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Abstract. Rapid population growth, urbanization and industrialization pose significant threats to the
aquatic ecosystem. The discharge of untreated dyes contaminated wastewater causes harmful chemical
and biological changes in water bodies as well as human disease. The most common dye used at
industrial scale is methylene blue (MB). Recently, numerous metal oxide nanoparticles adsorbents have
been applied for the purpose of treatment of water from dyes. This paper deals with V,0s nanoparticles
adsorbents, obtained by thermal pre-treatment carried out by increasing the temperatures between
90 and 750°C. The surface chemistry of the newly prepared nanoparticles was investigated by
X-ray diffraction and scanning electron microscopy, Fourier Transform infrared spectroscopy and
thermogravimetric techniques. Furthermore, the prepared nanoparticles were tested for MB removal
from modelled water solution. The obtained results indicated that high MB removal efficiency (93%)
and adsorption capacity (27 mg/g) after 40 min of adsorption were obtained for samples of V,0s
annealed at 500°C in comparison with V,0Os treated at 90, 250 and 750°C, respectively. The applicability
and suitability of the two kinetic models were tested and the removal mechanism was proposed.
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Introduction

The intensive development of agricultural,
pharmaceutical, and chemical industry has
resulted in the release of diverse chemical
compounds such as antibiotics, pesticides,
plastics,and dyes into an aquatic environment [1].
These industries serve as ideal contributors
towards the contamination of aquatic environment
since manifold chemicals are discharged directly
and very frequently into the environment [2].
As a result, discharging dyes into the aquatic
environment affects the water with undesirable
colour and toxicity [3]. Consequently, the
phenomenon of photosynthesis for aquatic plants
is affected as the presence of dyes hinders the
penetration or transmission of sunlight [4]. Most
of dyes are stable towards light and therefore
remain non-biodegradable. Methylene blue (MB)
is categorized as a cationic dye, which is also a
widely used dyestuff at industrial scale [5,6].
The long-term accumulation of dyes leads to
serious threats not only to humans but also aquatic

species majorly causing homeostasis and genetic
mutation [7]. Removal of hazardous substances
such as dyes from aqueous environment has
attracted wide attention of researchers to ensure
the safety of waterways in particular and
environment in general. In order to make the
aquatic environment dye-free, various biological,
physical, and chemical methods have been
reported extensively, which includes adsorption
[8,9], membrane filtration [10-12], ozonation
[13-15], oxidation [16,17], electro-coagulation
[18,19] and biosorption [20,21]. However, it is
well established that single treatment is not
enough to carry out complete removal of complex
compounds such as dyes. Hybrid methods have
also been devised and successfully applied for
complete MB removal or decomposition from
industrial effluents. Consequently, advanced
sorbent materials have made adsorption
techniques to be economical and more effective
since the materials are affordable, efficient and
cost-competitive for the MB depollution control
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from industrial wastewaters [22]. The transition
metals oxide nanoparticles such as CuO, Fe,0s,
Zn0O, MnO, and V,0s have been widely used as
photocatalysts for water purification [23-26].
These photocatalytic materials exhibit larger
surface area, chemical stability, and efficient
recyclability while vyielding no secondary
pollutants [27]. V,Os nanoparticles have been
applied in numerous photocatalytic degradation
applications because of their non-toxic properties,
narrow band gap (~2.4-2.8 eV), better chemical
and electrical stability. In order to overcome the
limitations of V,0s nanoparticles, their
morphology needs to be modified. Carbon
nanotubes (CNTs) are the best choice to be
combined for the efficient and effective use of
V,0s nanoparticles for dyes removal. V,0s
nanostructured materials can be in the form of
nanoparticles, nanowires, nanorods, nanobelts,
nanoribbons, and nanosheets in desired size and
morphology with their distinct geometry and new
physical and chemical properties [24]. To reduce
the poor mechanical strength of metal oxide
nanomaterials, nanocomposites are increasingly
used for purification of wastewater for removing
unwanted species [22,28]. The combination of
nano-adsorbent with metal oxide nanoparticles
has been the first choice for researchers as
adsorbent material. In recent years, researches
have been done all over the world to prepare and
characterize the nano-size metal oxides
[14,17,27,29,30]. The use of nanometal oxides as
adsorbents is a promising technique in cleaning
water for major water pollutants such as heavy
metals, aromatic compounds and dyes [27,28].

The aim of this work was set to prepare and
investigate the V,0s nanoparticles for the
methylene blue removal from aqueous solutions.
Additionally, the effect of heat treatment on V,0s
nanoparticles produced by the hydrothermal
method was investigated. The physico-chemical
characteristics of the obtained V,05 nanoparticles
were correlated with their sorption properties.
Moreover, the kinetic data were analyzed using
the pseudo-first and pseudo-second order rate
equations.

Experimental
Materials

Ammonium-metavanadate (99.99%), nitric
acid (99%), cetyltrimethylammonium bromide
(CTAB99%) and ethanol (99.8%) were purchased
from Merck (Budapest, Hungary).
Synthesis of V,0s nanoparticles

V,05 nanoparticles were prepared by the
hydrothermal ~ method. For this  process,
ammonium metavanadate (0.1 g) and CTAB

(0.1 g) were dissolved in 100 mL water-ethanol
solution with a ratio of 7:3, respectively. This was
followed by the dropwise addition of nitric acid
whilst continuously being stirred until the acidic
pH 2.5 was achieved. The mixture above was
heated under reflux for 6 h at 80°C. The orange
precipitate was isolated and washed with distilled
water (10 times) and ethanol. Then it was dried in
oven at 90°C for about 1 h. The mixture
was annealed for 2 h at relevant temperatures
of 250, 500 and 750°C, respectively. Eq.(1)
represents the formation of vanadium hydroxide
during the preparation step [31].

Ethanol/CTAB
2NH,VO; + 2HNO; + nH,0 ————

V,05nH,0 + 2NH,NO; + H,0

Characterization of prepared samples

The XRD study was carried out on a Lab
X-6000 Instrument SHIMADZU  (Japan),
equipped with Cu-Ka radiation (4= 0.1541 nm).

The morphology of the nanoparticle surface
was investigated by scanning electron microscopy
(SEM) on an Instrument TESCAN Mira3 (Czech
Republic).

Fourier Transform infrared spectroscopic
(FTIR) measurements were carried out by using a
Perkin Elmer Company (USA) spectrometer on
grinded samples without additional sample
manipulation, in the range of 400 and 4000 cm™,
at a resolution of 2 cm™, at room temperature.

UV-Vis spectroscopy measurements were
done on an UV-Vis Nanocolor spectrophotometer,
Macherey-Nagel (Germany).

Thermogravimetric measurements
(TG/DTG/DTA) were carried out using a
Derivatograph-C type thermobalance (Hungarian
Optical Works, Budapest). Samples were
measured in ceramic crucibles. The curves were
registered while heating the samples to 850°C
(at 5°C/min heating rate) in static air atmosphere.
Determination of methylene blue

The maximum absorbance of MB solution
in water at a concentration of 20 mg/L was
monitored by UV-Vis spectroscopy in the range
of 400 to 700 nm. The maximum absorbance
(Zmax) was observed at 665 nm. The stock
solution was used to prepare calibration solutions
for with different MB concentrations (4, 8, 12 16,
18 and 20 mg/L) as reported previously [32].
Methylene blue adsorption experiments

The MB removal experiments were
accomplished in batch mode as previously
reported [32]. MB stock solutions were diluted
with distilled water. The pH of the dye solution
was set to the desired pH= 7, using 0.1 N NaOH
or 0.1 N HCI. For each experiment, 20 mg of
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V,0s nanoparticles were added to the 30 mL
solution of MB (20 mg/L). The MB removal
efficiency was studied as a function of contact
time, adsorbent dosage and also the temperature
in order to figure out the beneficial conditions for
MB removal from water. After the reaction was
complete, the samples were stockpiled and taken
for separation. The dye concentration in the
supernatant was checked using the UV-Vis
spectrometer at 665 nm. The percentage MB
elimination/removal (RE, %) was calculated by
using Eq.(2) [33,34].

RE = (%) -100 % @)

where, C, denotes the initial MB concentration
(mg/L);
C; represents the MB concentration at
time t (mg/L).

The adsorbed amount of MB (q) was
calculated using Eq.(3) [33,34].

Co—C
g ==Ly 3)

m

where, V stands for volume of solution (L);
m denotes the weight of prepared metal
oxides (g);
q: is adsorption capacity of MB at time t

(mg/g).

Each experiment was performed in
triplicate under identical conditions and the mean
values were calculated and reported in this work.

Results and discussion
Characterisation of V,0s nanoparticles

The surface morphology of the obtained
V,0s nanoparticles was investigated by using
Fourier Transform infrared spectroscopy, X-ray
diffraction, SEM, and thermogravimetric analysis.
The FTIR spectra of V,05 as prepared and
annealed samples are shown in Figure 1.
The broad and weak band at 3500 cm™ and a peak
at 1661 cm™ can be assigned to the O-H stretching
and H-O-H bending vibrations respectively,
which indicate the existence of coordinated water
molecules. The band at 3217 cm™ corresponds to
the asymmetric stretching vibration of ammonia
[35] originated from starting material of NH;VOs.
Bands mentioned above disappeared after
treatment at higher annealing temperatures.
The main peaks are at 1027, 831 and 610 cm? on
all spectra, which can be assigned to V=0
stretching, V-O-V asymmetric and V-O-V bonds
symmetric vibrations [36,37].

The XRD technique was used to investigate
the crystallinity of the newly prepared
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nanomaterials. Figure 2 represents the XRD
patterns of V,Os nanomaterials which were treated
at increasing temperatures of 90, 250, 500 and
750°C respectively. The major diffraction peaks
of V,0s appear at 26= 15.62°, 20.04°, 21.80°,
31.4° and 40.9°, which correspond to (200),
(010), (101), (301) and (002) reflections,
respectively [27,28]. These peaks relate to the
shcherbinaite orthorhombic crystalline structure
of V,05 (JCPDS Card No. 41-1426) [31]. With
increasing the pre-treatment temperature from
250 to 750°C, the intensity of diffraction peaks
increased. Based on the Scherrer’s calculation, the
mean size of treated V,Os nanomaterials was
calculated to be approximately 20 nm. The
UV-Vis study also showed structural modification
during vanadium metal oxide phase change from
amorphous to crystalline. During the calcination
process from 90 to 750°C, the energy gap
increased from 2.55 to 2.76 eV respectively, and
the so-called Bursteine-Moss effect can be
observed [31,38].

3217 1666 1027 831 610

Transmittance (a.u.)
N

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™?)

Figure 1. FTIR spectra of theV,05samples dried
at 90°C and annealed at 250, 500 and 750°C
temperatures: 1- V,0s as prepared;

2- V,05 treated at 250°C; 3- V,0s5 treated at
500°C; 4- V,0s treated at 750°C [31].

Intensity ( arbitrary unit)

10 20 30 40 50 60 70
Two theta (°)

Figure 2. XRD patterns of theV,05 hanoparticles
treated at different temperatures: 1 - V,05 as
prepared; 2 - V,0s treated at 250°C; 3 - V,05

treated at 500°C; 4 - V,0Os treated at 750°C.
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The SEM images of the V,0s nanoparticles
pre-treated at 500°C are shown in Figure 3,
indicating that V,Os particles appeared in the
form of nanoflakes [31].

SEM MAG: 20.0 kx WD: 5.66 mm
Det: SE SEM HV: 15.0 K

Figure 3. SEM images of V,0s nanoparticles
annealed at 500°C, at a resolution of
500 nm (a); 1 pm (b); 10 pm (c).

Furthermore, the obtained V5,05
nanoparticles were studied by thermogravimetric
methods in a temperature range from 23 to 850°C
with a heating rate of 5°C/min. The sample
studied showed mainly amorphous structure
with some (NH,),VsO3s crystalline phase as
confirmed by XRD analysis. Sample weight at the
beginning of the analysis was 62.2 mg. The
decomposition curves of V,0s nanoparticles are
given in Figure 4, and the mass loss data are given
in Table 1. According to the obtained results on
V,0s nanoparticles, the TGA and DTG curves
indicated five stages from room temperature up to
850°C [31,39-41].
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Figure 4. Thermogravimetric curves
(TG/DTG/DTA) of V,0s.

Evaluation of V,0s nanoparticles efficiency in
methylene blue removal

The study was carried out on V,0s
nanoparticles as prepared and pre-treated at 250,
500 and 750°C with contact time from 0 to
50 min. The UV-Vis measurements were done
every 10 min. The initial MB concentration, MB
solution volume and weight of samples were as
follows: 20 mg/L, 30 mL and 20 mg, respectively.
The results are summarized in Figures 5 and 6 as
well as Table 2, showing that MB concentration
reached the lowest concentration after adsorption
experiment using V,0s nanomaterials treated at
500°C in comparison to the other samples.

Table 1

Mass loss data from the thermogravimetric measurements.

Stage Tinitial Tfinal Tmax Mass loss
°C) °C) °C) (M%) Mass loss due to
1 23 200 - 1.9 dehydration
2 200 293 254 3.9 removal/oxidation of compounds used during preparation
3 293 355 332 6.6 decomposition of (NH,;),V¢O16 t0 V,05
4 355 450 374 3.2 beginning of crystallization
5 450 i 850 08 crystallization step and/or decomposition of bulk

impurities

Sample mass: 62.2 mg

Total mass loss: 16.40%
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Hence, removal efficiency as well as the
adsorption capacity values were higher for V,0s
nanoparticles annealed at 500°C as shown in
Figure 6 and Table 2. It should be noted that the
increase in the MB removal efficiency over the
studied samples was significant up to 40 min,
after which was slowly decreased for the
following 10 min.

Table 2
MB removal efficiency and adsorption capacity of
V,0s5 nanoparticles at 40 min of contact time.

Adsorbents RE (%) g: (mg/g)
V,05 as prepared 49.1 15.1
V,05at 250°C 52.4 16.0
V,05 at 500°C 93.1 27.2
V,05 at 750°C 65.1 19.8

Following this, the adsorption experiment
was studied in dosage range between 15 mg and
90 mg, at room temperature (RT) (Figure 7).
Thus, the sample of 60 mg of V,0s nanoparticles
annealed at 500°C presented the highest MB
uptake from water at the following parameters:
T= 40 min, Cyg= 20 mg/L, V=30 mL, T= RT
(Figure 7). It was noted that when the temperature
increased the MB removal was increased, and the
optimum solution temperature presented higher
removal efficiency at 45°C (Figure 8).

15

| —e—as prepared
--#-250°C
—&— 500 °C
——750°C

Concentration (mg/L)

0 T T T
10 20 30 40 50
Time (min)
Figure 5. Change in MB concentration against time
over V,0s nanoparticles as prepared and annealed at

different temperatures.

100 ~
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Figure 7. Effect of adsorbent dosage on MB removal
over V,0s nanoparticles annealed at 500°C.
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The comparison of sorption capacity of the
V,0s nanoparticles to other commercialdg
available sorption materials (Table 3) indicated
that the obtained V,0s nanoparticles exhibited
improved sorption properties for MB.

Table 3
Comparison of various sorption capacities of
different adsorbent materials reported for
MB removal from water samples.
Adsorption

Adsorbents . Reference
capacity mg/g
MgO 4.5 [42]
Fe,O; modified MWCNTs  42.0 [43]
Red mud waste 4.1 [44]
Ceria nanofibers 10.0 [45]
Ceria nanoparticles 18.0 [46]
HClI treated fly ash 8.0 [47]
Animal waste ash 5.2 [48]
Clay nanoparticles 6.3 [49]
Co-Fe,O5; modified
MWCNTS 14.3 [50]
Zeolite 10.9 [51]
FesO4, modified graphene 33.7 [52]
Polyaniline nanotube 4.8 [53]
Brown peat 24.3 [54]
Fe;0, chitosan composite  45.1 [55]
NaOH treated fly ash 10.2 [56]
Zn0 nanoparticles 9.6 [57]
V,05 nanopatrticles 27.2 This work
100 7 _¢—as prepared
--#-250°C
80 1 _a—s00°c
——750°C
60
A g
= 40
e
20 +
0 r T T T
10 20 30 40 50

Time (min)
Figure 6. Removal efficiency (RE %) of MB from
water against time over V,0s as prepared and
annealed at different temperatures.
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Figure 8. Effect of solution temperature on MB
removal over V,0snanoparticles annealed at 500°C.
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Kinetic studies

The kinetic models are relatively efficient
for the determination of the rate at which
adsorbent efficiently removed the adsorbate such
as pollutants including non-biodegradable dyes
from wastewater [58]. The data analysis reveals
that the highest adsorption as well as the best
removal was achieved using V,0s nanoparticles
was at annealing temperature of 500°C. In order
to find out the rate of removal of MB dye from
wastewater, the obtained experimental data for
MB adsorption study was analysed using pseudo-
first and pseudo-second order kinetic models
[59]. Figures 9 and 10 show the resulting graphs
from two Kinetic models for MB adsorption.
Figure 9 presents the pseudo-first order Kkinetic
model with R? value of 0.967.

1.60 -
1.20 - .
0.80 A

0.40 A

log (qe-:)

0.00 : : : — .
10 20 30 40 3 €0

-0.40 T
t (min)

Figure 9. Pseudo-first order plot for MB
adsorption onto V,0s5 annealed at 500°C, where
y=-0.0336x + 1.6087 is linear form of plot and
R?= 0.9672 denotes the linear regression value.
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Figure 10. Pseudo-second order plot for MB
adsorption onto V,0s5 annealed at 500°C, where
y=-0.0263x + 0.533 is linear form of plot and
R?= 0.9882 denotes the linear regression value.

The statistical analysis of the adsorption
data confirmed that pseudo-second order is the
most suitable kinetic model at the lower solute
concentration [60]. Similar to literature data, the
plot confirmed that pseudo-second order is the
best fitting model to interpret and depict the MB
adsorption procedure having the high correlation
coefficient (R?) value of 0.988 (Figure 10).

It exhibited linear regression between the
adsorbent and removal of MB dye from
wastewater as previously reported by Somsesta,
N. et al. [61], Tuli, F.J. et al. [62] and Tran, T.H.
et al. [63] on various adsorbent materials.

The sorption mechanism of MB into V,0s
nanoparticles can be understood in the following
way: ionic bond forms between the negatively
charged oxygen atom on the metal-oxide
nanoparticles and the positively charged sulphur
in methylene blue, and bond can form on the
opposite side of vanadium as shown in Figure 11.

o,
o]

T+
S | !

Figure 11. Proposed adsorption mechanism
between MB and V,0s hanoparticles.

Conclusions

The vanadium oxides nanoparticles were
successfully  synthesized via hydrothermal
method and treated at different temperatures
(90, 250, 500 and 750°C). The nanostructure of
prepared material was confirmed by FTIR, X-ray
diffraction and SEM study.

It was confirmed by FTIR spectroscopy
that the surface  dehydroxylation and
decomposition of the starting material NH4VOs
occurred at 250°C. Similar observation was made
by TG study, which showed that the thermal
decomposition of NH,VOs to V,0s occurs
between 293 and 355°C. The XRD data showed
that the orthorhombic crystalline structure of
V,0s begins to form at an even lower
temperature of 90°C, and well-defined crystalline
structures was observed at 750°C. The heat
treatment leads to a significant increase in the
crystallinity of samples but at the same time can
cause a decrease in sample surface area.
The reduction of sample adsorption area can
explain the decrease in the sorption activity
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sample annealed at 750°C towards the removal
of the methylene blue.

On the other hand, the obtained results
indicated that the heat-treated vanadium samples
at temperature ranging between 90 and 750°C
have rather high adsorption capacity, varying
from 15 to 27 mg/g, towards MB removal from
water in comparison with other sorbents reported
(4-45 mg/g). It was found that an increase in the
adsorbent dose up to 60 mg and slight increase in
the temperature of solution (V=30 mL) from RT
to 45°C leads to the maximum removal
efficiency, 98%, of MB (20 mg/L) from water
after 40 min of treatment. The applicability and
suitability of two common kinetic models was
tested. These results demonstrated that the best
fit of experimental adsorption data was to the
pseudo-second order model.

The presented work showed that V,0s
nanoparticles could find a practical application
for the removal of organic industrial pollutants
from wastewater such as methylene blue dye.
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