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Abstract. In our recent studies, we have investigated the tunability of optical properties of zinc oxide
nanoparticles (ZnO NPs) through surface modification with organosilane surfactants. In the present paper, the
effect of ZnO NPs modified with variable amount of 3-(trimethoxysilyl)propylmethacrylate (MPS) surfactant
was investigated toward the photocatalytic degradation of methylene blue (MB), using two different UV light
sources emitting at 254 nm and 365 nm. While the maximum photodegradation efficiency of 63% was reached
by ZnO NPs loaded with the highest concentration of MPS upon exposure at 254 nm, in the case of UV exposure
at 365 nm an opposite photodegradation trend was observed. Actually, a significant photodegradation efficiency
of 95% was recorded by the unmodified ZnO, followed by ZnO NPs modified with 2% MPS for which the
photodegradation efficiency amounted to 80%, thus highlighting their best photocatalytic performance.
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1. Introduction

Zinc oxide is an n-type 11-VI semiconductor with
a wide band gap of 3.37 eV [1], a high exciton
binding energy of 60 meV at room temperature [2],
good transparency, high electron mobility and room-
temperature photoluminescence [3]. These features
make this material very favorable for emerging
applications in, e.g., optoelectronics [4], UV lasers
and photodetectors [5], solar cells [6], thin film
transistors [7], gas sensing [8], catalysis [9], cell
labeling [10], and even in medical field as
antibacterial agents [11] or in naval area as
antifouling coatings [12].

One major problem of global concern is related
to wastewater treatment, which could be reasonably
solved by means of photocatalysis. This recent
technology has been adopted as a more efficient and
alternative way to activated carbon and biological
methods for wastewater treatment. Nanocrystalline
TiO2 and ZnO semiconductors were found to be the
most attractive candidates for wastewater treatment,
and are well known for their photocatalytic activity,
chemical stability, lower cost, easy availability, and
strong oxidative capacity [13, 14].

The utilization of such metal oxide based
semiconductors materials for the degradation and
complete mineralization of a wide range of organic
compounds, such as dyes, phenols and
pharmaceutical drugs, has already produced several
promising results [15-17]. Due to the increasing
demands for TiO, in the last few years, its

commercialization value has raised, thus exceeding
the value of ZnO [18], and therefore, the latter has
been chosen as a more suitable alternative resource
for TiO; in terms of efficiency, cost-effectiveness
and environment-friendliness. Actually, due to
higher quantum efficiency and low cost of
production, ZnO is considered to possess a more
efficient photocatalytic activity compared to TiOg,
though having comparable intrinsic band gap energy
[19, 20].

A crucial shortcoming that arises when adopting
ZnO NPs in photocatalysis is their tendency to
agglomerate due to large surface area and high
surface energy. This makes more difficult their
utilization in the form of very small nanoparticles,
and therefore, it is of demanding importance to
control their particles size and surface properties. In
this regard, recent researches have revealed on the
improvement of photocatalytic activity of ZnO NPs
by means of their modification through cationic or
anionic doping or by means of adding metals or non-
metals [21-23]. Doping ZnO with coinage metals
such as silver or gold has shown enhanced
photocatalytic activity of the resulting ZnO
nanocomposites due to improved charge separation
and reduction in electron-hole recombination [24-
26].

In our recent investigations, ZnO NPs were
modified with organosilane surfactants such as 3-
(trimethoxysilyl)propylmethacrylate (MPS) [27] and
vinyltrimethoxysilane (VTMS) [28], or with a
diquaternary salt of bis(pyridinium) such as N,N'-
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di(p-methoxyphenacyl)-1,2-bis(4-pyridinium)ethane
(DSB) [29], and the influence of particles size on the
optical properties was studied. In the present
contribution, we sought to study the photocatalytic
activity, though very less explored, of organo-
modified ZnO NPs. Therefore, the effect of ZnO
NPs modified with variable amounts of MPS, with
different sizes, was investigated toward the
photocatalytic degradation of methylene blue (MB)
in aqueous solution, using two different UV light
sources emitting at 254 nm and 365 nm.

2. Experimental

2.1. Synthesis of organosilane-modified ZnO NPs
The organosilane-modified ZnO NPs were
prepared according to the precipitation method
reported in the literature [27]. The obtained samples
are hereafter labeled with ZnO for the unmodified
nanoparticles, and ZnO-MPS-x% for ZnO NPs
modified with 2, 5 and 10% MPS, respectively.

2.2. Nanoparticles characterization

The X-ray powder diffraction (XRD) patterns
of the obtained nanoparticles were recorded on
unoriented ground powders with a DRON-3
diffractometer with a Co K, (A = 1.79 A) radiation,
between 10 and 60° 26 degrees with a step size of
0.02°. The diffractograms represented in Fig. 1 were
however obtained after applying the conversion
factors from Co K, to Cu K, radiation of the 20
values. The average crystallite size (L) of
synthesized ZnO NPs was estimated by applying the
Debye-Scherrer’s Eq. (1) [30]:

) ®

where B is the full width at half the maximum
intensity (FWHM), 1 is the X-ray wavelength, & is
the diffraction angle and K is the Scherrer’s constant
whose value for spherical particles is 0.89 [31].

Scanning electron microscopy (SEM) images
were collected on a Quanta 200 scanning electron
microscope operating at 15 kV. Specimens were
prepared by dispersing the samples by sonication in
methanol and by depositing few drops of the
suspensions on carbon-coated grids.

2.3. Photocatalytic measurements

The photocatalytic activity of ZnO NPs was
evaluated through the bleaching of methylene blue
(MB) aqueous solution (20 mL, 0.1%) in the
presence of 0.05 g powder of investigated
nanoparticles, under UV illumination at both 254 nm
and 365 nm for 60 min.

The bleaching of MB aqueous solution was
quantitatively measured by UV-Vis absorption
spectra performed with a Microplate reader with

fluorescence  spectrometer Infinite 200 PRO
NanoQuant (Tecan, Switzerland), in the 400-800
nm range.

The photocatalytic activity of the prepared ZnO
photocatalysts was quantitatively evaluated by
determining the photodegradation efficiency (n%) of
methylene blue with Eq. (2):

P A 00 2
n A 2

where Ag is the absorbance of the dye-containing
solutions before UV illumination and A is the
absorbance of the same solutions after UV
illumination.

3. Results and Discussions

3.1. Morpho-structural characterization of ZnO NPs
The XRPD patterns of all samples (Fig. 1) show
the three main diffraction peaks located in the 30 —
40° 20 range, assignable to the (100), (002) and
(101) planes that are specific for zinc oxide wurtzite
structure [32]. Worthy of note, the diffraction pattern
of unmodified ZnO NPs shows well resolved
reflections, while a broadening of the diffraction
peaks are observed in the case of MPS-modified
ZnO NPs, thus indicating a progressive reduction of
their crystallinity along with the size reduction
induced through organosilane surface modification.
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Figure 1. XRPD profiles of ZnO (a), ZnO-MPS-2%
(b), ZnO-MPS-5% (c), and ZnO-MPS-10% (d).

The average crystallite size of prepared ZnO NPs
was estimated by applying the Debye-Scherrer’s Eq.
(1), and a progressive decrease of the crystallite size
from 9.5 nm for ZnO to 7, 6.5 and 3 nm for ZnO-
MPS-2%, ZnO-MPS-5% and ZnO-MPS-10%,
respectively, was attained.

Particle size and morphology of ZnO samples
were also studied by scanning electron microscopy
(SEM) and their micrographs are given in Fig. 2.
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Figure 2. SEM images of ZnO (A), ZnO-MPS-
2% (B), ZnO-MPS-5% (C) and ZnO-MPS-10% (D).

The SEM image of unmodified ZnO sample
(Fig. 2A) shows that this materials consists of
primary particles of ca. 29 nm with nearly spherical
shape that are mostly organized into bigger
aglomerates. Particles with similar morphology are
also observed for all the organosilane-treated ZnO
samples. In the case of ZnO-MPS 2% (Fig. 2B), the
primary particles have diameters of ca. 23 nm and
are fused into bigger aglomerates, which in turn are
fused into even bigger aggregates. The primary
particles become smaller as the organosilane
concentration increases, and thus sizes of ca. 11 nm

for ZnO-MPS 5% (Fig. 2C) and ca. 6 nm for ZnO-
MPS 10% (Fig. 2D) are attained.

3.2. Photocatalytic activity

Two series of experiments were carried out by
exposing the methylene blue (MB) aqueous
solutions containing the prepared ZnO NPs at two
UV irradiation wavelengths, 254 nm and 365 nm. In
Fig. 3, the absorbance spectra of both MB solution
and ZnO NPs based MB solutions, after exposure at
254 nm for one hour, are given. From this figure, it
can be observed that the extent of photocatalytic
degradation of MB is determined by the reduction of
the absorbance of all MB solutions containing ZnO
NPs (the maximum peak was observed at Amax = 665
nm), with a decreasing trend from unmodified ZnO
to ZnO-MPS-10%. The values of their absorbance is
comprised in a very narrow range, especially for
ZnO NPs modified with 2% and 5% MPS, whose
absorbance spectra are completely overlapped. The
decreased values of the absorbance is in direct
correlation with the rate of discoloration, which
increased as the nanoparticles size decreased.
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Figure 3. UV-Vis absorption spectra of methylene

blue in the presence of ZnO (a), ZnO-MPS-2% (b),

Zn0O-MPS-5% (c) and ZnO-MPS-10% (d), after UV
irradiation at 254 nm.

As indicated in Fig. 4, the photodegradation
efficiency of all ZnO samples has greatly enhanced,
though being comprised in a very narrow range,
increasing from 58% in unmodified ZnO to 63% in
ZnO-MPS-10%. Thus, the photocatalytic reaction
rates of these nanoparticles could be enhanced by
maneuvering their particles size to improve the
electron transfer rates [33].

In Fig. 5, the absorbance spectra of both MB
solution and ZnO NPs based MB solutions, after
exposure at 365 nm for one hour, are given. From
this figure, the extent of photocatalytic degradation
of MB is evidenced by the reduction of the
absorbance of all MB solutions containing ZnO NPs.
Even in this case, the maximum peak was observed
at Amax = 665 nm. Unlike the first series of
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experiments, the variation trend of the absorbance
values observed in the second series of experiments
was opposite. As such, the absorbance values
decreased from ZnO-MPS-10% to unmodified ZnO
NPs, and the rate of discoloration decreased as the
nanoparticles size increased.
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Figure 4. Photodegradation efficiency of ZnO (a),
ZnO-MPS-2% (b), ZnO-MPS-5% (c) and ZnO-
MPS-10% (d), after UV exposure of MB-containing
solutions at 254 nm.
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Figure 5. UV-Vis absorption spectra of methylene
blue in the presence of ZnO (a), ZnO-MPS-2% (b),
ZnO-MPS-5% (c) and ZnO-MPS-10% (d), after UV
irradiation at 365 nm.

As indicated in Fig. 6, the photodegradation
efficiency of all ZnO samples increased from 56% in
the case of ZnO-MPS-10% to 70%, 80% and 95%
for ZnO-MPS-5%, ZnO-MPS-2% and unmodified
ZnO, respectively. As a matter of fact, a complete
discoloration of unmodified ZnO NPs based MB
solution was observed (Fig. 7), thus highlighting the
best photocatalytic performance exhibited by the
unmodified ZnO NPs towards the degradation of
MB molecules upon UV exposure at 365 nm for 1 h.
A comparable performance was also attained by
Chiu et al. on two-dimensional ZnO nanopellets
upon UV exposure at 254 nm for 6 h [34], and by
Musat et al. on ZnO NPs with nanocrystallites size
of 7 nm upon exposure at 210 nm for 1 h [35].
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Figure 6. Photodegradation efficiency of ZnO (a),
ZnO-MPS-2% (b), ZnO-MPS-5% (c) and ZnO-
MPS-10% (d), after UV exposure of MB-containing
solutions at 365 nm.

As far as the photocatalytic activity of ZnO NPs
modified with MPS is concerned, the values
obtained for the photodegradation efficiency are also
significant, especially for ZnO samples modified
with 2% and 5% MPS upon UV exposure at 365 nm.
To the best of our knowledge, no other report, where
ZnO NPs were found to exhibit enhanced
photodegradation efficiency after being modified
with this type of organosilane surfactant, was found
up to date. Instead, in only one report ZnO NPs
modified with polystyrene were studied for the
photocatalytic degradation of methyl orange, and for
this case, the organic surfactant induced a significant
decrease in the photodegradation efficiency in
comparison with unmodified ZnO NPs which
proved much more effective [36]. This fact allows us
to state that only a limited number of organic
surfactants are able to produce a positive influence
on the photocatalytic performance in the modified
ZnO NPs.
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Figure. 7. Color of the methylene blue solution
before UV irradiation (MB) and discoloration of MB
solutions containing ZnO (a), ZnO-MPS-2% (b),
Zn0O-MPS-5% (c) and ZnO-MPS-10% (d), after UV

irradiation at 365 nm.

The different behavior of this series of
nanoparticles at the two UV exposure wavelengths
of 254 nm and 365 nm could be explained not only
on the basis of nanoparticles size, but also on the
effect of chemical groups present in the structure of
the organosilane surfactant. On the other hand, the
energy corresponding to the wavelength of 254 nm
is too high to be absorbed by the ZnO-MPS samples,
making the organosilane shell, which surrounds the
ZnO core [27], to act like a barrier against UV
radiation. Consequently, the partial coverage of ZnO
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surface with this organosilane allows less generation
of hydroxyl radicals for the oxidation of MB
molecules, thus leading to lower photodegradation
efficiency of MPS-modified ZnO samples. The
energy corresponding to the wavelength of 365 nm,
instead, is sufficiently low to promote the absorption
on behalf of the ZnO-MPS samples. In this case, the
barrier effect of the organosilane shell is cancelled,
thus allowing a better generation of hydroxyl
radicals to oxidize much higher amount of MB
molecules. These aspects, along with the
photocatalytic mechanism related to such type of
organosilane-modified ZnO NPs, will be developed
in more detail in the near future study.

4, Conclusions

The photocatalytic performance of a series of
ZnO NPs modified with the organosilane surfactant
MPS was tested towards the degradation of MB at
two UV exposure wavelengths. Modification of ZnO
surface was found to have a great influence on its
photocatalytic activity. The optimal condition for the
photocatalytic degradation of MB using this series of
ZnO NPs was their exposure at 365 nm for 1 h. The
best photocatalyst was the unmodified ZnO,
reaching a photodegradation efficiency of 95%,
followed by ZnO NPs modified with 2% MPS for
which the photodegradation efficiency amounted to
80%. These results are of great importance for
solving, e.g., the issues of worldwide concern, such
as quality drinking water, wastewater treatment and
bacteria disinfection.
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