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Hybrid ZnO/TiO, nanoparticles were applied as potential photocatalyst agents incorporated into electrospun fibers of enteric
block copolymers. The resistance of fibers avoids aggregation and contributes to prolonged action of semiconductor nanoparticles
under continuous light irradiation. Such behavior is attributed to the minimal aggregation degree and elevated efficiency of
photodegradation of modified nanoparticles in comparison with pristine ones. Hybrid ZnO/TiO, in nanofibers contributes to
the association of different mechanisms such as N-deethylation and cleavage of dye molecules applied in the overall process of

photodegradation.

1. Introduction

Metal oxide-based nanostructures have been progressively
reported in the literature as important candidates for different
applications such as fuel cells [1], solar cells [2, 3], batteries,
sensors [4-6], bactericidal agents, self-cleaning coatings,
deodorization, and catalysis/photocatalysis [7, 8]. Relative
to the environmental remediation, photocatalysis represents
a potential photochemical procedure based on advanced
oxidative process (AOP) which depends on the production
of free radicals such as the hydroxyl *OH groups, applied
in treatment of organic pollutants present in the water.
Semiconductor-based photocatalysts are activated by absorp-
tion of photons in the UV/visible region with energy superior
to the band gap, with posterior migration of electrons from
the valence band to the conduction band, while a hole is
simultaneously created in the valence band. Photogenerated
holes are trapped by hydroxyl groups while electrons are
trapped by oxygen species which act in the degradation
of dyes, with corresponding production of carbon dioxide,
water, and mineral acids [9].

Titanium dioxide (TiO,) has been considered a potential
candidate for applications involving photocatalytic degrada-
tion of environmental pollutants due to its excellent com-
bination of photoactivity and photostability [10-13], high
chemical stability in a wide range of pH values [12, 13],
and low toxicity. Three different structures are assigned to
TiO,: anatase, rutile, and brookite (band gap of 3.2, 3.0, and
1.9 eV, resp.). Conversion of anatase and brookite into rutile
is obtained under thermal treatment.

The corresponding photocatalytic activity of semicon-
ductors depends on crystalline structure parameters, namely,
crystalline size, particle shape, surface area, and surface
hydroxyl groups [14, 15]. By comparison of the three main
polymorphs (anatase, brookite, and rutile) of TiO,, the lit-
erature indicates that anatase phase corresponds to the most
efficient phase for photocatalytic application [16]. In addition,
surface modification represents a relevant procedure which
contributes to the improvement in the photocatalytic activity
of semiconductor nanoparticles for different crystalline con-
figuration.



Zinc oxide (ZnO) is another conventional material
applied in photocatalysis. Similar mechanisms of pho-
todegradation compared to that reported for TiO, have
been attributed to ZnO. Furthermore, ZnO has additional
properties such as relative low cost, high reactivity, and
nontoxicity which favors its use in photocatalysis [17, 18].

The development of semiconductor-semiconductor (S-
S) heterojunction improves the photocatalytic activity of
resulting material. Due to the oxygen vacancy in both
semiconductors (ZnO and Ti0,), filled midgap states below
conduction band edge are created (Fermi level near to the
conduction band), characterizing both materials as n-type
semiconductors.

As a consequence, the heterojunction provided by incor-
poration of zinc in TiO, nanostructure can be considered
as a non-p-n type (most suitable for photocatalytic appli-
cation). The improvement in the photocatalytic activity of
heterostructure is due to the transference of electrons from
conduction band of ZnO to TiO, and holes from valence
band of TiO, to ZnO. This process is favored by internal
field allowing high concentration of electrons and holes to be
available for redox reactions, since separation tends to reduce
the recombination rate [19].

As a result, ZnO/TiO, hybrid nanocomposites introduce
synergistic effect on photocatalytic activity for degradation of
organic substances in comparison with isolated semiconduc-
tors [20-26].

It is noteworthy that recent studies reported that adequate
incorporation of semiconductor nanostructures with suitable
materials optimize the properties of resulting hybrid mate-
rial [27-31], due to the strong interaction and subsequent
minimal aggregation. As a consequence, enhancement in the
photocatalytic activity results from minimal rate of electron-
hole recombination [32].

The incorporation of modified ZnO/TiO, particles into
electrospun fibers of polymeric matrix introduces interesting
advantages regarding the higher surface area/volume ratio in
comparison with the dispersion of nanoparticles in solution
[33]. Particularly, the dispersion of particles in pH-dependent
polymeric matrix preserves the distribution of nanoparticles
under acidic condition, which allows a more prolonged
activity of photocatalytic agents.

In this work, authors have synthesized and characterized
electrospun fibers of block copolymers of poly(methacrylic
acid-co-methyl methacrylate) incorporating modified
nanoparticles of ZnO/TiO,, where photocatalytic activity was
afterwards applied in the photodegradation of rhodamine
B using incident visible light, characterizing a new class of
visible light-driven photocatalysts.

2. Materials and Methods

Poly(methacrylic acid-co-methyl methacrylate) 1:1 (Eud-
ragit L 100 (EDGT), Evonik Industries), titanium dioxide
(Sigma Aldrich TiO, nanopowder, anatase, with medium
particle size of 21 nm, purity of 99.5% and bandgap of 3.2 eV),
zinc acetate dihydrate (C,H¢O,Zn-2H,0) (Sigma Aldrich),
and rhodamine B (Vetec) were used as received.
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The morphology was analyzed using scanning electron
microscopy (Hitachi TM1000) with an accelerating voltage
of 20 kV. XRD diffraction pattern was performed by means
of DRX Equinox 1000, Inel, while absorbance was measured
using a Hach DR5000 spectrophotometer. All experiments
were conducted at 25°C. The size of nanoparticles (TiO,
and hybrid ZnO/TiO,) and zeta potential of dispersion in
alcoholic solution were determined using Zeta Sizer Malvern
(Nano ZS90).

Raman spectroscopy was performed considering the as-
prepared electrospun fibers in order to identify the cor-
responding structure of the resulting ZnO/TiO, hybrid
nanoparticles, using a Raman spectrometer (LabRam Horiba
Evolution) with a 532 nm laser.

2.1. Preparation of Modified TiO, (Hybrid ZnO/TiO,). Hybrid
ZnO/TiO, nanoparticles were synthesized by surface mod-
ification of TiO, provided by zinc incorporation. With this
aim, a relative ratio of 90%:10% (in mol) of TiO, and zinc
acetate in 80 mL of methanol, respectively, was prepared and
vigorously stirred at 70°C for 1 hour (for complete evapora-
tion of solvent). After the impregnation of zinc acetate on
TiO, surface, the resulting material was thermally treated in
an oven at 700°C (heating scan rate of 10°C/min) for 1 hour.
Similar procedure is applied for production of rutile, with
thermal treatment of anatase at 700°C (heating scan rate of
10°C/min) for 1 hour.

2.2. Electrospun Fibers Production. Polymeric solution was
prepared at 25°C, by introduction of 1.4 g of Eudragit L-100
(EDGT) in 6 mL of ethyl alcohol, which was stirred for 10
minutes until complete dispersion of polymer.

Different concentration of TiO, and modified TiO, (0%,
2%, 4%, and 6%, in wt) were added to EDGT solution and
maintained under fixed pressure in a flux of 166 yL/min in
the absence of external electric field (an optimized condition
for continuous fiber production) [34].

The basic setup for fibers production is composed by a
spinneret connected to a high voltage source and a grounded
target. The capillary is a metal cylinder compartment with
uniform diameter of 0.7mm with planar interface (the
extremity of spinneret is cut in a plane parallel to the
grounded target).

An electrical excitation from DC high voltage source
(15kV) is established between the needle and the grounded
target (the needle extremity and the ground plane are sepa-
rated by 10 cm). During the deposition time, which lasts for
5 minutes, a sample holder (metallic flat surface disposed on
the surface of the grounded target plane) collects the ejected
fibers.

For quantitative determination of relative concentration
of semiconductor (anatase, rutile, and ZnO/TiO,) in Eudragit
L-100 electrospun fibers, we have explored an important
property of resulting fibers: carboxylic groups of Eudragit L-
100 became ionized at alkaline pH. As a result, the repulsion
established between negative charges of carboxylate groups
provides the swelling of structure allowing the diffusion of
encapsulated material in direction to the solution [35, 36].
The determination of nanoparticles concentration in aqueous



Journal of Chemistry

solution is established according to standard spectrophoto-
metric procedure based on Beer-Lambert’s law. Calibration
curves return linear dependence in the plot of absorbance
peak versus relative concentration of material. Based on
this linear relationship, the corresponding concentration can
be calculated from direct measurement of absorbance at
characteristic peak [37, 38].

Using this property, it was possible to measure the encap-
sulated nanoparticles amount in microfibers from direct
measurement of absorbance of resulting solution. With this
aim, 10 mg of electrospun fibers (at different concentration
of semiconductor nanoparticles) was soaked into 5mL of
sodium hydroxide aqueous solution (pH 7.0) under con-
tinuous stirring, until complete dispersion of the fibers
was observed, for posterior determination of characteristic
absorbance (direct measurement of encapsulation efficiency).

2.3. Statistical Data Treatment. The statistical data treatment
was performed using software Minitab 14 (statistics package)
and Image] (public-domain image processing and analysis
program developed at US National Institute of Health (NIH))
[39, 40]. For data analysis, three independent SEM images of
resulting fibers were examined, for each relative concentra-
tion of EDGT/TiO, and EDGT/(ZnO/TiO,) (SEM images of
30 different group of fibers).

From these images, and for each of the 8 sets of samples,

the average fiber diameter (d) and corresponding standard
deviation (S5) were determined. Kolmogorov-Smirnov (KS)
hypothesis [41] with significance () of 0.05 was established
for identification of normal distribution diameter. In addi-
tion, a hypothesis test with unknown population means
and variance (significance level («) of 0.05) was realized
for detection of difference between mean diameter of fibers
produced with anatase TiO, and that with modified TiO,, as
a function of concentration of photocatalyst (2, 4, and 6 wt%).

2.4. Photocatalytic Activity Test. Photodegradation proce-
dure was conducted using a standard experimental setup,
as follows: 10 mg of semiconductor-loaded fibers was soaked
into a dye aqueous solution (5mL of 1 yM of rhodamine B
aqueous solution at pH 7.0 and disposed in a cylindrical reac-
tor, 10 mL beaker) which was maintained under continuous
stirring under dark conditions for 1 h allowing the adsorption
of the dye at the surface of the fibers. Continuous incidence
of white light (60 W, disposed at 30 cm from reactor) avoids
variation in the temperature of solution. Aliquots of the solu-
tion were removed at fixed interval of time of 30 minutes from
the reactor for optical characterization in order to measure
and establish the kinetics of photodegradation process. The
photocatalyst remains in contact with dye during complete
process of light incidence.

3. Results and Discussion

3.1. Characterization of Semiconductor Nanoparticles

3.1.1. Raman Spectrum. Raman spectrum of ZnO, TiO,,
and hybrid ZnO/TiO, nanopowder is shown in Figure 1.
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FIGURE 1: Raman spectrum of ZnO, anatase, and hybrid ZnO/TiO,
nanopowder.

Regarding the ZnO spectrum, bands at 330 cm™" (second-
order Raman processes, E, — E, vibration modes), 436 cm™"
(E, high vibration mode, associated with oxygen atoms), and
582cm™! (A, — E, modes [42-44]) are attributed to ZnO
nanocrystals. Bands at 99 cm™" (E, low, associated with Zn
sublattice), 379 cm™! (A 1), and 410 cm™! (E,) characterize the
crystalline structure of ZnO [42, 45].

The Raman spectrum of anatase is characterized by six
different vibration modes namely (3E, + 2B,, + 14,), at

143cm ™!, 195cm™, and 396 cm ™! (assigned to E 4 modes) at

518 cm ™ (A, g /B, g unresolved doublet) [43] and at 639 cm ™
(Alg), as described in [46-50].

On the other side, the spectrum of the hybrid ZnO/TiO,
composite, obtained under thermal treatment at 700°C,
indicates that the dominant crystalline phase (anatase) was
converted into rutile, due to the substitution of the charac-
teristic peaks of anatase by rutile ones: (2E, + 1B, + 1A, )
modeat143cm ' andat231cm ™! (E g), (multiproton process)
at 447 cm™" (E,) [48],and (A,,) at 610 cm™" [51-53].

Beyond the influence of thermal treatment over conver-
sion of anatase into rutile, Zn** ions accelerate the transition
kinetics, providing additional oxygen vacancies due to the
substitution of Ti*" by Zn** [54] which results in the
increase of the disorder of the atomic structure of TiO,
[22]. Characteristic bands of pristine ZnO are not only blue
shifted to 344 cm™" and 447 cm ™" as the intensity of the peaks
increases, as a consequence of the surface modification. This
behavior is typically assigned to the compression established
by ZnO atoms over the TiO, structure [55, 56].

The level of interaction established between ZnO and
TiO, was also observed in additional bands, particularly at
344 and 707 cm ™" in the case of hybrid ZnO/TiO, particles,
which can be attributed to the presence of ZnTiO; [57].

3.1.2. Powder X-Ray Diffractogram. The XRD of hybrid
ZnO/TiO, nanopowder is shown in Figure 2. Sharp peaks
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FIGURE 3: SEM image and overlaid EDS data of resulting hybrid ZnO/TiO, nanopowder with corresponding identification of Zn and Ti.

are observed at 20 = 27.50°, 36.16°, 41.33°, 44.13°, 54.37°,
56.79°, 62.89°, 64.27°, 65.69°, 69.12°, and 69.98°, all assigned
to tetragonal crystalline structure of rutile [58], while peaks
at 36.31°, 63.40°, 66.74°, 67.81°, 68.96°, 76.60°, 80.48", 89.44°,
93.28°, 95.54°, and 106.96° are attributed to the hexagonal
crystalline structure of ZnO (according JCPDS Card number
36-1451).

In agreement with the previously reported peaks in the
Raman spectrum, additional XRD peaks due to the ZnTiO,
are observed at 53.5° and 61.9°, as described by Nolan et al.
[59].

3.1.3. Size of Particles and Zeta Potential. The dispersion
of TiO, nanoparticles in ethanol returned particles size
distribution in order of (22.41 + 4.93) nm and zeta potential

of (5.89 + 0.11) mV which is in agreement with information
of manufacturer (diameter of 21 nm—determined by TEM).
The value of particle size of hybrid ZnO/TiO, in ethanol is in
order of (92.02 £ 16.15) nm and corresponding zeta potential
of (0.77 + 0.53) mV. The strong variation in the diameter
and zeta potential represent evidences that morphology of
particles is affected by surface modification. SEM of resulting
hybrid ZnO/TiO, nanoparticles (shown in the Figure 3)
indicates that interaction between Zn and Ti is established
along aggregates of nanoparticles, as identified in EDS data.

3.2. Morphology of Semiconductor-Loaded Electrospun Fibers
(TiO, and Hybrid ZnO/TiO, Particles). The relative concen-
tration of dispersed nanoparticles in fibers (measured from
absorbance peak (A) at 340 nm, anatase, and 400 nm, hybrid
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ZnO/Ti0,) was determined from calibration curve. Results
indicate that A = 0.08 +7.60C (anatase) and A = 0.05+7.57C
(hybrid ZnO/TiO,) (R* = 0.99). Corresponding mass of
additives in 10 mg of fibers was (0.13 + 0.04) mg, (0.33 +
0.04) mg, and (0.54 + 0.04) mg relative to samples prepared
with 2, 4, and 6 wt% of anatase and (0.19 + 0.03) mg, (0.32 +
0.03) mg, and (0.47 + 0.03) mg for samples prepared with 2,
4, and 6 wt% of hybrid ZnO/TiO,.

Figure 4 summarizes the influence of TiO, concentration
on morphology of the resulting electrospun fibers (SEM
images and data analysis). As can be seen from SEM images
of Figure 4, electrospun fibers are free from beads incorpora-
tion, due to the homogeneous dispersion of semiconductor
particles along the entire resulting structures. Statistical
analysis of fibers indicates that progressive increase in the
nanoparticles concentration (TiO, anatase) contributes to
the reduction of the fibers diameter from 8.5um (pris-
tine) to 4.2um (16 wt% of anatase), which consequently
increases the surface/volume ratio. Corresponding results for
hybrid ZnO/TiO, particles are in agreement with previously
reported data. The dependence of the fibers diameter, with
both additives (anatase and hybrid ZnO/TiO,) is shown in
Figure 5.

Normality test indicates that all of samples are character-
ized by p value > «, which corresponds to a normal distri-
bution. In addition, hypothesis test returns a p value > «. It
means that measurement of fiber diameter is independent of
type of additive at corresponding concentration (anatase and
hybrid ZnO/TiO,).

By looking at Figure 5, it is possible to confirm that the
diameter of electrospun fibers is progressively reduced with
increasing introduction of additive and, for both additives,
with direct consequence on the available surface area for
semiconducting action.
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FIGURE 6: Emission spectrum of white light applied during excita-
tion of dye.

3.3. Photodegradation Process. Continuous incidence of
white light (emission spectrum shown in Figure 6), on the
aqueous solution containing the dye (rhodamine B, 1uM)
and the photocatalyst (10 mg of resulting fibers with pho-
tocatalyst), under consideration, was registered, under fixed
intervals of time, by means of UV-vis measurement.

The continued action of white light on the dye in the
presence of the photocatalyst results in a constant reduction
in the characteristic peak in the UV-vis spectrum. Figure 7
shows the spectrum of residues of rhodamine B under
continuous light incidence (action of anatase).

Asit can be observed from the spectrum (see Figure 7) the
decrease in the absorbance has been assigned to the cleavage
of molecules due to the progressive photodegradation of
species associated with invariance in the peak position.
The increase in the relative concentration of semiconductor
(Figures 7(a), 7(b), and 7(c)) dispersed in fibers results in
the increase of photodegradation rate (verified from the
decrease in the absorbance at corresponding interval of time).
Comparison with response of rutile (Figure 7(d)) indicates
that low efficiency of degradation has been attributed to the
semiconductor, as expected.

The response of hybrid ZnO/TiO, particles applied as
photocatalyst is shown in Figure 8. An important aspect to
be reported concerns the blue shift observed in the spectrum
of residues of rhodamine B at continuous light incidence. It is
an indication that initial step of cleavage of dye molecules is
followed by N-deethylation (due to blue shift of characteristic
peak) and later by the degradation of dye as a result of mutual
chemical process.

The comparison of absorbance of residual dye in aqueous
solution as a function of time is summarized in Figure 9.

As it can be seen, the relative concentration of residual
dye is unaffected by light exposure of dye solution in the
absence of photocatalyst (control experiment, EDGT). The
increasing amount of semiconductor (anatase, from 2 wt%
to 6wt%) dispersed in matrix affects the photocatalytic
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interval of time of 30 min), using 2 wt% (a), 4 wt% (b), and 6 wt% (c) of anatase and 6 wt% of rutile (d) in fibers as a photocatalyst.

activity of resulting material and progressively reduces the
concentration of dye under continued action of light (4 h),
which reaches reduction in order of 50%, 2wt%; 60%, 4wt%;
and 75%, 6wt% in agreement with corresponding results for
rutile. By comparison with the hybrid ZnO/TiO,, it can be
observed that the interaction of both mechanisms results in a
more efficient process, in which 90% of dye is photodegraded
after four hours of continuous light incidence. Based on this
information, it is possible to define the formulation (hybrid
ZnO/Ti0,)/Eudragit L-100 nanofibers as a potential candi-
date for efficient photocatalytic activity against rhodamine B.

Superior performance in photocatalytic applications of
hybrid ZnO/TiO, has been assigned to the coupling effect
between semiconductors. Kanjwal et al. [33] reported that
efficient charge separation takes place with transference of

electrons from conduction band of ZnO to conduction band
of TiO, and photogenerated holes from valence band of TiO,
to valence band of ZnO, in agreement with typical mecha-
nisms of photocatalysts-based non-p-n type heterojunctions.

4. Conclusion

The surface modification of TiO, provided by ZnO incor-
poration and posterior encapsulation in the electrospun
fibers provide a potential candidate for photocatalytic agent
against organic dyes such as rhodamine B. This conclusion is
based on the association of N-deethylation and cleavage of
organic dyes, which results in the optimal photodegradation
in comparison with electrospun fibers decorated with pristine
semiconductors. It is a result of efficient coupling established
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between ZnO and TiO, with more efficient charge separation
and minimal recombination rate.
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