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This paper evaluates the photocatalytic and dye adsorption properties of highly crystalline orthorhombic
vanadium pentoxide (V,Os) one-dimensional (1D) nanostructures, such as nanowires and nanorods,
synthesized by a hydrothermal method. The as-synthesized samples were characterized by X-ray
diffraction (XRD), UV-vis diffuse reflectance spectroscopy (DRS), scanning and transmission electron
microscopy (SEM and TEM), thermogravimetry (TGA), zeta potential, Fourier transform infrared
spectrometry (FTIR), N, adsorption isotherms and high-resolution **C nuclear magnetic resonance
(NMR). The dye adsorption capability and photocatalytic properties under visible light were mainly
studied by the removal of the methylene blue dye (MB). Despite their low specific surface area
(approximately 35 m? g™}, the nanostructures showed high MB adsorption capabilities of greater than
400 mg g*. Additionally, due to the band-gap values (approximately 2.6 eV), the nanostructures could
be successfully applied to photodegradation under visible light, showing higher photoactivity than

commercial V,0s. The MB adsorption mechanism onto V,Os 1D-nanostructures surface can be
Received 20th October 2014

Accepted Sth January 2015 explained via NMe," interaction with the negatively charged surface of the studied samples. The

observed combination of adsorbent and photocatalytic properties makes the V,Os5 1D-nanostructures a
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promising material for organic pollutant decontamination, which appears more efficient for cationic
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regeneration or replacement to be applied in a continuous
process.® Conversely, heterogeneous photocatalysis is based on

1. Introduction
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Water contamination by pollutants, such as dyes or pesticides,
has caused several environmental problems, attracting the
attention of many researchers in the development of efficient
methods for removing these pollutants.'™ Several techniques
have been used for water treatment, such as coagulation,
chemical oxidation, adsorption and photodegradation.'”®
Among those methods, the process of adsorption and photo-
degradation by applying a heterogeneous photocatalyst appear
to be an interesting and efficient method because both
processes can be combined into one step."® Indeed, adsorption
is one of the most effective dye-removal methods in water
systems; this process converts pollutants from aqueous
suspension to solid phase rather than causing their degrada-
tion.” However, solid adsorbents present limited adsorption
capacity because saturated adsorbents require further
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the formation of radicals with high oxidative potential, which
can lead to overall degradation of a wide variety of organic
pollutants.®® In this way, combined adsorption—-photocatalysis,
leading to the in situ regeneration of adsorption sites, can
improve the global process leading to photocatalytic materials
with higher performance.®*

Previous studies have focused on composites containing
adsorbent and photocatalytic materials.'*"* Composites of TiO,
with activated carbon and TiO, with SiO, ** have presented
higher pollutant removal efficiencies compared with the iso-
lated phases. On the other hand, additional studies have shown
the application of one phase, which acts as an adsorbent and
photocatalyst concomitantly.'*** For example, Kim et al®
showed the high efficiency of BiOCl in Rhodamine B, methyl
orange and methylene blue dye removal due to the special
characteristics of the material, which simultaneously exhibited
photocatalytic and adsorbent properties.

Vanadium pentoxide (V,Os) is a semiconductor with a band-
gap ranging from 2.3 to 2.8 eV with special surface proper-
ties."*?® V,05 possesses high surface acidity, a high specific
surface area, and have great potential for use in various appli-
cations,'*?” such as photocatalysis under visible light*»** and
adsorption.” In this sense, V,05 may be suitable for dye removal

This journal is © The Royal Society of Chemistry 2015
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applications by coupling its adsorption and photocatalytic
properties, and fine-tuning the electronics and surface properties
of the crystalline structures during the synthesis process.

The synthesis method plays an important role in the devel-
opment of high-performance photocatalytic/adsorbents mate-
rials due to the dependence of certain characteristics, such as
crystalline phase, electronic structure and surface features, on
the synthesis conditions.***” Though several strategies have
been developed for the hydrothermal synthesis of V,05 nano-
structures,*®*® our group reported an interesting strategy for the
synthesis of V,05-nH,0 nanostructures with morphology and
crystal structure controlled using a hydrogen peroxide
method.*® This process possesses several advantages in the
synthesis of nanostructures, namely, the elimination of foreign
ions or organic ligands and control of morphology and crystal
structure through synthesis variables.>*** Indeed, our research
group has published various studies employing the hydrogen
peroxide method combined with hydrothermal treatment to
prepare different nanostructures.’**

The main goal of this research is to outline, simple method
for contaminant removal based on the orthorhombic
V,05-nH,0 (1D) nanostructures produced by peroxide vana-
dium complex decomposition under hydrothermal treatment.
Methylene blue (MB) dye in aqueous system was used as a
model contaminant, to study the coupled adsorptive-photo-
catalytic properties. Despite previous papers separately
describing V,05 adsorptive*® and photocatalytic properties,>"**
an evaluation regarding the coupled properties (adsorption-
photocatalytic under visible-light irradiation) of V,05 (1D)
nanostructures is still open.

2. Materials and methods
2.1. Synthesis

The synthesis of V,05-nH,0 nanostructures is described in
greater detail in ref. 30, it is based on the dissolution of V,05
micrometric powder (Alfa Aesar, 99.995% purity), denoted here
as a precursor, in distilled water with the addition of the
appropriate amount of hydrogen peroxide (H,O, 30%) and
subjected to the hydrothermal treatment. The deeper morpho-
logical and structural characterizations can be checked in great
details elsewhere.>***” As reported in our previous works, in
these synthesis conditions, the presence of water molecules do
not lead to any significant structural changes being mainly
related to adsorbed water.*>*® In this sense, we denoted the
samples as V,0s (1D) nanostructures. To obtain V,Os (1D)
nanostructures with different morphologies, the hydrothermal
treatment was conducted at two different temperatures for a 24
hours period. The samples obtained at 180 °C in hydrothermal
treatment were denoted as SAMO01, whereas the SAM02 sample
were developed at 200 °C.

2.2. Characterizations

The material's crystalline structure was determined by X-ray
diffraction (XRD) through a Shimadzu XRD 6000 diffractom-
eter with Cu Ka radiation in a continuous scan mode; the scan
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speed was 2° min ' with a step of 0.02°. The size and
morphology of the nanostructures was determined by scanning
electron microscopy (SEM) using a JEOL JSM-6510 and by
transmission electron microscopy (TEM), using a JEOL JEM
2100 operated at 200 keV.

The specific surface area (SA) was measured by the nitrogen
physical adsorption at 77 K using a Micromeritics ASAP 2020
particle size analyzer. The isotherm data were treated using the
standard BET (Brunauer-Emmett-Teller) method.

UV-visible diffuse reflectance spectra (DRS) were acquired
employing a Cary 5G spectrophotometer in the 200-800 nm
range and were recalculated using the Tauc method and
normalized.®® The band-gap of each sample was calculated
by plotting the absorption coefficient, (ahv)’, against the
photon energy, av, according to the following equation: ahv =
A(hv — E,)"?, where E, describes the band gap for direct tran-
sitions and A is a constant.®®

The zeta potential of the dilute suspensions was measured in
a Zeta Potential Meter (Malvern - ZetaSizer model nano-ZS) in a
pH range of 8 to 3: the pH value was adjusted by adding HCI or
KOH.

2.3. Dye removal by visible-light photodegradation and
adsorption

V,0s photocatalytic and adsorption properties were evaluated
by quantifying the removal of MB. For the photocatalytic
experiments, the samples were immersed in 20 mL of an
aqueous solution of MB (20 mg L™ "). The beakers were placed in
a photo-reactor at controlled temperature (20 °C) with six lamps
(Philips visible light lamps, 15 W). The removal of MB was
monitored using a spectrophotometer (Shimadzu-UV-1601 PC)
to measure the intensity of the characteristic UV-vis absorption
peak (at 663 nm) following different durations of light exposure.
To check the influence of adsorption during the irradiation, the
same experiments were performed without irradiation, and the
decay in MB concentration was determined in the same way.

The adsorption capability of the as-synthesized sample was
determined by the adsorption isotherms obtained in dark
condition under 25 °C using a 150 mg L™ powder sample
concentration suspended in the MB solution ranging from 25 to
500 mg L~ ". The suspensions magnetically stirred during a 24 h
period to reach the adsorption-desorption equilibrium. After
this period, the adsorption performance was measured by the
decrease in MB concentration. In order to check the adsorption
mechanism and capability, Rhodamine B (RhB, 50 mg L7,
neutral charge) and methyl orange (MO, 50 mg L™, anionic
dye), which possesses different structure and electronic char-
acteristics, were studied under the same conditions applied to
MB adsorption studies.

To evaluate the MB dye desorption onto the substrate, the
kinetics of desorption studies was performed. Firstly, the
SAMO02 sample with MB adsorbed (100 mg L") was stirred in
ethanol, at regular time intervals, then the samples were
collected and MB concentration was measured in a UV-vis
spectrophotometer. The ethanol was chosen due to its better
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interaction with MB dye when compared to water and other
solvents.*

To check the presence of MB molecules adsorbed onto the
as-synthesized nanostructures and their stability, the samples
were separated through centrifugation, and then characterized
by thermogravimetric analysis (TGA), Fourier transform
infrared spectroscopy (FTIR), Raman spectroscopy, XRD
patterns and high-resolution *C nuclear magnetic resonance
(NMR). For this analysis, we used the powders from MB solution
with initial concentration of 50 mg L. FTIR analysis data were
collected in a Perkin Elmer Spectrum 1000. The samples were
firstly kept at a constant temperature of 100 °C for 12 h and were
then placed in a desiccator to ensure the same atmospheric
conditions for all the samples prior to FTIR analysis. The TGA
was performed using a TA Q500 thermogravimetric analyzer
under the following conditions: weight (10.0 + 0.5) mg;
synthetic air flow 60 mL min~'; heating rate of 10 °C min~*; and
temperature range 30-700 °C. Raman spectrum was acquired
using Raman spectrometer (Horiba Jobin-Yvon) coupled to a
microscope (Olympus TM BX41). An Ar' ion laser using the
514.5 nm laser line provided the spectral excitation. A low power
laser was used to prevent the laser beam from changing the
characteristics of the samples. The XRD measurement was
performed under the same conditions described before.

Spectra of solid-state "*C NMR with variable amplitude,
cross-polarization and magic angle spinning (VACP/MAS) were
obtained in a spectrometer Bruker (Avance III HD) operating at
a frequency of 400 MHz for 1H and 100.59 MHz for *C, under
the following experimental conditions: 10 kHz spinning speed,
with the contact time of 45 ms and relaxation time of 5 s. About
50 mg of SAMO02 + MB and MB pure were packed in a 5 mm
cylindrical zirconium rotor with Kel-F end-caps. The chemical
shift values were calibrated using tetramethylsilane as a refer-
ence. In order to better the signal-to-noise ratio, 16 384 scans
were performed on each sample. To identify the chemical shifts
related to each carbon in a MB dye molecular structure, a
simulation was performed using the NMR-Predictor program
(available at http://www.nmrdb.org/).

3. Results and discussions

Fig. 1 presents the XRD patterns of the as-synthesized samples
and the material employed as the precursor. As expected, the
patterns are indexed as the V,05 orthorhombic phase (PDF#85-
0601).

From Fig. 1, it is clear that the samples (SAMO01 and SAMO02)
and the precursor presented the same crystalline phase; there-
fore, the main differences between the samples should be
related to their morphology and/or surface features, because
SAMO1 and SAMO02 may contain a small amount of adsorbed
water due to the synthesis conditions.*

Electron microscopy was employed to analyze the precursor
and as-synthesized samples morphologies, and the results are
shown in Fig. 2. SEM image in Fig. 2a shows the precursor
(orthorhombic phase V,05) with a granular morphology with
micrometric sizes between 2-5 pm. TEM images in Fig. 2b and ¢
show that SAMO01 and SAMO02 present nanowire and nanorod
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Fig. 1 XRD patterns of the oxide precursor and the as-synthesized
samples: SAMO1 (180 °C/24 h) and SAM02 (200 °C/24 h). All of the
peaks are related V,0Os5 orthorhombic phase (PDF#85-0601).
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Fig. 2 (a) SEM image of the precursor sample; and TEM images of (b)
the samples SAMO1 and (c) SAM02; (d) HRTEM images of region A; (e)
Fourier transform of region A.

morphologies, respectively, as reported before in our previous
work.*® Moreover, HRTEM images of SAMO1 (insets on Fig. 2b)
and SAMO2 (Fig. 2d) show the single crystalline nature of the
synthesized materials, with an interplanar distance of approxi-
mately 0.60 nm, which corresponds to the (200) crystallographic
plane in V,0s orthorhombic phase (PDF#85-0601). These
features and the Fast Fourier Transform (FFT) of Fig. 2d
confirms the single crystalline nature of the as-synthesized
samples and the fact that the growth occurs preferentially
along the [010] direction (nanoparticle length), Fig. 2e.3**¢ The
diameters observed for SAMO01 and SAMO02 were approximately
25 and 40 nm, respectively, where the increase in diameter size
in different synthesis conditions could be attributed primarily
to the laterally oriented attachment growth mechanism that was
previously examined by our group.*® The specific surface area
(SA) of the samples was determined as 35 m> g~ * for SAMO01 and
28 m> g ' for SAMO02, which is in accordance with the

This journal is © The Royal Society of Chemistry 2015
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morphological features observed for these samples, since
SAMO02 showed a greater diameter compared to SAMO1.

Fig. 3 presents the UV-DRS spectra for both as-obtained
samples (SAMO01 and SAM02) and for the samples employed
as precursor. The UV-DRS spectra are recalculated by the Tauc
method to measure the band-gap values (inset of Fig. 3).*®
Despite the differences in morphology, the band-gap of the as-
synthesized samples showed only a slight difference, with a
band-gap in the visible region of the electromagnetic spectrum,
486 nm (2.55 eV) and 476 nm (2.60 eV) for SAM01 and SAMO2,
respectively. The sample denoted as precursor (commercial
V,05), also presented a band-gap in the visible region around
560 nm (2.2 eV). The UV-DRS results are in good agreement with
previous report in literature.'*>°

The development of high efficiency visible light active pho-
tocatalysts remains a challenge for many researchers.*** The
most studied semiconductors for photocatalytic application
(TiO,,>* ZnO)*” can only be activated under UV radiation, which
represents only 4-5% of the sunlight.*> Therefore, the bang-gap
values are an important feature of the as-synthesized samples,
showing the possibility for photocatalysis activated by wave-
lengths higher than 470 nm, i.e., in visible light region.

The coupled photocatalytic and adsorbent properties of the
precursor and the as-synthesized samples were firstly evaluated
by the removal of MB. Fig. 4 shows the results of adsorption (in
dark conditions) and photodegradation coupled to adsorption
(irradiated conditions) over time. The MB self-photolysis was
also evaluated for solutions without any catalyst, designated
“blank”. It is worth noting that the samples SAMO01 and SAMO02
exhibited an MB adsorption of approximately 17% for both
samples, this is an improvement over the precursor sample,
which did not show significant MB adsorption.

As observed in the graph (Fig. 4), the precursor sample
showed the worst photoactivity and adsorption properties; even
under irradiation for 210 minutes, the MB concentration
decreased by less than 10%. In the presence of as-synthesized
samples under irradiation, MB concentration decreased of by

1,0 1,0

00
0,5 20 25 30 35
hv/eVv

Reflectance / u.a.

Precursor

—— SAMO1
—— SAMO02
0,04 T T T T T T T
300 400 500 600 700

Wavelength / nm

Fig. 3 (a) UV-visible diffuse reflectance spectra (DRS) of synthesized
samples. (b) A plot of (ehv)? vs. photon energy (hv) obtained by the
Tauc equation®® from DRS spectra.
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Fig.4 Photodegradation coupled to adsorption under visible light and
adsorption (in darkness) of MB (20 mg L™) over the as-synthesized
samples.

28% and 31% for SAMO01 and SAMO02, respectively. Therefore,
these experiments showed the synergistic effect of adsorption
and photodegradation for MB removal from water.

It is interesting to note the fact that the small observed
changes in morphological and textural properties for the SAMO01
and SAMO02 samples did not lead to a significant difference in
MB photodegradation. The similarities in the photocatalytic
performance could be related to the different properties that
influence the overall process, since heterogeneous photo-
catalysis is dominated by two main variables: the specific
surface area and the charge carrier recombination rate.>*

Because both samples showed high adsorption capacity in
the coupled experiment for MB, we studied the MB adsorption
isotherm for SAMO02 sample (Fig. 5) to understand the interac-
tion between adsorbate and adsorbent; we chose only one
sample due to the similarity between the performance of
SAMO1 and SAMO2 in the previous tests. The as-synthesized
V,0s nanostructures had a high MB adsorption capacity of
437 mg g ' (Fig. 6a), when compared with other materials;
W;50,40 ** and composite TiO,/polypyrrole®® are measured
having adsorption capacities of 201 mg g~ " and 273 mg g !,
respectively. The data were fitted by the Langmuir isotherms
given in eqn (1).

Cq 1 N Ceq
Ot Okl ' Oman

(1)

Ceq (mg L") is the MB equilibrium concentration; Qmax
(mg g~ ) is the maximum adsorption capacity; K, (L mg™ ") is a
constant that related to the heat of adsorption.

Fig. 5b illustrates the Langmuir models for SAM02 sample; a
high degree of linearity was observed, with a correlation coef-
ficient (R*) of 0.999. According to the Langmuir model, the
maximum adsorption of MB on SAMO02 was 434 mg g~ ', which
is not far from the experimental value (437 mg g '). It is
important to highlight the low repeatability of these experi-
ments, possibly due to the high adsorption capability of the
samples (always higher than 400 mg g '). To confirm the

RSC Aadv., 2015, 5, 12000-12006 | 12003


https://doi.org/10.1039/c4ra12788a

Published on 22 January 2015. Downloaded by UNIVERSIDADE FEDERAL SAO CARLOS on 4/29/2019 6:13:09 PM.

RSC Advances

400 4

300

200

q(mg.g™)

100

/ (a)

T T T T
0 100 200 300 400 500
Concentration (mg. L)

1,0

y = 0,010 + 0,0023x
R’ =0,999

o
)
<~ 0,5

g
O
=

g
]

(b)
00 T T T T
0 100 200 300 400

Ceq (mg/L)

Fig.5 (a) Adsorption isotherms of methylene blue (MB) without visible
light illumination for SAM02 sample; (b) the linear form for Langmuir
isotherm model.

presence of adsorbed MB molecules, we performed FTIR and
TGA analysis of SAMO02 after adsorption, Fig. 6.

A question that arises from the adsorption experiments is
about the nature of the process: is the decrease in MB caused
only by adsorption, or does the dye degrade after interacting
with the sample surface? To evaluate the adsorption qualita-
tively, we obtained the FTIR spectra for SAM02, MB, and the
sample containing adsorbed MB (labeled as V,05 + MB); the
results are shown in Fig. 6a. In the spectra of V,05 + MB, main
peaks related to stretching mode of MB are present. Because
those peaks were neither shifted nor omitted after the adsorp-
tion process, we can propose that the chemical structure of MB
remains intact after adsorption. In other words, the color
removal may be related solely to the adsorption and not to the
degradation of the chromophore group.

Additionally, we performed TGA analysis after the adsorption
process to determine the amount of dye adsorbed on the solid
surface, Fig. 6b. The SAMO02 sample showed a slight loss,
approximately 2 wt%, even at a temperature of 700 °C, as expec-
ted, since in employed synthetic conditions only a small amount
of adsorbed water was presented.** Conversely, the sample after
the adsorption (V,05 + MB) showed a loss of approximately 19
wt%. By withdrawing the water adsorbed, this would results in 17
wt% assigned to MB dye. The MB adsorption for V,05 used in
TGA experiments was determined to be 230 mg g~ * (the MB initial
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Fig. 6 Analysis of the adsorption product. (a) Infrared spectroscopy of
SAMO02, V,0s + MB and MB; (b) TGA analysis for SAM02 (V,0s) and
V,0s5 + MB.

concentration of 50 mg L") that represents 19 wt% of MB, which
was close to what was expected.

To verify the facility of the MB dye desorption onto the
SAMO02 sample and how easily it is recycled, the desorption
kinetics in ethanol was studied. TGA analysis was used to
quantify the MB present in SAMO02 sample before the desorption
experiment (see Fig. S1a and b¥). As a matter of fact, after 120
min of test, around 99% of MB dye was desorbed, which clearly
evidenced that SAMO02 adsorbent can be easily recycled in those
conditions.®® We also performed XRD, Raman spectroscopy
with the powder after the adsorption experiments in order to
evaluate the photocatalyst stability (Fig. S21). Fig. S2a and bf
confirm that no structural difference between the pristine
SAMO02 and SAMO02 with MB adsorbed could be observed. This
indicates that the dye is not intercalated into the crystal struc-
ture, but the two may be chemically linked without changes in
crystalline structure.

To understand the adsorption mechanism of the samples,
Zeta potential measurements were performed for both synthe-
sized samples revealing that in pH range from 3 to 8 all of the
measured values were below —10 mV. This result is indicative of
surface acidity in the as-synthesized samples. In fact, at a
neutral pH for the MB solution, Zeta potential values were
observed at approximately 30 mV. Because MB is a cationic dye
with a very high pkK, value (>12), which does not promote the
hydrolysis reaction, MB is highly ionized at the pH value of the
MB solution.***” Therefore, the MB cations showed strong
electrostatic interaction with the negatively charged sample

This journal is © The Royal Society of Chemistry 2015
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surface, explaining the high adsorption values for both
samples.

The positive charge in MB dye molecule is delocalized by
molecule, i.e. resonant, however, this is better stabilized by S
and N atoms in N-Me, groups (see molecular structure of MB,
Fig. 7a).*® Then, in order to answer which atom (S or N) is
responsible for interaction/binding of MB dye at adsorbent
surface, the solid state ">C NMR spectra were acquired for the
MB pure and SAMO02 after adsorption experiments onto SAM02
sample. MB molecule showed 7 carbons with different chem-
istry environment in *C NMR spectra (see identification at
Fig. 7a), however, the carbons identified how 2 and 3, 5 and 6,
respectively, showed a slight shift between them. By compar-
ison of >C NMR spectra of the SAM02 sample with MB adsor-
bed and MB pure, main shifts at peaks related to carbon 1 and 7
were observed after their adsorption at SAMO02 surface, of 44.4-
42.3 ppm and 155-153 ppm, respectively. These shifts can be
better visualized in Fig. 7b and c. Carbons 1 and 7 are exactly
binding to N atom of NMe, group, thus the mechanism of
adsorption occurs via interaction of NMe," with negatively
charged surface of the SAM02 sample. These results are in
agreement with the ones reported by Zhang et al.*® who noticed,
through XPS studies, this same behavior to adsorption of MB
dye onto carbon nanotubes functionalized with SO;~ group.

As a matter of fact, we performed some analysis on the
adsorption capability in the presence of different dyes, such as
RhB and MO, which possesses different structures and electronic
characteristic (see Fig. S3a and bf). The adsorption capacity
observed for both MO and RhB were 42.3 and 65.5 mg g~ ' after
3 hours, respectively. The adsorption kinetics presents poor
adsorption efficiency compared to MB adsorption capacity of

T T T T
160 140 120 100 80 60 40

ppm
1
48 46 44 42 40 38 158 156 154 152 15
ppm ppm

0

Fig. 7 (a) Solid state 3C VAS/CP NMR spectra of the MB pure and MB
adsorbed onto SAM02 sample (SAM02 + MB). (b and c) Spectra with
zoom in region assignment to carbon 1 and 7.
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437 mg g ' (Fig. 6a). In good agreement with the proposed
adsorption mechanism, which occurs via electrostatic interac-
tion of the negative surface of V,05 with N-Me, " groups of MB, it
can be seen that the efficiency of adsorption followed the order of
the electronic characteristic of the pollutants: cationic dye (MB) >
zwiterrion (neutral-RhB) > anionic dye (MO). Thus, despite the
fact that V,05 has potential for adsorption to organic pollutants
with different electronic characteristics, it is clear that the
adsorption process is more efficient for cationic species.

4. Conclusions

In summary, orthorhombic vanadium pentoxide (V,0s) 1D-
nanostructures obtained by the hydrothermal decomposition of
vanadium peroxo complex can effectively remove dye from water
through a coupled adsorption-photocatalytic process under
visible light. Despite its low specific surface area (approximately
35 m”> g~ "), the nanostructures exhibited a high MB adsorption
capability, greater than 400 mg g~ '. Additionally, the 1D nano-
structures could be successfully applied to photodegradation
under visible light. The adsorption mechanism occurs mainly via
interaction of NMe," with negatively charged surface of as-
obtained nanostructures, making the V,05 1D-nanostructures a
potentially useful material for the removal of organic pollutants
from water, specially for cationic species.
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