls.
The larger ionic size of Cd?* ions versus Zn?* ions can be
due to damaging of SBA-15 walls. The peak at about 27°
and peaks of 30.9, 44.2 and 52.4° in CdS/SBA-15 and
30.4, 43.9, 47.3 and 51.9° at CdO/CdS-SBA-15, show
the formation of cubic cell of CdS which are very close
to the values in the literature [25,26]. As well as of ZnO/SBA-15,
the hexagonal wurtzite structure of CdO nanoparticles
on the substrate of SBA-15 is seen in Fig. 3c. The
broadening of the peaks in XRD patternindicates the
formation of CdS nanoparticles with average size of 6 nm
(Scherrer formula) that adapted pore diameter of
themodified SBA-15.

The nitrogen adsorption—desorption isotherms and
pore volume distribution of SBA-15, Zn0O/ZnS-SBA-15
and CdO/CdS-SBA-15 are shown in Fig. 4. The type of
IV-isotherm is seen from these isotherms for prepared
mesoporous materials according to ITUPAC definitions [27].
Avigorous adsorption in arelative pressure range of
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Table 1: The N2 adsorption—desorption of SBA-15, ZnO/ZnS-SBA-15 and CdO/CdS-SBA-15 composites.

4 BET data BJH data N\
Photocatalyst
Sger (M?/g) V, (cm®/g) D, (nm) Seer (M?/g) V, (cm¥/g) | D, (nm)
SBA-15 781.48 1.36 6.99 697.65 1.29 4.03
Zn0/ZnS-SBA-15 257.90 0.40 6.28 241.76 0.38 1.85
CdO/CdS-SBA-15 194.35 0.21 4.39 181.87 0.19 1.80
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Fig. 5: EDX spectrum of (a) ZnO/ZnS-SBA-15 and (b) CdO/CdS-SBA-15.

~0.7<P/P,<0.9 is observed for prepared SBA-15 that is
a marked of capillary uniform arrays of mesoporous
materials. The suitable mesoporous structure and
restricted distribution of pores size are indicated from
adsorption—desorption isotherms. The specific surface
area (Sger), average pore diameter (Dy) and pore volume
(Vp) calculated according to the standard BET and BJH
methods [28,29] are collected in Table 1.

It is the decrease of pore volume of prepared catalysts
that expected with deposition of zinc and cadmium ions
in micropores of SBA-15 walls. The difference of
mesopores diameter of Zn-SBA-15 and Cd-SBA-15 from
SBA-15 is due to difference of ionic radii of Zn?* (0.74 A),
Cd?* (0.97 A) and Si** (0.39 A) and bond length of
Zn-0 and Cd-O from Si-O [22]. However, the reduction
of pore volume indicates the considerable incorporation
of zinc and cadmium ions into silicate framework and
the formation of dispersed metal oxide and/or metal sulfide
on the surface of SBA-15 [21,22].

The formation of ZnO/ZnS and CdO/CdS are also
confirmed by using EDX analysis (Fig. 5). EDX spectra
resulted from five dissimilarity selected regions. The
average amount of 40 wt% of zinc and/or cadmium

is approximately resulted from EDX spectra. The intensity
of zinc and cadmium signals reveals that the ZnO/ZnS
and/or CdO/CdS exist inside the channels of SBA-15.

Host—guest strong interaction plays a serious role
in the high dispersion of ZnO/ZnS and/or CdO/CdS in SBA-15.
The FT-IR absorption spectra of CdO/SBA-15 and
ZnO/SBA-15 synthesized by grinding method and pure
SBA-15 are shown in Figs. 6 and 7, respectively. As mentioned
in the reports, the samples show a marked absorption
band at ~3432 cm? that is related to the vibration
absorption of silanol groups (Si-O-H) situated inside
the channels of SBA-15 [4,5]. Three peaks at wave numbers
of ~465, ~800, and ~1085 cm™ are attributed to the
rocking, bending (or symmetric stretching), and
asymmetric  stretching, respectively, of the inter-
tetrahedral oxygen atoms in SiO, of SBA-15 [4]. Also,
the absorption band at ~1085 cm™ show the asymmetry
vibration of Si-O-Si. The absorption band at ~950 cm
in the spectra of pure SBA-15 is related to the stretching
vibrations of Si-O in the Si-O-—-R* groups [20-22].

The FT-IR spectra of CdO/SBA-15 and ZnO/SBA-15
indicate a shift in absorption peaks toward the lower
wave number in comparison with SBA-15. This shift is
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Fig. 6: FT-IR spectra of (a) CdO/SBA-15 and (b) SBA-15.

a verification for incorporation of ZnO and/or CdO into
the framework of SBA-15. The IR spectra of a mixture of
SBA-15 and ZnO (with weight ratio of 60:40) are studied
to investigate the host—guest interaction in the ZnO/SBA-15
sample (Fig. 7). Zinc oxide exhibits absorption band
in the 600—400 cm™ region with marked two peaks
centered at 512 and 496 cm?, while the peaks around
960, 800 and 465 cm? are assigned to SBA-15.
Mechanical mixing of SBA-15 with ZnO does not show
the omission of marked absorption bandsof SBA-15
especially band centered 960 cm™ (Fig. 7). However, the
spectra of ZnO/SBA-15 catalyst and shift of band
centered 960 cm™ indicate the host-guest interaction of
ZnO and SBA [20-22].

Photocatalytic activity

The Kinetic rate constants of CR photodegradation
process catalyzed by prepared photocatalysts are
collected in Table 2. The pseudo-first-order rate
constants, kops (min?), are obtained using Langmuir—
Hinshelwood kinetic expression (In (Co/Ct) = konst) [26].
The photodegradation conditions are: CR; 10 mg/L,
photocatalyst; 0.1 g/L and pH; 7. The photodegradation
of CR is also compared at presence of SBA-15 in dark
and under irradiation. The reduction of CR concentration
in dark and at presence of SBA-15 is related to surface
adsorption of mesoporous materials. However, under
irradiation, SBA-15 did not show any photocatalytic
activity.

As seen from Table 2 data, the presence of ZnS, ZnO,
CdS and CdO on the substrate of SBA-15 due to an
increasing in photocatalytic activity. Increasing the
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Fig. 7: FT-IR spectra of SBA-15, ZnO/SBA-15 and ZnO alone
with the mixture of SBA-15 with 40 wt% ZnO.

surface area of photocatalyst with incorporation of zinc
and/or cadmium in mesopours substrate in comparisonto
ZnS, ZnO, CdS and CdO alone is a contented reason
for increasing of photocatalytic activity. The semiconductors
of CdS (2.5 eV) and CdO (2.3 eV) with the less band-gap
energies due to higher photocatalytic activity versus ZnO
(3.3 eV) and ZnS (3.7 eV). However, the nanocomposite
of ZnO/ZnS-SBA-15 and CdO/CdS-SBA-15 shows
the highest photocatalytic activity. The formation of solid
solution between ZnS and ZnO or CdS and CdO seemed
due to a red-shift and thus decreasing of band-gap energy
[30,31].

The data of Table 3 indicates the influence of salt
precursor of zinc such as chloride, nitrate and acetate
on the pseudo-first-order rate constants of photodegradation
reaction. The highest photocatalytic activity is obtained
with chloride anion of zinc salt in preparation process of
ZnO-, ZnS- and Zn0O/ZnS-SBA-15 in grinding method.
Apparently, the incorporation of zinc ions in SBA-15
channels is more effective with using ZnCl, as precursor.
Therefore, it is expected the increase of weight percent
of ZnS and/or ZnO in prepared composite.

The effect of photocatalyst dose (0.1-1.0 g/L) and
initial concentration of CR (10-50 mg/L) is also studied
on the photodegradation efficiency at presence of
Zn0O/ZnS-SBA-15 as photocatalyst. The obtained results
demonstrate that the 0.7 g/L of ZnO/ZnS-SBA-15 is
an optimum dose for photocatalyst. Also, the degradation
efficiency of CR is decreased with increasing of initial
concentration of dye. So that, the degradation efficiency
of CR decrease from 92.6 to 62.3% with increasing of
CR concentration from 10 to 50 mg/L.
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Table 2: The pseudo-first-order rate constants of CR photodegradation reaction catalyzed by prepared photocatalysts.
The nitrate salt of zinc and cadmium is used as precursor.

4 Photocatalyst Kos (Min') Photocatalyst Kos (Min') Photocatalyst Kops (Min'?) )
6.4x10° ZnS 14.9x10° CdS-SBA-15, NO; 19.9x10°°
SBA-15, Dark 0.5x10° Cds 15.7x10°® Zn0O/ZnS-SBA-15, NO; 23.9x10°
SBA-15 6.6x107° Zn0-SBA-15, NO3 20.6x10°° CdO/CdS-SBA-15, NO; 28.3x10°°
Zn0O 10.1x10° CdO-SBA-15, NO; 22.0x10°°
\ Cdo 11.0x10° ZnS-SBA-15, NO3 19.1x10°8 /

Table 3: Influence of the salt precursor of zinc on the pseudo-first-order rate constants of CR photodegradation

reaction catalyzed by prepared photocatalysts of Zn-SBA-15.

[ Photocatalyst

Kobs (Min') \

Kobs (Min') Photocatalyst
Zn0O-SBA-15, Cl 23.1x10°° ZnS-SBA-15, OAC 21.6x10°
Zn0O-SBA-15, NO3 20.6x10°° Zn0O/ZnS-SBA-15, Cl 30.4x10°
Zn0O-SBA-15, OAC 22.8x10°° Zn0/ZnS-SBA-15, NO3 23.9x10°°
ZnS-SBA-15, CI 25.7x10°° Zn0/ZnS-SBA-15, OAC 25.6x10°°
k ZnS-SBA-15, NO3 19.1x10°3 j

The turbidity of the suspension of heterogeneous
photocatalyst at high dose is due to decrease of radiation
penetration in photoactivated volume of suspension and thus
of penetration depth of the photons. The high adsorption
of CR molecules on the substrate, decreasing generation
of hydroxyl radicals in active sites and increasing absorption
of photons by dye molecules are due to reduction
of degradation efficiency at high concentrations of dye [32].

CONCLUSIONS

The grinding method can be used for preparation
of metal oxide and/or metal sulfide incorporated mesoporous
material of SBA-15. The photocatalytic activity of ZnO,
ZnS, CdO and CdS in substrate of SBA-15 are increasedbecause
the increasing of surface area of prepared photocatalyst.
The selection of salt precursor of zinc can be influencedin
the incorporation of zinc ions in pores of SBA-15. The
chloride salt is a superior salt in grinding procedure.
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