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We report several significant photodecomposition rates of methylene blue (MB) obtained before and
after the refluxing process of own-synthesized two-dimensional (2D) zinc oxide (ZnO) nanopellets. Each
photodecomposition rate of MB was found highly dependent on the weight of photocatalyst. The exist-
ing photodecomposition rate has been successfully improved to a factor of 22.0 times through refluxing
process in excessive pyridine where the surface capping ligand (oleic acid) is removed from the 2D ZnO
nanopellets. On the other hand, the refluxed photocatalyst (0.04 g)in this study was found to exhibit excel-
lent recyclability up to three cycles. Furthermore, X-ray powder diffraction spectrums for the refluxed
photocatatalyst, respectively, before and after three cycles of photocatalytic reactions, has generated the
same patterns showing that the photocatalyst is stable and feasible to be used as an efficient photocata-
lyst material. Hence, these 2D ZnO nanopellets would provide a new alternative route as a highly efficient
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1. Introduction

Recently, quality drinking water has become a major concern
worldwide due to the ever-increasing population and decreas-
ing energy resources. Due to this reason, the efficient treatment
of wastewaters have become immediate importance among sci-
ence communities around the globe as there is a growing need to
come out with the state-of-the-art technologies that are capable to
solve the problems. Ideally, an effective wastewater treatment is
to mineralize completely all the toxic contaminants in wastewater
without leaving any hazardous residues. In addition, the wastew-
ater treatment process should be cost-effective and feasible for
large-scale applications.

Unfortunately, by the time being, only a limited number of
employed treatment technologies such as activated carbon and
biological methods, which somehow fulfilled the requirements
mentioned above but there are still feeble aspects to be consid-
ered. Thus, it is necessary to find an alternative solution, which may
offer a prominent route in industrial wastewater treatment process.
Recently, nanotechnology has been widely adopted as an efficient
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way in dealing with clean water issues. In conjunction with the
applications of nanomaterials in wastewater treatment, the utiliza-
tion of semiconductor nanomaterials as an effective photocatalyst
in wastewater treatment had been drawn much attention among
scientific communities.

Recent advances in colloidal synthesis enable the precise design
of high performance photocatalyst in terms of activity, selectivity
and resistance to deactivation. Various advanced-synthetic tech-
niques have been pursued in designing congruent photocatalyst
materials for the decomposition of organic dyes [1-3]. The under-
standing of the properties, which may affect catalytic performance,
is of great importance. However, not all the semiconductor mate-
rials are suitable to be used as efficient photocatalysts due to their
stabilities against oxidation. For example, the well-known CdSe
semiconductor nanocrystals have been widely used in bio-labeling
[4-6] as well as optoelectronic devices [ 7,8]. Nonetheless, the appli-
cation of CdSe nanocrystals as photocatalyst is strictly hampered
due to its stability against photo-oxidation. Hereby, its applica-
tion as photocatalyst materials has remained a query since the
formation of amorphous oxide layer was observed under ambi-
ent condition [9]. Thus, the idea of oxide-based semiconductors
to be used as photocatalysts have been introduced thereafter to
disclose the ideal photocatalyst characteristics like good photo-
and thermal-stability, high selectivity, and excellent recyclabil-
ity.
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In accordance to the oxide-based semiconductor materials,
there have been reports about the novelty in utilizing TiO, as a
photocatalyst material. Utilization of this material for the decom-
position of organic compounds has generated many promising
results [10-12]. For last two decades, the demands of titanium
worldwide have been raised due to various sophisticated mechan-
ical application in aerospace, automobile fabrication, marine
industry and novel biomaterials [13]. Due to the demanding
importance of titanium in the industries mentioned above, the
commercialization value for TiO, have steadily increased this few
years and exceeding the value of ZnO[14]. Hence, alternative poten-
tial resources for titanium, which render the comparable efficiency,
have to be considered. Among the oxide-based semiconductors that
hold the promise as a potential photocatalyst, ZnO has reflected
comparable efficiency to that of TiO,. Analogous to TiO5, ZnO could
serve as an ideal photocatalyst candidate that is cost-effective and
environment-friendly. Other than that, the comparable intrinsic
bandgap energy of ZnO (3.37eV) [15] to that of TiO; (3.2eV) [16]
also makes it (ZnO) a suitable candidate in absorbing UV-light as
an excitation source. Recently, various reports have shown that
ZnO are good photocatalyst materials. For instances, Sakthivel et al.
found that ZnO nanoparticles exhibit higher rate than that of TiO,
nanoparticles. They attributed this to the ability of ZnO in absorb-
ing large fraction of the solar spectrum and more light quanta than
that of TiO;, [17]. Furthermore, Sun et al. have shown that photo-
catalytic rate and TOC removal efficiency of ZnO can be improved
through modification of its morphology into dumbbell-shape [18].

For few decades, ZnO has been reported as a unique material
that exhibits semiconducting, piezoelectric, and pyroelectric multi-
ple properties [19]. Due to its unique intrinsic properties, which are
relatively anisotropic, ZnO has been synthesized in various shapes
and dimensions either it is in 1D, 2D or 3D. Additionally, many
reports regarding the application of ZnO nanostructures especially
in optoelectronic device have been logged [19-24]. However, most
of these ZnO nanostructures are 1D ZnO. As a result, the intensive
efforts put in the studies of 1D nanostructures have neglected the
development of 2D ZnO nanostructures. Until now, there are lim-
ited reports on the application of 2D ZnO nanostructures especially
as photocatalyst materials.

Hereby, for the first time we use own-synthesized 2D ZnO
nanopellets in this study for the photodecomposition of MB. The as-
synthesized 2D ZnO nanopellets are prepared via low-cost process
using environment-friendly zinc oleate compound through sim-
ple one-pot pyrolysis reaction [1]. These nanopellets exhibit low
photocatalyst rate due to the presence of oleic acid on its surface.
However, we have successfully improved its (2D ZnO nanopel-
lets with the weight of 0.04 g) photocatalytic rates to a factor of
22.0 times through refluxing process in excessive pyridine. There
is no large variation in terms of both size and shape distributions
after reflux. Hence, this treatment process may open a new route
in the removal of capping ligand from nanomaterials surface and
preserve its originality especially for nanomaterials prepared via
organometallic approach.

Besides that, there are several other beneficial aspects of using
2D ZnO nanopellets as photocatalyst found in this study like
the consistent efficiency, stability, ease of material synthesis, and
advanced nanostructure of ZnO. Thus, in contrast to the study car-
ried out by Formo et al. [25], the as-synthesized 2D ZnO nanopellets
are more stable and exhibiting excellent recyclability up to three
cycles, and no reactivation process is required to recover the loss
of photocatalytic efficiency which is caused by poisoning effects.
Moreover, the approaches used in photocatalytic reaction of ZnO,
which are fixed-bed [26] and free-flow suspension, would as well
influence the efficiency of photocatalysts. The free-flow suspension
approach adopted in this study would provide more surface area
of 2D ZnO nanopellets during photocatalytic process than that of

fixed-bed and this would drastically contribute to higher photocat-
alytic rate. Furthermore, not only the solution synthesis of 2D ZnO
nanopellets is producing higher yield if compared to that of gas
phase synthesis, it is also a more economical route in industrial-
scale wastewater treatment [27,28].

2. Experimental details

All the chemicals were used without further purification.
Deionized water from Milli-Q-POD ultrapure water purification
system (resistivity =18.2 M2, TOC <5 ppb) was used throughout
the experiment. MB trihydrate (Mallinckrodt, >99%) was selected
as a model of organic dye for the evaluation of the photocatalytic
activity. Details for 2D ZnO nanopellets preparation have been
reported in previous study [1]. Pyridine (Merck, >99%) was used
as solvent in removing excessive oleic acid that capped on the
surface of 2D ZnO nanopellets. Anhydrous solvents including n-
hexane (Aldrich, >99%) and ethanol (Aldrich, >99.5%) were used
throughout the purification process after reflux.

The as-synthesized 2D ZnO nanopellets as reported [1] were
refluxed for 8.0 h (at 60°C under continuous purge of Ar gas with
robust stirring) in pyridine to remove excessive oleic acid that
capped on the surface of ZnO nanopellets. It was observed that some
of the large-sized 2D ZnO nanopellets tend to form precipitate at
the bottom of the flask after refluxing due to the successful removal
of oleic acid from its surface. The sample was centrifuged to obtain
the precipitation of 2D ZnO nanopellets in grayish form. The pre-
cipitation was subjected to disperse in anhydrous hexane and was
precipitated by anhydrous ethanol with the assistance of centrifu-
gation up to three times to remove the oleic acid that capped on
the surface of 2D ZnO nanopellets initially. Finally, the precipitate
was dried overnight in the oven.

Photodecomposition of 10.0 mL MB aqueous solution with an
initial concentration of 5.00 ppm in the presence of various weights
of 2D ZnO nanopellets were conducted in a heavy-duty Schott
soda-lime test-tube (GL-18) under consistent UV irradiation. Prior
to irradiation, the samples were sonicated for 2.0 min. Then, the
samples were irradiated by using UV-crosslinker (UVP-CL1000,
Cambridge), which is operating at a power of 8.0 W and equipped
with high-pressure mercury lamp of 4.0 cm placed above the test-
tube to provide irradiance wavelength of 254nm. The average
intensity of UV irradiance reaching the samples was measured to
be ca. 100 pJ/cm?. Once the irradiation finished, the sample was
centrifuged at 4000 rpm to separate the 2D ZnO nanopellets from
the suspense. Micropipette was used to transfer the supernatant
scrupulously into quartz cuvette (optical path length of 1cm) to
monitor MB concentration at wavelength of 665nm (dominant
peak for MB) by using UV-visible spectrophotometer.

The morphology of 2D ZnO nanopellets was characterized by
transmission electron microscope (TEM) (Philips CM12 with oper-
ation voltage 100 kV). UV-visible spectrophotometer (Varian Cary
50 equipped with xenon flash lamp for best sensitivity and reduces
excessive photometric noise filtration) was used for monitoring
the absorption of MB. Nitrogen physisorption experiments were
carried out using a Micromeritics ASAP-2020 analyser at —196°C.
Before the measurement, degassing was conducted at 200°Cfor2 h
to remove possible moisture. X-ray diffraction (XRD) was used to
identify the crystal structures using an X-ray diffractometer X’PERT
PRO PW3040 (scanning rate 0.01°/s, Cu Ka radiation and wave-
length, A=0.154 nm).

3. Results and discussion

Fig. 1 shows the TEM micrograph of the as-synthesized 2D
ZnO nanopellets before and after refluxing process. The average
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Fig. 1. TEM micrograph (magnification 28000x ) of ZnO nanopellets annealed at 317 °C for 120 min (a) before refluxed (b) after refluxed in pyridine (inset: high-magnification
(45000x ) of selected 2D ZnO nanopellet with a hole at the center forming a ring structure).

edge length of the sample before reflux falls within the range of
40-125nm and it has shown “shape distribution” both in triangu-
lar and hexagonal thin pellet form (Fig. 1(a)). On the other hand,
the average edge length of the sample that has been refluxed for
8.0 h in pyridine does not show significant changes (Fig. 1(b)). The
major difference is the increased tendency of agglomeration among
nanopellets which would reduce overall surface energy as sug-
gested by Yacaman et al. [29]. These nanopellets interact to each
other via the weak Van der Waals force as an effect of lost steric
repulsion that is resulted by the removal of oleic acid. However,
these nanopellets can still be dispersed in water by carrying out a
simple sonicating process.

In addition, there are no significant variations in morphologies
for the samples that have been refluxed. As depicted in high-
magnification TEM micrograph (inset in Fig. 1(b)), some of the
nanopellets form a hole at the center caused by the continuous
etching effect of oleic acid during synthesis. These morpholo-
gies are still preserved after reflux and they are believed to
greatly benefit the photocatalytic reaction in providing more
surface area which would increase the active reaction sites dur-
ing heterogeneous catalysis reaction [30]. Various findings have
shown that increasing numbers of surface atoms would greatly
alter the electron density and subsequently change the ioniza-
tion energies of photocatalysts. Hence, the rates of photocatalytic
reaction could be enhanced by maneuvering the morpholo-
gies of photocatalysts to improve the electron transfer rates
[31].

Fig. 2 shows the temporal changes in MB concentrations as
the effects of photodecomposition initiated by various weights
of 2D ZnO nanopellets after the samples were irradiated in UV-
crosslinker for 6.0 h. After every interval of 1.0 h, the amount of MB
left for each sample was simultaneously monitored by examining
the various maxima absorptions at the wavelength of 665 nm by
using UV-visible spectrophotometer. After irradiation, the intensi-
ties of the peaks shown in the spectrums decrease at this particular
wavelength, which is due to the breaking of the conjugated -
system in MB chain [32]. Additionally, the diminished intensities
of blue colour in MB solution (hypsochromic effect) were also
observed. Prolonged times of irradiation cause the MB solutions to
turn into pale white and finally these solutions become clear, and

this phenomena implies that all or part of the auxochromic groups
(methyl or methylamine) has degraded [33].

In the absence of any photocatalyst, (Fig. 2(a)), there is only
slight decrease in the absorbance at maxima absorption even
though it has been irradiated for 6.0 h. Thereby, obviously the pho-
todecomposition process is very slow where only 17.83% of MB
has undergone decomposition if it (photodecomposition process)
merely depends on UV-light source without any photocatalyst.
After addition of 0.04 g 2D ZnO nanopellets (without reflux in pyri-
dine) (Fig. 2(b)), the photodecomposition of MB is greatly enhanced
to 38.29% when irradiation is conducted for 6.0 h. The light-induced
excitation process in charge donor semiconductor of ZnO has suc-
cessfully triggered the photodecomposition process by creating
adequate amount of electrophilic species that is necessary in ini-
tializing the degradation of MB.

Meanwhile, it was found that these 2D ZnO nanopellets were
hardly dispersed in MB solution due to the oleic acid that bound on
its surface despite the purification process was done for three times
after synthesis process. Anyhow, this oleic acid plays an important
role as capping ligand in inhibiting the agglomeration process and
regulating the shape of nanocrystals during growth process [34].
Previous attempts including UV-ozone oxidation technique [35],
plasma cleaning [36], hydrogen treatment [37] and heat treatment
[38] have been employed for the removal of capping ligand. Unfor-
tunately, not all treatment methods are suitable for removal of
capping ligand from the surface of nanostructures because there
are irreversible modifications of the shape and size distribution
that would subsequently lead to interparticles agglomeration [38].
Hence, it is essential to find an alternative way in solving this matter
for the benefit of nanomaterials preparation using colloidal method
as colloidal chemistry is incorporating system-capping ligand in
tailoring both the size and shape of the nanomaterials. Further
study and utilization of these nanomaterials for various applica-
tions are strictly hampered due to the presence of capping ligand
as impurities. Thus, it is very important to find a crucial and sim-
ple way to remove this capping ligand. As an effective method in
removing capping ligand, it must be able to withdraw the cap-
ping ligand effectively without altering both the size and shape
of the nanocrystals. Furthermore, it must be simple, feasible and
cost-effective.
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Fig. 2. Temporal changes in the concentration of MB monitored by examining the various maximal absorptions at the wavelength of 665 nm for: (a) MB without photocatalyst,
(b) 0.04 g nanopellets before refluxed in pyridine, (c) 0.001 g nanopellets after refluxed in pyridine, (d) 0.005 g nanopellets after refluxed in pyridine, (e) 0.02 g nanopellets
after refluxed in pyridine and (f) 0.04 g nanopellets after refluxed in pyridine (dash line indicating 50% decomposition of MB).

In current study, we have adapted the method reported by Sach-
leben et al. [39] to remove excessive oleic acid that binds on 2D ZnO
nanopellets surface by refluxing the photocatalyst in pyridine at
60.0°C for 8.0 h before photocatalytic test. According to Sachleben
et al., they successfully used NMR technique to prove that pyridine
can associate with CdS nanocrystal surface and rapidly exchanges
on and off from the surface. In addition to that, Katari et al. also
reported the successful result in using pyridine to displace trioctyl-
phosphine oxide (TOPO), which is a very strong capping ligand that
can anchor on CdSe nanocrystal surface [40]. Their XPS result shows

that high purity CdSe nanocrystal can be obtained after evaporating
off the pyridine molecules. On the other hand, it is generally under-
stood that the high polarity of pyridine also makes it miscible with
water and this enables the formation of stable suspension in water.
Moreover, the exceedingly shorter hydrocarbon chain and lower
steric barrier of pyridine compared to those of oleic acid also ease
the accessibility of MB molecules to the surface of nanopellets.
Table 1 shows the surface area, pore volume and pore size anal-
ysis for the as-synthesized 2D ZnO nanopellets before and after
refluxed. Before the ZnO nanopellets were subjected to reflux-
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Table 1
Surface Area, pore volume and pore size analysis for 2D ZnO nanopellets before and
after refluxed.

Sample Surface area Pore volume Pore size (nm)
(m?[g) (cm?/g)
ZnO nanopellets before  5.0921 1.0252 x 102 10.4838
refluxed
ZnO nanopellets after 9.0687 3.7154 x 102 22.3342
refluxed

ing process, the surface area was determined to be 5.0921 m?/g.
Meanwhile, the pore volume and pore size was found to be
1.0252 x 10~2cm3/g and 10.4838 nm, respectively. On the other
hand, for the nanopellets that have been refluxed, the surface area
increased to 9.0687 m?/g. As a comparison, 68.89% of the surface
area increment has been observed. Substantial variation in pore
volume (3.7154 x 10~2 cm3/g) and pore size (22.3342 nm) in accor-
dance to the surface area changes have been observed as well. The
increase of the surface area can be attributed to the efficient reflux-
ing process that promotes the removal of oleic acid that capped on
the nanopellets surface. During refluxing, an input energy has been
supplied to oleic acid molecules to enable the expansion of its alkyl
chain and subsequently promote its dissolution in the pyridine
through reduction of its free energy. With prolong reflux process,
the oleic acid molecules gain sufficient kinetic energy and finally
diffuse away from nanopellets surface as free ligands.

The photodecomposition rate was successfully improved twice
for MB with the presence of 0.001 g 2D ZnO nanopellets (Fig. 3(c))
if compared to the one without reflux (Fig. 3(b)). The amount
of MB that decomposed was reported to be 76.65% after 6.0h
of UV irradiation. This implies that refluxing process is neces-
sary in removing the oleic acid that occupied the catalytically
active sites of 2D ZnO nanopellets. Hence, more MB can be
absorbed on its surface without impedance caused by the oleic
acid molecules and this would increase the efficiency of pho-
todecomposition process. According to TEM micrograph (Fig. 1),
most of these nanopellets are found to exhibit a shape of pen-
etrable nanoring structure at its center, which is similar to
that reported by Wang et al. [41] who used chemical vapor
deposition (CVD) technique for the nanomaterials preparation.
Besides that, a lot of bending contours were observed along the
surface of the nanopellets structures. Therefore, these 2D ZnO
nanopellets are less compact and could provide more active reac-

(a)

(b)

3.0 4.0
time (hours)

Fig. 3. Efficiency comparison of photocatalytic rate for: (a) MB without catalyst, (b)
0.04 g nanopellets before refluxed in pyridine, (c) 0.001 g nanopellets after refluxed
in pyridine, (d) 0.005 g nanopellets after reflux in pyridine, (e) 0.02 g nanopellets
after refluxed in pyridine and (f) 0.04 g nanopellets after reflux in pyridine.

tion sites for the absorption of MB after the removal of oleic
acid.

As a comparison, the refluxed 2D ZnO nanopellets with various
weights have been used for photocatalytic test. The photodecom-
position rates were found to show dependency to the weight of
photocatalyst, where higher doses of photocatalyst can greatly
increase the photodecomposition rate. Having the weight of
refluxed 2D ZnO nanopellets increased from 0.001 to 0.005 g, the
amount of MB decomposed was improved to 87.69%. This value
was increased to 94.49% when 0.02 g of nanopellets was used. Fur-
ther increasing the weight of refluxed nanopellets to 0.04 g, it has
successfully decomposed 97.16% of MB. This value was found to be
22.0 times faster than that of the one (nanopellets with identical
weight) without refluxing process.

In addition to the removal of oleic acid that has contributed to
the increase of photocatalytic rates, the unique nanofeatures pro-
vided by these 2D ZnO nanopellets are also believed to enhance the
photocatalytic rates through improving the electron transfer rates
[42-44]. This can be explained by the presence of contours that ren-
der the curvature textures along the surface of 2D ZnO nanopellets,
which could better facilitate the physical absorption of MB than
that of flat surface. These curvature textures would locally favor
the absorption of MB during the reaction by forming a bidendate
bonding, whereby MB is a compound that has a high tendency in
forming monomer and dimmer in solution due to existence of the
carbon-carbon double bond in the aromatic ring [45,46]. The dif-
ferent degrees of absorption on photocatalyst surface is one of the
factors that govern the photocatalytic reaction rate as reported by
Huang et al. who study the photodecomposition of rhodamine B
and 4-chlorophenol by using ZnO nanowire [28].

Fig. 3 shows the efficiency comparison for various weights of 2D
ZnO nanopellets as a function of irradiation times. For MB without
photocatalyst (Fig. 3(a)), MB decomposed gradually and exhibited
linearity with time. While in the presence of 2D ZnO nanopel-
lets at different weights, the decompositions occurred with higher
rates and the graphs deviated from linear to exponential decay
(Fig. 3(b)-(f)). In order to elucidate the reaction rates, the data were
re-plotted in In(C,/C) versus time (Fig. 4). As depicted in Fig. 4, all
the photocatalytic reactions are almost approaching pseudo-first-
order reaction. The respective rate constant, k was determined by
calculating the slope of the graph in Fig. 4.

In accordance to the MB without any photocatalyst, the rate con-
stant gave the k value of 0.0330h~! while this value increased to

R =0.9268; k=0.5451 h
R?=0.9460; k=0.4528 h" )
R*=0.9491; £=0.3093 h"'
R =0.9980; k=10.2384 h"

R? =0.9662; k=0.0807 h"
R =0.9868; k=0.0330 h"

4.0 A

* 0 + rXP

3.0 1

{b)
;94.——;__4“:4&::(3)
0.0 T T T

1.0 2.0 3. 4.0 5.0 6.0
time (hours)

Fig.4. Datare-plotted as In(C,/C) versus time which fitted to the pseudo-first-order-
rate model for: (a) MB without catalyst, (b) 0.04 g 2D ZnO nanopellets before reflux
in pyridine, (c) 0.001 g nanopellets after refluxed in pyridine, (d) 0.005 g nanopellets
after reflux in pyridine, (e) 0.02 g nanopellets after refluxed in pyridine and (f) 0.04 g
nanopellets after reflux in pyridine.
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Fig. 5. Repeatability tests on photodecomposition of MB for three cycles by refluxed 2D ZnO nanopellets with the weight of 0.04 g.

0.0807 h~1! for the sample with 0.04 g 2D ZnO nanopellets (without
being refluxed). By scrupulously refluxing the 2D ZnO nanopellets
in pyridine, the k values were increased to 0.2384 and 0.3093 h~1,
respectively, for the nanopellets with the weight of 0.001 and
0.005 g. This could be attributed to the increasing surface area of
nanopellets that would facilitate the absorption of MB. Further-
more, the removal of oleic acid also provides more reaction sites
with higher electron densities for the absorption of MB and this
greatly enhances the electron transfer rates between the nanopel-
lets surfaces and MB molecules. These entire factors are highly
beneficial in lowering the overall activation energy for the pho-
todecomposition process to take place.

The k value for the sample with 0.02¢g 2D ZnO nanopellets
was determined to be 0.4528 h—1. As a comparison, this value is
higher than the k value reported by Wu et al. who deposited the
own-synthesized titania nanoflower (0.0225g) and commercial-
ized Degussa P-25 nanoparticles (0.0225g) on Ti substrate. They
reported their k values to be 0.3540h~! for titania nanoflower
film and 0.3360h~! for P-25 film [47]. The higher increase in rate
constant of this sample in current study is technically better by
applying the formation of free suspension, which renders higher
surface area exposing to the light for electron transfer process, than
that of fixed-bed photo reactor. Further increasing the weight of
nanopellets to 0.04 g that is the maximum limit of photocatalytic
dose in current study, the k value was calculated as 0.5451h-1.
Subsequent weight increase in nanopellets to 0.05g, the k value
was decreased to 0.3938 h~! (result not shown). The decrease of
the rate constant could be attributed to the increase in turbid-
ity that is caused by the exceeding amount of nanopellets used
as the photocatalyst and this has reduced the light transmission
through the solution. Thus, exceeding amount of photocatalyst may
not be beneficial in view of possible interparticles aggregation as
well as reduced irradiation field due to the increase in light scat-
tering. In conjunction with this observation, Wei et al. who have
conducted the photo-oxidation of phenol also reported that there
is an optimum amount of TiO, loading as excessive amount of pho-
tocatalyst loading would have negative impact on the reaction rate
[48].

However, the 2D ZnO nanopellets have lower photocatalytic
rate if compared to that of commercialized ZnO nanoparticles. This
could be due to the residual amount of oleic acid is still attach-
ing on the surface of 2D ZnO nanopellets even though it has been
refluxed for 8.0 h. The presence of this oleic acid is proven to hinder
the absorption of MB on the photocatalyst surface. In addition, the

variation in rate constants of these same materials could be caused
by the differences in terms of morphology, primary and secondary
particle size and specific surface area. In fact, this study has shown
that the as-synthesized 2D ZnO nanopellets that have undergone
refluxing process are exhibiting better photocatalytic ability in the
photodecomposition of MB than that of without refluxed. More-
over, the unique nanofeature provided by 2D ZnO nanopellets is
proven to assist in constraining the intermediates of MB and sub-
sequently promote the further oxidation process as reported by
Walker et al. [49]. In future, further treatment process will be
carried out by coupling the UV-ozone (O3) treatment on the as-
refluxed 2D ZnO nanopellets since simultaneous action of ozone
and ultraviolet can oxidize the oleic acid into carbon dioxide and
water [35].

In order to elucidate the stability of the photoactivity for
refluxed 2D ZnO nanopellets, cyclic experiments were carried out
under the same experiment conditions. After the first run, the
same nanopellets were reused for the subsequent cycle up to three
cycles. According to the results (Fig. 5), only slight deactivation was
observed after three cycles of photocatalytic tests. As a comparison
between the repeatability test in first run and third cycle at sixth
hour (Fig. 5), the amount of MB left in third cycle is slightly more
than firstrun (0.43%). Hence, this implies that the as-synthesized 2D
ZnO nanopellets are exhibiting excellent stability and recyclability.
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Fig. 6. XRD pattern of the refluxed 2D ZnO nanopellets (a) before photocatalytic test
and (b) after three cycles of photocatalytic test on the photodecomposition of MB
(@ is the standard diffraction pattern).



W.S. Chiu et al. / Chemical Engineering Journal 158 (2010) 345-352 351

Fig. 6 shows the XRD pattern of the refluxed 2D ZnO nanopellets
before (Fig. 6(a)) and after (Fig. 6(b)) three cycles of photocatalytic
test on the photodecomposition of MB. As shown in the XRD spec-
trums, there are no any significant changes even though after three
cycles of photocatalytic test. All the peaks of both spectrums can
be indexed to that of the standard ZnO with hexagonal wurtzite
crystal structures (with space group P63mc) [50]. Additionally, no
diffraction peaks from other impurities have been observed. This
implies that the as-synthesized 2D ZnO nanopellets are highly sta-
ble and very suitable for photocatalytic applications, and it does not
undergo any chemical changes if compared to other II-VI semicon-
ductors [9-51].

4. Conclusion

In conclusion, the feasibility of own-synthesized 2D ZnO
nanopellets in photodecomposition of MB has been tested. The sur-
face chemistry was found to greatly influence its photocatalytic
properties. Removal of the surface capping ligand through refluxing
process has enhanced the photocatalytic efficiency of nanopellets.
Furthermore, these nanopellets exhibit excellent recyclability up to
three cycles. Thus, further developments and extension of current
study for the photodegradation of various organic dyes in batch
reactor are being pursued.
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