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A simple electrochemical method followed by impregnation was employed to prepare a coral-like zinc
oxide catalyst loaded on mesostructured silica nanoparticles (ZnO/MSN). The introduction of zinc species
onto a silica framework was found to form an interaction between the host and support material. XRD
analysis suggested the presence of zinc on the internal pore walls of MSN. FE-SEM and TEM analyses
displayed nanorods, nanoparticles and coral-like shapes of ZnO, MSN and ZnO/MSN, respectively. 29Si

Iz@{)w:/[r;f]: NMR and FTIR results showed that desilication occurred in the silica framework of the MSN accompanied
N?esi) structured silica nanoparticles by isomorphous substitution of Zn?* cations to form an active species Zn-0-Si bond. The photocatalytic
Desilication activity of the ZnO/MSN was tested by decolorizing methyl orange (MO). It was found that increasing

the ZnO loading led to a higher recombination rate of photoinduced electron-hole pairs, which resulted
in decreased photocatalytic activity. The highest decolorization rate was obtained using 1 gL~ of 5 wt%
ZnO/MSN with an optimum dosage of 3.06 x 10~2 mM MO after 8 h contact time at pH 2 under UV irra-
diation. A kinetic study demonstrated that the photocatalytic reaction followed the pseudo first-order
model. The photocatalyst was still stable after five cycling runs with a small amount of Zn was leached

Isomorphous substitution
Photodecolorization

(<3.0%).

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Dyes widely used in the textile, paper, cosmetics and plastics
industries have led to severe environmental contamination due to
their emission of toxic and colored wastewater into water bodies
[1]. This phenomenon seriously affects the nature of water, inhibits
sunlight penetration and reduces photosyntheticreactions. In addi-
tion, some dyes are either toxic or carcinogenic. Many treatment
methods including biological, adsorption, coagulation and floccu-
lation, ion exchange and membrane separation have been reported
for the removal of dyes to varying degrees [2-7]. However these
methods are usually non-destructive, inefficient and costly or just
transfer pollutants from water to another phase.

An advanced oxidation process (AOPs) using heterogeneous
semiconductor photocatalysts such as TiO,, Fe,03, Zn0O, CuO, ZrO,,
CdS, and SnO; can be an alternative to conventional methods for the
removal of dye pollutants from water [8,9]. Among them, ZnO has
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become very well established in photocatalytic approaches as well
as in the environmental catalysis area. The photocatalytic activity
of ZnO was recently recognized to be comparable with TiO, and
has received much attention because of its unique properties and
numerous advantages, such as high photosensitivity and stability
in degrading various toxic substances [10]. However, even though
ZnO has sufficient photocatalytic activity, photodegradation of
diluted pollutants cannot proceed efficiently because of insufficient
contact with the catalyst surface, which is an important factor in
hindering photocatalytic activity. The mass transfer to the catalyst
surface limits the photodegradation rate of diluted pollutants [11].
Thus, a suitable method to improve the contact between pollutant
molecules and a catalyst should be found in order to enhance the
adsorption of pollutant molecules. One method is incorporation of
ZnO into a mesoporous material support, which has been discussed
by several research groups in recent years [12-14]. A review of
recent studies revealed some important supports for ZnO, including
HZSM-5, SiO,, MCM-41 and MCM-22 [15-17].

Recently, we reported a new electrochemical method for prepa-
ration of metal oxide nanoparticles including ZrO,, a-Fe, 03, CuO
and ZnO [18-21]. Further loading of these nanometal oxides onto
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zeolite supports led to enhanced catalytic activity, which was
exhibited by efficient photodecolorization of various dyes as well as
isomerization of n-alkane [18-20,22-24]. It was found that in most
cases, dealumination accompanied by isomorphous substitution
readily occurred in the aluminosilicate framework of the zeolites
during preparation of these catalysts, which then improved their
properties toward the subsequent reactions. Thus, we anticipated
a similar perturbation occurs in the framework of mesoporous sil-
ica when using a similar simple electrolysis system. This would
be of interest because silica is recognized as a less active material
for many heterogeneous catalytic reactions due to the absence of
active sites. Immobilization of a metal onto an inexpensive silica
support would improve its acidic properties and thus activate the
catalyst [25]. To our knowledge, reports on desilication accompa-
nied by isomorphous substitution of foreign ions such as Zn for Si
in a silica framework are still scanty. In addition, most ZnO stud-
ied were nanoparticles, but little information has been reported for
alternate shapes of supported ZnO.

Therefore, in this study we report for the first time the prepa-
ration of ZnO supported on mesostructured silica nanoparticles
(MSN) and its photocatalytic performance toward decolorization
of methyl orange (MO). In fact, the MSN used has a large surface
area with a uniform and tunable pore size, which offers consid-
erable potential as an excellent solid support for immobilization
of heterogeneous catalysts [26]. The tortuous and winding shape
of the coral-like ZnO/MSN is expected to afford a larger surface
area for favorable results. The prepared catalyst was character-
ized by X-ray diffraction (XRD), field emission scanning electron
microscopy coupled with energy dispersive X-ray (FE-SEM/EDX),
transmission electron microscopy (TEM), 29Si magic angle spin-
ning nuclear magnetic resonance (MAS-NMR), Fourier transform
infrared (FTIR), adsorbed pyridine and carbon monoxide FTIR, pho-
toluminescence (PL), and Brunnauer-Emmett-Teller (BET) surface
area analysis. A new structural model for ZnO/MSN was proposed
on the basis of the literature, characterization and photodecol-
orization results. The decolorization of MO was optimized under
various parameters such as the effect of pH, catalyst dosage, and
ZnO loading. The kinetic behavior of the catalyst was also studied
to determine the rate constant.

2. Experimental
2.1. Materials

Cetyltrimethylammonium bromide (CTAB), ethylene glycol
(EG), tetraethyl orthosilicate (TEOS), methyl orange (MO), 3-
aminopropyl triethoxysilane (APTES), sodium hydroxide (NaOH),
and hydrochloric acid (HCl), were purchased from MERCK Sdn. Bhd.,
Malaysia. Ammonium hydroxide solution (NH4OH) was obtained
from QRec, Malaysia. The platinum and zinc plates of more than
99.99% purity were obtained from Nilaco Metal, Japan. Tetraethy-
lammonium perchlorate (TEAP), which was used as a supporting
electrolyte in electrolysis, was prepared in accordance with the pro-
cedure reported in the literature [27]. Deionized water was used for
the preparation of the pH solution and adjustments to the pH were
performed using a 0.1 M HCl and NaOH solution.

2.2. Catalyst preparation

The mesostructured silica nanoparticles (MSN) were prepared
by a co-condensation and sol-gel method as reported in previ-
ous literature [26]. The CTAB surfactant, EG, and NH40H solution
were dissolved in 700 mL of water with the mole composition of
CTAB:EG:NH40H:H,0 were 0.0032:0.2:0.2:0.1, respectively. After
vigorous stirring for about 30 min with heating, 1.2 mmol TEOS and

1 mmol APTES were added to the clear mixture to give a white sus-
pension solution. This solution was then stirred for another 2h,
and the samples were collected by centrifugation. The synthesized
MSN were dried at 333 K and calcined at 823K for 3 h to remove
the surfactant.

The ZnO nanorods were prepared according to previous
reported protocol with some modification [28,29]. An open system
electrolysis cell was fitted with a magnetic stirrer and a platinum
plate cathode (2 x 2 cm?) facing a zinc plate anode (2 x 2cm?2). A
10 mL distilled water and 4 mL NH4OH were added into a 0.1 M
CTAB and 0.1 M TEAP, which act as a capping agent and supporting
electrolyte, respectively. The electrolysis was conducted at a con-
stant current of 120 mA cm~2 and 0 °C under air atmosphere. After
electrolysis, the obtained mixture was impregnated and dried at
383 K for 12 h before being calcined at 823 K for 3 h to yield grayish
ZnO nanorods.

The ZnO/MSN catalyst was prepared via the same procedure as
ZnO nanorods, except the MSN was added to the mixture after elec-
trolysis. The mixture was then impregnated, dried and calcined as
above to give a white powder catalyst which is ready for a charac-
terization. The required weight of the ZnO supported on the MSN
was calculated based on duration time of the electrolysis according
to the Faraday’s law of electrolysis as follows:

t=(§)(z><n) (1)

where t is a total time for the constant current applied (s); Fis a
Faraday constant, 96,486 C mol~!; I is an electric current applied; z
is a valency number of ions of substances (electrons transferred per
ion); and n is an amount of substance (number of moles, liberated
n=m/M).

2.3. Characterization

The crystalline structures of the catalysts were studied by XRD
recorded on a D8 ADVANCE Bruker X-ray diffractometer using Cu
Ka radiation at a 26 angle ranging from 2° to 90°. The phases were
identified with the aid of the Joint Committee on Powder Diffraction
Standards (JCPDS) files.

The morphological properties of ZnO, MSN and ZnO/MSN cat-
alysts as well as the dispersion of ZnO onto MSN surface were
examined by field emission scanning electron microscopy (FESEM)
(JSM-6300F FESEM) with energy dispersion X-ray (EDX) and trans-
mission electron microscopy (TEM).

The textural properties (i.e., specific surface area, pore volume,
and pore diameter) were determined from nitrogen physisorption
at 77 K using a Quantachrome Autosorb-1 analyzer. Prior to mea-
surements, the samples were evacuated for 24 h at 573 K. Specific
surface area (Sggr) values were calculated from the BET isotherm
plots, while the total pore volume and pore size distributions were
calculated using the Barrett, Joyner, and Halenda (BJH) method
from the desorption isotherm.

Nuclear magnetic resonance measurements were carried out
using 29Si magic angle spinning nuclear magnetic resonance (MAS-
NMR) Spectroscopy, which was performed at room temperature on
a Bruker Solid NMR (JEOL 400 MHz) spectrometer using tetram-
ethylsilane (TMS) as an external reference. The spectra were
recorded using 4 s radio frequency pulses, a recycle delay of 60s
and spinning rate of 7 kHz using a 4 mm zirconia sample rotor.

FT-IR (Perkin Elmer Spectrum GX FTIR Spectrometer) was per-
formed using the KBr method with a scan range of 400-4000cm™1.
IR spectroscopy of adsorbed pyridine was used as a tool to evaluate
the Bronsted and Lewis acid sites. In addition, carbon monoxide was
used to evaluate the active sites on the ZnO/MSN catalyst. Before the
analysis, catalyst was activated according to the method described
in the literature [24]. In brief, a self supported wafer placed in an
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in situ IR cell with CaF, windows was heated at 673K for 1 h. The
adsorption of pyridine (2 Torr) was conducted at 423 K for 15 min,
followed by outgassing at 573 K for 30 min. For carbon monoxide
(10Torr), the adsorption was conducted at room temperature for
30 min followed by decreasing the temperature to 123 K. All spec-
tra were recorded at room temperature. In order to compare the
surface coverage of the adsorbed species between different wafer
thicknesses, all spectra were normalized using the overtone and
combination vibrations between 2100 and 1550 cm~! after activa-
tion.

The photoluminescence (PL) (JASCO Spectrofluorometer) (FP-
8500) with 150W Xe lamp as excitation source were employed
to study the electronic structure, optical and photochemical prop-
erties of semiconductor materials, by which information such as
surface oxygen vacancies and defects can be obtained.

The powder addition method was performed to measure a point
zero charge (pHp,c) of the catalyst as described in the literature
[30]. A set of distilled water were prepared (40mL) and the pH
were adjusted to 2, 5, 7,9 and 11 using NaOH and HCI. The initial
pH (pH;) was recorded and an amount of catalyst was added to
each solution. The solution was stirred and the final pH (pHy) was
measured after 48 h. The value of final minus initial pH (ApH) is
plotted vs. pH;. The PZC occurs at the point where pHy— pH; =0.

2.4. Photocatalytic testing

The photoactivities of the ZnO and ZnO/MSN were evaluated for
the decolorization of MO dye. The photocatalytic experiments were
performed in a batch reactor fixed with UV lamp (4 x 9W; 365 nm
emission) and a cooling system. 1 gL~! of catalyst was added to the
MO solution with a desired concentration (3.06 x 10-2 mM) and
stirred for 1 h in a dark to achieve adsorption-desorption equilib-
rium. The initial pH of the solution was 2 and the reaction was
carried out at 30°C. Then, the reaction was carried out for another
8 h under light irradiation under continuous stirring. The concen-
tration of MO dye in the solution prior to irradiation was used as
the initial value for the MO decolorization measurements. The sam-
ples were then collected at regular interval of 1h and centrifuged
in a Hettich Zentrifugen Micro 120 at 75,000 rpm for 10 min before
being analyzed by UV-Vis spectrophotometer (Thermo Scientific
Genesys10uv Scanning) for the residual concentration of MO. The
MO decolorization was measured at the maximum adsorption peak
at 506 nm.

The elemental analyses of zinc in solution were determined by
microwave plasma-atomic emission spectrometer (MP-AES) using
4100 MP-AES Agilent Technologies model 98000A.

3. Result and discussion
3.1. Characterization of catalysts

3.1.1. Phase, crystallinity and structural studies

Fig. 1A illustrates a wide-angle XRD pattern of the synthesized
ZnO. A series of peaks were observed at 31.8° (100), 34.5° (002),
36.3°(101), 47.6° (102), 56.7° (110), 62.9° (103), 66.4° (200),
68.0°(112),69.1°(201),72.3°(004),76.8°(202),81.1°(104) and
89.5° (203), which can be indexed as a wurtzite ZnO structure as
compared to the data from JCPDS No. 36-1451 demonstrated by the
red line [31]. No other peak was found, indicating the purity of the
ZnO. In fact, the structure of ZnO could be determined by the change
in relative intensity of the (100) and (00 2) peaks [32]. The small
(100)/(002) ratio indicates the formation of rods oriented along
the c axis. Conversely, a very large (100)/(002) ratio is indicative
of shortening along the c axis (plate-like particles) [33]. Based on
the ratio shown in Fig. 1A, the structure of the electrosynthesized
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Fig. 1. (A) Wide-angle XRD patterns of synthesized ZnO and (B) small-angle XRD
patterns of (a) MSN and (b) 1 wt%ZnO/MSN, (c) 5 wt% ZnO/MSN, (d) 10 wt% ZnO/MSN
samples.

ZnO was presumably rod-like in shape (Ratio(; gg)002)=1.10). The
value of interplanar distance (d-spacing) of the (0 0 2) lattice planes
was 0.26 nm. Similar results had been reported in the literature
on the subject of shape-controlled synthesis of rod ZnO [34]. The
effect of introducing ZnO into the structure of mesostructured silica
nanoparticles (MSN) was also studied using low-angle XRD pat-
terns in the range of 20 =1.5°-10° (Fig. 1B). Three main diffraction
peaks were observed at 20=2.39°, 4.05° and 4.71°, relative to the
(100),(110) and (200) reflections, respectively (Fig. 1Ba), which
corresponded to p6mm hexagonal symmetry in the mesostruc-
tured silica [35]. The relatively high intensity of the (100) peaks
illustrates the MSN structure was produced with a highly ordered
arrangement of channels [35]. The introduction of ZnO into MSN
seems did not change the hexagonal structure of the support
too much (Fig. 1Bb-d). However, the peak (100) intensity was
decreased, while the other two peaks were almost eliminated by
increasing the amount of ZnO, especially for 10wt% ZnO/MSN,
signifying the MSN structure was slightly disrupted by the incor-
poration of ZnO into the silica framework. In addition, the (100)
reflection peak was also shifted to slightly higher angles, suggest-
ing the presence of ZnO on the internal pore walls of the MSN. A
similar phenomenon was reported when ZnO nanoparticles were
incorporated on mesoporous MCM-41, which led to a decrease in
uniformity and ordering in the mesoporous structure [36].

3.1.2. Morphological studies

The morphological properties of ZnO, MSN and the ZnO/MSN
catalysts were investigated by field emission scanning electron
microscopy (FESEM) while energy dispersion X-ray (EDX) was
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Fig. 2. FESEM-EDX images of (A) ZnO, (B) MSN and (C) 5 wt% ZnO/MSN samples.

carried out to identify the chemical composition of the catalysts
(Fig. 2).1t can be seen that the flower-like wurtzite shaped ZnO was
successfully synthesized with multi-rods centered on one point
with length and diameter of approximately 3 and 80 nm, respec-
tively (Fig. 2A) [37]. This result was in agreement with the XRD
analysis, which presupposed the rod shape of the ZnO. The EDX
spectrum confirmed the presence of zinc and oxygen elements in
the sample. Fig. 2B visualizes the MSN as fairly uniform spherical
particles with an average diameter of 100 nm, and the EDX spec-
trum showed the strong signal of Si elements. Coral-shaped rods
with a diameter and length around 50 and 150 nm were observed
for ZnO/MSN sample as shown in Fig. 2C. The EDX spectrum of the
impregnated network confirmed the presence of Zn in the MSN
support. Peaks of all elements constituting the sample, including

carbon from the stub and the platinum of the coating, were also
recognized. In addition, the dispersion of Zn in the sample was
observed by EDX mapping as shown in the inset Fig. 2C.

In order to further explore the structural features of the cata-
lysts, the ZnO, MSN and ZnO/MSN were subjected to transmission
electron microscopy (TEM); the results are shown in Fig. 3. TEM
also revealed the rod-like nanostructures of flower-like ZnO with
diameters around 100 nm and lengths up to several micrometers
(Fig. 3A). The inset figure indicates that the interplanar spacing
of the lattice planes was 0.259 nm, which matches well with the
distance value of (002) lattice planes from the XRD pattern. This
provided evidence for the single-crystal formation of the nanorod
[38]. The TEM image in Fig. 3B clearly shows the well-ordered
pores corresponded to a 2D hexagonal p6mm mesostructure. These
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Fig. 3. TEM images of (A) ZnO, (B) MSN and (C) 5wt% ZnO/MSN samples.

observations are in accordance with those measured in the low-
angle XRD patterns. The TEM image of a 5wt% ZnO/MSN sample
in Fig. 3C also shows hexagonal pores, indicating that the ordered
mesostructure has been preserved during the incorporation of ZnO.
The black circular spots apparently are representative of ZnO. The
rod shapes of ZnO was unable to identify, most probably it went
through changes in shaped during the loading process. However,
the fast Fourier transform (FFT) pattern in the inset figure confirms
that the spots are due to diffraction from atoms in the correspond-
ing planes of the wurtzite structure of ZnO. A similar image was
observed during the preparation of a ZnO-SiO, core-shell nanorod
composite [39].
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Fig. 4. N, adsorption-desorption isotherm plots of (A) MSN and (B) ZnO/MSN sam-
ples.

3.1.3. Study of textural properties

The adsorption-desorption isotherms of N, were used to study
changes in the pore structure of the ZnO/MSN samples upon dif-
ferent ZnO loadings (Fig. 4). In Fig. 4A, a typical type IV isotherm
with H1 hysteresis loop was observed for MSN [36]. The small hys-
teresis loops is a characteristic of uniform mesoporous materials of
the M41S family with a narrow pore diameter. The inflection that
occurs at P[Py >0.25 represented spontaneous filling of the meso-
pores due to capillary condensation [40]. It can be observed that
the characteristic pore filling step of the isotherm nearly disappears
after ZnO loading (Fig. 4B), indicating that most of the channels have
been packed with ZnO clusters [41]. The summary data on specific
surface areas, average pore volumes and pore sizes of MSN and the
ZnO/MSN catalysts are tabulated in Table 1. In all cases, it can be
seen that the specific surface area and pore volume decreased after
ZnO loading, suggested that a portion of the ZnO was dispersed in
the pores of the MSN. This result is in agreement with the XRD,
confirming the change from the well-ordered structure of MSN to
reduced crystallinity upon loading of ZnO. On the contrary, the pore
size was increased for all samples, suggesting the accumulation of
ZnO molecules along the pore mouth that resulted in enlargement
of the pore width. It could also be that the increase in pore size
may be due to the larger transition metal ion size, resulting in a
greater metal oxygen bond length (Zn-0) than the Si-O bond. A
similar result was reported in the literature when vanadium ions
were incorporated in a silica framework [42].

3.1.4. Nuclear magnetic resonance

29Sj Solid-state Magic Angle Spinning Nuclear Magnetic Res-
onance (MAS NMR) analysis of the MSN and 5wt% ZnO/MSN
catalysts were carried out to determine the ordering of the Si
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Fig. 5. 2°Si MAS NMR spectra of (a) MSN and (b) 5 wt% ZnO/MSN.

atoms in the MSN framework; the results are illustrated in Fig. 5.
With pure MSN, a dominant signal was observed at —111.4 ppm
that is assigned to silicon atoms at the Q site (=Si0)4Si [43]. Two
new shoulder peaks appeared at —98 and —92 ppm when ZnO was
introduced into the MSN, indicating the formation of (=Si0)3Si
and (=Si0),Si, respectively. Thus, it is suggested that desilication
occurred in the MSN framework; this result was in agreement with
the XRD results that demonstrated a decrease in intensity of the
MSN peak by the introduction of ZnO. It was seen that the intensity
of the peaks were not significantly affected by the desilication; this
may be due to the fact that the NH4OH solution used in prepara-
tion of the ZnO/MSN was a weak base, as compared to the strong
inorganic base NaOH, which had a capacity to undergo desilication
to a greater extent within short treatment times, as reported in
the literature [44]. Next, the extent of the desilicated moieties was
further confirmed by IR studies.

3.1.5. Vibrational spectroscopy

Fig. 6 shows the FTIR spectra of ZnO, MSN and 1-10wt%
ZnO/MSN catalysts in the region between 4000 and 400 cm~!. For
the ZnO sample, a broad doublet band at 445 cm~! can be assigned
to the ZnO stretching frequency of Zn-0 bond [45]. A broad band at
3452 cm~! was observed for all samples, attributable to adsorbed
H,0 molecules. This band decreased in intensity with increasing
amounts of ZnO loading (Fig. 6b-e), suggesting that the greater the
amount of ZnO loaded onto the MSN, the fewer hydroxyl groups
were adsorbed on the catalyst’s surface. The band at 1635 cm~! cor-
responds to water molecules retained by siliceous materials [26].
This band also shows a similar pattern with the band at 3452 cm™1,
which became smaller with increasing ZnO content and shifted
slightly to alower wavenumber, particularly with 10 wt% ZnO/MSN,

Table 1
The textural properties and d-value of the catalysts.

Transmittance (%)

3452 ‘ . .
4000 3400 2800 2200 1600 1000 400

Wavenumber (cm)

Fig. 6. FTIR spectra of (a) ZnO, (b) MSN, (c) 1 wt% ZnO/MSN, (d) 5 wt% ZnO/MSN and
(e) 10 wt% ZnO/MSN.

signifying the possible interaction of ZnO with the silica support. A
similar result was also reported in the literature, stating the appear-
ance of a Zn-OH bond replacing the Si—-OH bond in the MCM-41
structure [40]. Thus, it is suggested that the decrease in this band
also demonstrates desilication as a consequence of the introduc-
tion of Zn into the silica framework. The bands at 1084, 796 and
460 cm~! can be assigned to the asymmetric stretching, symmetric
stretching and bending vibrations of Si-0-Si, respectively [46]. The
introduction of Zn species (1-10 wt%) into the MSN also seemed to
decrease the intensities of all three bands and the bands were also
slightly shifted from their original positions, implying perturbation
of the silica network due to the Zn-0O-Si interaction. This result also
can be confirmed by a Gaussian curve-fitting which plotted for the
band at 460cm~! (Fig. 7). For MSN, four bands characteristic of
Si-0-Si are clearly seen, but there are only three bands are present
in 5wt% ZnO/MSN. This observation supported the interaction of
Zn with silica framework. Furthermore, a band at 966 cm~! asso-
ciated with Si-OH bending vibrations was found to decrease with
increased ZnO content and be slightly shifted to 962 cm~"! (inset
Fig. 6), which also gives evidence of Si-O-Zn bond formation [40].

For further investigation, the catalysts were evacuated at 673 K
for 1h prior to FTIR measurement to remove physisorbed water;
the results are shown in Fig. 8. The narrow band at 3740cm™"! is
assigned to terminal silanol groups located on the external surface
of the silica framework. This band partially decreased in inten-
sity and also shifted slightly to 3737 cm~! (inset figure) with the
addition of Zn species onto the MSN, suggesting a perturbation of
the silica framework upon interaction with the ZnO. A new broad
shouldered band appeared at 3590-3480 cm~!, which assigned to
the presence of Si(OH)4. Similar phenomena were reported in the
literature on desilication of ZSM-5 and ZSM-12 zeolites [47]. These
results may explain the fate of eliminated silica species in (=Si0)4Si
sites when they transformed to (=SiO);Si and (=Si0),Si sites, as
mentioned in the 29Si MAS NMR results. Baseline correction of the

Catalyst Surface area (m?g~') Pore volume (cm3 g~1) Average pore size® (nm) d value (A)
ZnO 42 9.64x 1073 33.6 2.60°
MSN 961 1.60 5.46 36.7°

1 wt% ZnO/MSN 484 1.21 104 36.7°
5wt% ZnO/MSN 432 1.19 11.5 35.3P

10 wt% ZnO/MSN 345 1.04 12.5 33.3P

a dvalue at (002).
b dvalue at (100).
¢ Average pore size obtained from BJH desorption average width (4VA-1)
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Fig. 7. FTIR spectra of (A) MSN, (B) 1wt% ZnO/MSN, (C) 5wt% ZnO/MSN and (D) 10 wt% ZnO/MSN and Gaussian curve-fitting of band at 460 cm~".

same band confirmed the presence of a broad band at the cor-
responding range (Fig. 8B), which decreased in intensity by the
increasing ZnO content, suggesting a possible insertion of Zn ions
into hydroxyl groups of Si(OH),.

In support of the above conventional FTIR spectroscopy, the MSN
and ZnO/MSN samples were also subjected to adsorbed pyridine
FTIR in order to study their natural acidic properties; the results
are shown in Fig. 9A. The spectra were recorded after adsorption of
pyridine at 423K, followed by removal of pyridine at 573 K. Since
the catalysts were outgassed at 573K, the only acid sites under
consideration are strong acid sites that can retain pyridine at the
outgassing temperature of 573 K. It was observed that MSN showed

almost no band at all in the region of 1600-1400 cm~!, indicating
that MSN do not have acidity (Fig. 9Aa). Thus, the silanol groups of
MSN that appeared in the 3800-3500cm~! range were a neutral
framework without any Bronsted or Lewis acid sites. However, the
introduction of ZnO onto the MSN developed a relatively high band
at 1451 cm~! and a small band at 1492 cm~! (Fig. 9Ab-c), which

were assigned to a strong Lewis acid site and a weak mixture of
Bronsted and Lewis acid sites, respectively [48]. This may be due to
the presence of Zn?* cations, which behave as new acidic centers
in the MSN.

These results are in line with the conventional FTIR results,
which showed interaction between the ZnO species and the sil-
ica framework as well as bending Si-OH groups in the MSN. Thus,
this result supports the idea that desilication occurred in the MSN

Absorbance

3800 3600 3400 3200 3720 3620 3520 3420
Wavenumber (cnr?)

framework during preparation of the catalyst, accompanied by Zn
ion substitution to form Si-O-Zn bonds. The number of Lewis acid
sites increased with increasing ZnO content, and was especially
notable in the 10 wt% ZnO/MSN. Similar phenomenon was observed
on Zn/HZSM-5 catalyst, in which the introduction of ZnO on HZSM-
5 zeolite led to an increased in the number of Lewis acid sites due to
the interaction between ZnO and zeolite support [22]. The increase
in the number of acidic sites was needed for the activity improve-
ment of the catalyst [49]. Lihitkar et al. and Jiang et al. also reported
that the introduction of ZnO onto the mesoporous silica MCM-41
and SBA-15 resulted in the formation of Zn-0-Si bonds [40,50]. In
addition, similar observation of a high intensity band at 1450 cm™!
in the spectrum of Co/SBA-15 was also reported, indicating the for-
mation of tetrahedrally coordinated Co%* ions with silica support
[51].

Carbon monoxide (CO) chemisorption on activated porous
materials is widely employed for analysis of active sites on ion-
exchanged molecular sieves because of its sensitivity toward
electrostatic fields surrounding metal cations [52] and its ability
to interact with Bronsted and Lewis acid sites [53]. Fig. 9B shows
IR spectra for the adsorption of CO onto MSN and ZnO/MSN cata-
lysts with different ZnO loadings in the 2400-1600 cm~! range. A
group of small characteristic bands were observed at 2345, 2159,

2129, and 1645 cm~!. According to data in the literature, the broad
band at 2345 cm~! was assigned to adsorbed species of CO, that
resulted from the oxidation of CO and metal ions [54]. Thus, the
appearance of this band in the pure MSN spectrum may possibly

10.1
1492 1451

1 18]
e
|
l b

A

102 159
2129

2345

1600 1550 1500 1450 1400 2400 2200 2000 1800 1600
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Fig. 8. (A) IR spectra of activated (a) MSN, (b) 1 wt% ZnO/MSN, (c) 5 wt% ZnO/MSN
and (d) 10 wt% ZnO/MSN in the region of 3800-3200 cm~' (B) Baseline correction of

hydroxyl region at 3720-3420 cm~' (a) MSN, (b) 1 wt%ZnO/MSN, (¢) 5 wt% ZnO/MSN
and (d) 10 wt% ZnO/MSN.

Fig.9. (A) IR spectra of pyridine adsorbed on activated (a) MSN, (b) 1 wt% ZnO/MSN,
(c) 5wt% ZnO/MSN and (d) 10 wt% ZnO/MSN catalysts at 423 K followed by removal
of pyridine at 573 K (B) IR spectra of CO adsorbed on activated (a) MSN, (b) 1 wt%
ZnO/MSN, (c) 5wt% ZnO/MSN and (d) 10 wt% ZnO/MSN catalysts at 123 K.
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be due to an interaction between the Si and CO. It was observed that
this band became more intense with increasing Zn content, demon-
strating the availability of additional Zn* cations to react with CO.
The bands at 2159 and 2129 cm~! corresponded to CO adsorbed
on oxidized metal sites that are not in cationic positions, and car-
bonyl complex species formed with the participation of zinc cation
Zn%*(CO),, respectively, while the small broad band detected at
1645 cm! is due to carbonate species [55]. This band also became
broader with the introduction of Zn, signifying the higher the Zn
content, the greater its interaction with CO to form carbonates. The
overall reaction mechanism of CO oxidation with Zn metal is as
follows,

CO+7Zn — OC x Zn (2)
0y +Zn — 20 x Zn (3)
OC x Zn+ 0 x Zn — ~00C x Zn* (CO3™) +Zn (4)
~00C x zn*" BN 0, « Zn (5)

Hence, the above results clearly support the fact that Si-O-Zn
groups were undeniably formed in the MSN framework, which is
proven by the strong properties of the Lewis acid sites.

3.1.6. Proposed mechanism for formation of ZnO and ZnO/MSN

According to the characterization results and literature, possi-
ble reaction pathways for the formation of the ZnO nanorods and
ZnO/MSN are shown in Scheme 1A and B, respectively. The elec-
trolysis involved the dissolution of zinc metal at the anode to give
zinc cations Zn%* (Scheme 1A) [29],

Zn — Zn** +2e~ (6)

Then, the presence of hydroxyl groups from water in the
solution led to the formation of negatively charged tetrahedron
[Zn(OH)4]%~ ions, which interacted electrostatically with the tetra-
hedral head and a long hydrophobic tail, CTA*, from CTAB to form
a reverse micelle system [56]. This [Zn(OH)4]>~ then plays an
important role as a building block in the formation of the ZnO
structure.

Zn** 4+ 40H™ — [Zn(OH),|*~ (7)

The unstable anions may easily be precipitated to form Zn(OH)s,,
which tends to continuously produce ZnO nuclei [9],

[Zn(OH)4]*~ — Zn(OH), + 20H" (8)

Zn(OH), — ZnO + H,0 9)

Due to the strong-acid weak-base properties of the CTAB, it
could accelerate the ionization of [Zn(OH)4]%~, as well as react as a
capping agent which suppresses the ZnO nuclei to inhibit the lateral
growth [57]. Therefore, the ZnO only grows along [001] direction
to form the nanorod shape, which is eventually constructed into
flower-shaped ZnO (Figs. 2A and 3A).

In parallel, the Zn?* also underwent reduction at the cathode
to form zero-valence highly reactive zinc [28], which reacted with
H, O to produce Zn(OH), and then went through a similar route as
above to produce ZnO.

Zn** +2e” — Zn° (10)

Zn® + 2H,0 — Zn(OH), + H, (11)

Scheme 1B demonstrates the possible reaction pathways for the
formation of ZnO/MSN. The alkaline condition of the system pro-
vided an appropriate environment for desilication to occur in the
silica network when the MSN was impregnated with the mixture

3.5
A
3 4
25 A
2 4

1.5

Initial rate ( x 103 mM h-1)

10 11 12

8 9

pHi

Fig. 10. (A) Effect of pH on decolorization of MO [C,=3.06 x 102 mM; W=1gL;
t=8h; 5wt% ZnO/MSN; 303K] and (B) The isoelectric point (pHp) of 5wt%
ZnO/MSN catalyst.

after electrolysis [44]. This prediction was verified by the 29Si NMR
result, which showed transformation of the Q* site of the pure MSN
to Q3 and Q2 sites. Subsequently, isomorphous substitution of zinc
for silica took place in the silica framework, which simultaneously
resulted in the formation of Si(OH),4. This was elucidated by the
decrease in intensity of the Si-O-Si peak and possible formation of
Si-0-Zn bonds in the FTIR spectra, as well as the detection of a new
peak of Si(OH),4 groups in the evacuated FTIR. The adsorbed pyri-
dine and CO FTIR results also supported the formation of Si-O-Zn
bonds. However, the nature and structure of the ZnO on the MSN
surface are not clear at the present stage and still under investiga-
tion.

3.2. Photocatalytic testing

3.2.1. Effect of pH

The pH plays a significant role in the photodecolorization of dyes
because of all the interactions between the catalyst surface and
dye molecules; the formation of charge depends on the pH of the
solution system [19]. Therefore, a suitable pH needs to be found
in order to obtain the optimum photocatalytic activity. Herein, the
effect of pH was studied in the range of 2-11 in the presence of
the 5wt% ZnO/MSN catalyst; the results are shown in Fig. 10A. It
can be seen that the greatest decolorization was achieved at pH
2, while further increases in pH resulted in a lower efficiency of
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Fig. 11. Effect of catalyst dosage on decolorization of MO [C,=3.06 x 1072 mM;
pH=2; t=8h; 5wt% ZnO/MSN; 303 K].

reaction. The performance of the catalyst is expected be affected by
the electrostatic interaction between the positively charged cata-
lyst surfaces with the negatively charged MO. The abundance of H*
ions at pH 2 might provide an appropriate surrounding for the dye
molecules to be attracted toward the ZnO/MSN sites, facilitating
the formation of more hydroxyl radicals from the ZnO and hence
resulting in higher photocatalytic activity. In contrast, increasing
the pH led to an increase in the number of hydroxyl groups, caus-
ing a competition with the MO ions in the system and thus reducing
the photocatalytic performance.

The effect of pH could also be explained by the amphoteric
behavior of the semiconductor when the photoreaction occurs on
its surface [37]. This behavior can be described on the basis of the
point zero charge (pHp,c) of the ZnO/MSN, which was determined
to be pH 6 (Fig. 10B). At pH values less than pHp,c, the surface of the
ZnO/MSN became positively charged and electrostatically attracted
the negatively charged MO anions. Therefore, the photoreaction
performed well in acidic rather than in basic conditions. A similar
phenomenon was also observed in the decolorization of MO in the
presence of TiO,/ZnS/chitosan catalyst [58].

3.2.2. Effect of catalyst dosage

Fig. 11 demonstrates the effect of catalyst dosage on the ini-
tial rate of MO decolorization, which was studied at pH 2 using
a 3.06 x 1072 mM MO solution. It was observed that the decol-
orization rate was increased by increasing the dose of catalyst
from 0.375 to 1 gL~'. The most rapid decolorization was achieved
when 1gL-1 of 5wt% ZnO/MSN was used, but a further increase
in catalyst dosage resulted in a decrease in the reaction rate. The

A B

B4t

Sohet e

desilication

higher the catalyst dosage, the greater the number of MO moieties
adsorbed onto the active sites of the catalyst surface, thus leading to
an increase in the number of photons being absorbed, resulting in
more rapid decolorization [59]. However, excess catalyst produced
greater turbidity in the system, which scattered the light, reducing
its penetration and ability to reach the active sites, thus inhibiting
photodecolorization [18]. Similar results have been observed in the
literature on decolorization of MO or textile dye wastewater using
ZnO based photocatalysts, respectively [60].

3.2.3. Effect of ZnO loading

The effect of ZnO loading onto the MSN was examined in the
range of 1-10wt% toward an initial rate of MO decolorization
(Fig. 12A). The values represented the initial decolorization rate of
MO per unit surface area of the catalyst given by BET data. The 5 wt%
ZnO/MSN gave the highest value of 6.2 x 103 h-'m~2g-1, while
both 1wt% ZnO/MSN and 10wt% ZnO/MSN gave values reduced
by one-third. The efficiency of the decolorization could be influ-
enced by the metal dispersion on the support surface, the structure
of the catalyst, the band gap of the catalyst or a synergetic effect
between the metal and support. The 5 wt% ZnO/MSN shows highest
value compared to 1 wt% ZnO/MSN and 10 wt% ZnO/MSN, suggest-
ing good dispersion of ZnO on the MSN surface, which led to a faster
rate of reaction. In contrast, ZnO might be agglomerated on the
surface of 10 wt% ZnO/MSN, which then reduced the surface area
available for MO attraction and light penetration for an efficient
photocatalytic reaction [61].

For a detailed study of their optical properties and crystal
defects, the catalysts were subjected to photoluminescence (PL);
the spectra are shown in Fig. 12B. All the samples were mea-
sured at an excitation wavelength of 325 nm. As shown in the inset
figure, the PL spectrum of bare prepared ZnO consisted of two dis-
tinct sharp and broad emission bands at 386 nm in the UV region
and 514 nm in the visible region. The UV emission was generated
by the free-excitation recombination, while the green emission
(deep level emission) appeared because of impurities and struc-
tural defects in the deposited structures. The UV emission signified
the recombination of a photogenerated hole with an electron occu-
pying the oxygen vacancies, while the green emission signified the
recombination of electrons in single occupied oxygen vacancies in
ZnO [62]. Generally, highly crystalline ZnO shows a dominant UV
emission with a weak green emission. Thus, it could be concluded
that the ZnO electrosynthesized in this study is relatively high in
crystallinity.

It was observed that the peak intensity of ZnO/MSN was
increased by increasing the ZnO content, with 10 wt% ZnO/MSN
demonstrating the highest intensity. This may be because the addi-
tion of a certain amount of ZnO increased the content of surface

OH
4(#0{? HO*#*OH
H o o}

Zn?*
isomorphous substitution

Scheme 1. Possible reaction pathways for formation of (A) ZnO and (B) ZnO/MSN catalysts.
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Fig. 12. (A) Effect of ZnO loading on decolorization of MO [C,=3.06 x 10~2 mM;
pH=2;t=8h; W=1gL"'; 303 K] and (B) PL spectra of the catalysts with the excita-
tion wavelength of 325 nm (a) MSN, (b) 1 wt% ZnO/MSN, (c) 5 wt% ZnO/MSN and (d)
10 wt% ZnO/MSN catalysts. Inset figure shows PL spectra for ZnO.

oxygen vacancies and defects, which affected the intensity and
response range of the PL signals [63]. On the other hand, the peak
positions in the PL spectra for an ascending ZnO content apparently
shifted to longer wavelengths, implying a decrease in the band gap
energy of the ZnO [62]. However, it was reported that the higher
the PL intensity, the higher the recombination rate of the photoin-
duced electron-hole pair, which resulted in lower photocatalytic
activity of the catalyst [62]. This fact may explain the higher decol-
orization rate shown by the 5 wt% ZnO/MSN catalyst as compared to
10 wt% ZnO/MSN. In contrast, the 1 wt% ZnO/MSN catalyst showed
a slightly different pattern of PL emission compared to the others,
with a trace emission at 462 nm, signifying fewer oxygen anion
vacancies created at its interface [64]. The lack of oxygen vacan-
cies and defects on the surface of the catalyst caused a deficiency
in photoinduced electron captures, which led to recombination of
photoinduced electron-hole pairs, thus decreasing the efficiency of
the decolorization [64]. In addition, the absence of oxygen vacan-
cies could also inhibit the adsorption of O,, which also plays an
important role in promoting the oxidation of organic dye pollut-
ants. These factors may explain why 1 wt % ZnO was insufficient for
efficient decolorization.

0.8
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A10wt% ZnO/MSN
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Fig. 13. Photodecolorization kinetics of MO using different catalysts.

3.3. Kinetic analysis

Generally, the kinetics of most organic compounds that
undergo photocatalytic reactions are described by a pseudo
first-order model, which is rationalized in terms of the
Langmuir-Hinshelwood model modified to accommodate reac-
tions occurring at a solid-liquid interface [18,62]. In this study,
a series of reactions over bare ZnO and ZnO/MSN with different
metal loadings ranging from 1-10 wt% were carried out under UV
irradiation in order to study the kinetics of MO decolorization; the
results are shown in Fig. 13. The linearity of the plot of In(C,/Ct) vs.
irradiation time verified that the reaction process approximately
followed the pseudo-first order kinetics model, which is expressed
by the simplified equation as follows [65],

In (%) —kt (12)

where k is the pseudo first-order rate constant and Cy and C; are
the concentrations of MO at initial time and time ¢, respectively.
The data were fitted to the corresponding logarithmic expression
to obtain an apparent rate constant, k. Table 2 lists the values of
k when using bare ZnO and ZnO/MSNs. The value of k’ over the
surface area of the each catalyst was also given for comparison. It
is clearly observed that 5 wt% ZnO/MSN gave greater k values than
the others, indicating its efficiency at decolorization. These results
also illustrate the important role of MSN as a support in reducing
the amount of Zn used, which is beneficial from an economic point
of view. The formation of Si-O-Zn bonds in the silica framework of
MSN may act as active sites that produce a higher reaction rate of
ZnO/MSNs compared to bare ZnO.

3.4. Evaluation of zinc leaching and catalyst stability

To study the zinc leaching into the solution, the sample was
kept in dark for 1h and then irradiated under UV light for sev-
eral hours (2, 4, 6 and 8h) using an amount of 1gL~! 5wt%

Table 2

The kinetics parameters of photodecolorization using different catalysts.
Catalyst k* x10-2 (h~1) k> x 10~4 (h~1)
ZnO 7.64 18.2
1 wt% ZnO/MSN 5.96 1.23
5wt% ZnO/MSN 9.93 2.30
10 wt% ZnO/MSN 2.53 0.73

2 Apparent rate constant.
b The k values were normalized with the surface area.
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Table 3
Zn leaching in the solution determined by MP-AES. Figures and scheme captions.

Condition Zn detected in the solution
mM x 102 %
In dark 1.98 2.60
Irradiation (h) 2 2.00 2.62
4 2.12 2.77
6 2.26 2.95
8 2.27 2.97

Initial rate (x 103 mM h1)

o 4
Cycletime 5

Fig. 14. Stability of 5wt% ZnO/MSN on decolorization of MO [C, =3.06 x 102 mM;
pH=2;t=8h; 303K].

ZnO/MSN in 3.06 x 102 mM MO solution at pH 2. The samples
then were subjected to microwave plasma-atomic emission spec-
trometer (MP-AES). The amount of zinc detected in the solution
was less that 2.30 x 1072 mM (<3.0%) as listed in Table 3. Only a
small amount of zinc was leached, indicating the zinc present on
the catalyst surface which can be related to Zn-0-Si bond plays an
important role in the photocatalytic reaction. Similar result were
also reported in the literature, in which the maximum decoloriza-
tion of reactive black 5 dye (~100%) and trypan blue dye (89.2%)
were achieved at acidic pH (pH 4 and 5) when using ZnO and Se
doped ZnO nanoparticles, respectively [66,67].

The stability of the catalyst was evaluated by recycling experi-
ments and the result is presented in Fig. 14. For each new cycle,
the catalyst was reused for the decolorization of a fresh MO
solution. The initial concentration of MO was remained constant
(3.06 x 10~2 mM) at pH 2 for 8 h irradiation time. Then, the catalyst
was recycled after centrifuged, washed and calcined at 823K for
3h for every cycle. As shown in the figure, after five cycle, 5wt%
ZnO/MSN catalyst was still active with just a small decrease in the
decolorization rate. The decrease in photocatalytic efficiency was
probably due to the decrease in surface area of the catalyst which
resulted from the catalyst aggregation after several cycles by the
heat treatment (calcination) [68].

4. Conclusion

In this study, ZnO/MSN catalysts were prepared via sequence
electrosynthesis and impregnation methods. The physicochemi-
cal properties of the synthesized catalysts were studied by XRD,
29Si NMR, FE-SEM, TEM, FTIR, and PL. The XRD result showed that
the introduction of zinc species onto the MSN shifted the (100)
reflection peak to slightly higher angles, suggesting the presence
of ZnO on the internal pore walls of the support. From the?9Si
NMR results, the (=Si0)4Si peak of the parent MSN was observed to
transform to two new shoulder peaks corresponding to (=Si0O),Si
and (=Si0)3Si when ZnO was introduced into the MSN, proving

desilication was occurring in the MSN framework. The FTIR data
suggested that isomorphous substitution was taking place after the
desilication due to the decrease in intensity and shift of the Si-O-Si
peaks and the detection of possible Zn-0-Si bonds. The increase in
the number of Lewis acid sites with increasing ZnO content when
the samples were subjected to adsorbed pyridine FTIR also sup-
ported the formation of Si-O-Zn bonds. The FTIR of adsorbed CO
confirmed that the increase in Zn loading resulted in more Zn%*
cations reacting with CO. According to the PL analysis, it was veri-
fied that 5wt% ZnO/MSN was the most effective photocatalyst for
decolorization of MO. The kinetic study showed that the decoloriza-
tion process followed pseudo first-order kinetics with a reaction
rate of 9.93 x 10~2h~1. In addition, the stability test revealed that
the catalyst was still stable after five cycling runs with a small Zn
leached detected in the solution.
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