Environmental Science and Pollution Research (2021) 28:24112-24123
https://doi.org/10.1007/s11356-021-12339-5

ADVANCED OXIDATION/REDUCTION TECHNOLOGIES: AN PERSPECTIVE FROM IBEROAMERICAN o')
COUNTRIES

Check for
updates

V-doped TiO, photocatalysts and their application
to pollutant degradation

Lucia Rossi' - Magdalena Palacio” - Paula I. Villabrille @ - Janina A. Rosso?

Received: 13 July 2020 / Accepted: 1 January 2021 / Published online: 20 January 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH, DE part of Springer Nature 2021

Abstract

V-doped TiO, materials (0.01, 0.05, 0.10, and 1.00 nominal atomic %) were synthesized by the sol-gel method and characterized
by X-ray diffraction, Raman spectroscopy, UV—visible diffuse reflectance spectroscopy, N, adsorption—desorption isotherms, X-
ray photoelectron spectroscopy, and H,-temperature programmed reduction. Two vanadium precursors (vanadyl acetylacetonate
and ammonium metavanadate) and three calcination temperatures (400, 500, and 600 °C, with and without air circulation) were
assayed. The efficiency of the materials as photocatalysts was studied by the degradation of phenol with UV and visible lamps.
The photocatalyst prepared from vanadium acetylacetonate, with a vanadium content of 0.01 nominal atomic %, calcination at
400 °C without air circulation (0.01VTi-400), showed the best performance, reaching 100% and 30% degradation of phenol
(50 uM) by irradiation with UV lamps (3 h) and visible lamps (5 h), respectively. To evaluate the efficiency of this catalyst in the
degradation of other structurally related compounds, two substituted phenols were selected: 4-chlorophenol and 4-nitrophenol.
The 0.01VTi-400 photocatalyst showed to be applicable to the degradation of phenolic compounds when the substituent was an
activating group or a weakly deactivating group (for electrophilic reactions). Additionally, the selectivity of 0.01VTi-400 for
phenol degradation in the presence of Aldrich humic acid was tested: phenol degradation reached 68% (3 h, UV lamps). The
performance of 0.01VTi-400 indicated that it is a promising material for further applications.
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Introduction

Increased discharges of inadequately treated wastewater have
been detrimental to water quality around the world. Phenolic
compounds are a family of wastewater pollutants produced by
different activities, such as biotechnological and chemical in-
dustries, petroleum refineries, food processing, and
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production of herbicides and fungicides (Patel et al. 2014).
They can be found in a wide range of concentrations from
0.1 to 4000 mg L' (Sas et al. 2018; Tolosana-Moranchel
et al. 2019).

In particular, phenol was found in some refinery wastewa-
ter samples in concentrations up to 15 mg L™ (El-naas et al.
2014). Phenols are considered priority pollutants due to their
high toxicity and nonbiodegradable properties, so different
world organizations have regulated their discharge.
According to the US Environmental Protection Agency, the
phenolic content in wastewater should be less than 1 mg L™
(Sas et al. 2018). Finding an efficient and sustainable method
for the degradation of phenols from wastewater remains a
challenge.

Photocatalysis has shown a high potential for removing
pollutants from aqueous media (Fujishima et al. 2008; Dong
etal. 2015). The photocatalytic mechanism is mainly based on
the lighting of a semiconductor with energy greater than the
band gap energy (Ebg) to produce charge carriers (electrons in
the conduction band and holes in the valence band). The
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photoinduced process mainly generates hydroxyl radicals
(HO), which are primarily responsible for the oxidation reac-
tions of organic pollutants (Schneider et al. 2014). TiO, (Ebg
for anatase TiO,: 3.2 eV, for rutile TiO,: 3.0 V) is one of the
most widely used semiconductors in heterogeneous
photocatalysis because of its high reactivity, strong oxidizing
power, thermal stability, and low toxicity (Hoffmann et al.
1995; Hernandez-Alonso et al. 2009).

Reactions photocatalyzed by TiO, are nonselective oxida-
tions because they are governed by free-radical reaction mech-
anisms. Low selectivity means that the efficacy of the treat-
ment could be strongly inhibited in effluents containing low
concentrations of pollutants (highly toxic substances) together
with high concentrations of natural organic matter (NOM)
(Palacio et al. 2017). NOM usually leads to the loss of oxidiz-
ing capacity in a radical-based advanced oxidation process
(Deng et al. 2017; Song et al. 2017; Cai et al. 2021). Tang
et al. (2018) presented some evidence on the effect of humic
acid as HO" scavenger hindering TiO, activity for the photo-
catalytic removal of organic phosphate esters. Then, evaluat-
ing the effect of NOM, a ubiquitous component of the water
matrix, becomes another requirement for the application of a
photocatalytic treatment.

TiO, modification with noble, transition, or rare earth
metals has shown enormous potential to overcome the limita-
tions of visible light absorption and high charge carrier recom-
bination, which are two limitations of TiO, particles (Zaleska
2008). Several theoretical and experimental studies indicated
that metal doping improves the photocatalytic activity of
Ti0,, reducing the value of its Ebg or introducing energy
levels from impurities (Zhao et al. 2016).

Uneven performance of vanadium-doped TiO, as
photocatalyst has been reported. Some authors studied this
kind of material as photocatalyst for the removal of diverse
organic pollutants (Klosek and Raftery 2002; Wu and Chen
2004; Kamegawa et al. 2009; Ma et al. 2014; Belfaa et al.
2018; Sacco et al. 2019). On the other hand, in the case of
4-chlorophenol, previous studies revealed that a 1 nominal
atomic percent doping level of vanadium in TiO, reduced
the photocatalytic degradation rates compared to the undoped
one (Martin et al. 1994). Moreover, Plumejeau et al. (2016)
reported that vanadium-doped TiO, (1-10 mol%) exhibited
very low activity for photocatalytic phenol degradation under
UV irradiation, but they suggested that the tests had to be
performed under visible light irradiation due to the Ebg shift
to the visible range. Other authors also found that vanadium
doping could shift the absorption edge of TiO, to the visible
light region (Khan et al. 2013). Despite the reported variability
of V-doped TiO, photoactivity, some authors suggested that
significant improvements in doped TiO, effectiveness are pos-
sible with a low concentration of dopant and the use of appro-
priate synthesis methods to limit lattice distortion (Hernandez-
Alonso et al. 2009).

The sol-gel method is widely used for doped TiO, synthe-
sis due to its versatility. Vanadium-doped materials synthe-
sized with this method have shown good performance in the
degradation of methylene blue (Iketani et al. 2004), crystal
violet (Wu and Chen 2004), isobutanol (Kamegawa et al.
2009), and caffeine (Sacco et al. 2019). However, the synthe-
sis conditions (V precursor, presence of water, type of acid,
molar ratio between reactants, calcination temperature, etc.)
were not deeply analyzed.

This paper aims to investigate the effect of using vanadyl
acetylacetonate or ammonium metavanadate as vanadium pre-
cursors on the crystalline phase, surface area, surface species,
optical property, and photocatalytic activity of V-doped TiO,
synthesized by sol-gel method. The synthesized materials
were tested as photocatalysts for the degradation of phenol
(the model compound) under UV and visible light irradiation
in aqueous suspension. Its applicability was also extended to
the degradation of other phenolic compounds (4-chlorophenol
and 4-nitrophenol). Furthermore, the effect of the presence of
Aldrich humic acid (as a model of NOM) was assayed to
evaluate the selectivity of phenol degradation.

Materials and methods

The materials were prepared by the sol-gel method. The pro-
cedure was adapted from Choi et al. (2010) using titanium
(IV) isopropoxide (Ti(C,HgO)4, 97%, Aldrich, TTIP) as tita-
nium precursor. Vanadyl acetylacetonate (VO(acac),, 97%,
Fluka) or ammonium metavanadate (NH4VO;, 99%, Sigma-
Aldrich) were used as vanadium precursors, which in aqueous
solution generated [VO(H,0)s]** or [VO,(H,0)4]", respec-
tively (Greenwood and Earnshaw 1997). In a typical synthe-
sis, a solution A was prepared with 50 mL of absolute ethanol
(Soria) and 5 mL of TTIP under a hood in a humidity-free
atmosphere. Then, a solution B was prepared by dissolving
the appropriate amount of vanadium precursor in 50 mL of
distilled water with 110 uL of HNOj3 (65%, Anedra).
Afterwards, solution A was added dropwise to solution B
(1.8 mL per minute) under constant stirring (350 rpm). The
molar ratio TTIP:EtOH:H,O:HNO; was 1:40:169:0.1. The
suspension was aged by stirring for 24 h at 25 °C. The gel
was dried at 100 °C for 24 h. The obtained crystals were
ground and calcined at different temperatures, 400 °C,
500 °C, or 600 °C, for 1 h, with or without air circulation
(constant supply of O,). The amount of vanadium precursors
was chosen to give TiO, material doping levels from 0.01 to
1.00 nominal atomic percent (at. %). A material without V
addition was also prepared under the same experimental con-
ditions as a reference. Synthesized materials and their prepa-
ration conditions are listed in Table 1.

To study the crystal structure patterns of the V-doped TiO,,
powder samples were examined by X-ray diffraction (XRD)
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Table 1 Synthesized materials

and their preparation conditions Material name Vanadium Vanadium nominal content (at. Calcination temperature
precursor %) (°C)
Ti-400 - 0.00 400
0.01VTi-400 VO(acac), 0.01 400
0.01VTi-500 VO(acac), 0.01 500
0.01VTi-600 VO(acac), 0.01 600
0.05VTi-400(ac) VO(acac), 0.05 400 with air circulation
0.05VTi-400 VO(acac), 0.05 400
0.05V\Ti-400(ac) NH4VO; 0.05 400 with air circulation
0.05VTi-400 NH4VO; 0.05 400
0.10VTi-400 VO(acac), 0.10 400
1.00VTi-400(ac) VO(acac), 1.00 400 with air circulation
1.00VTi-400 VO(acac), 1.00 400
1.00V\Ti-400(ac) NH4VO; 1.00 400 with air circulation
1.00V\Ti-400 NH4VO; 1.00 400

using a Philips diffractometer PW-1390 with Cu K« radiation.
The Raman scattering measurements were performed in the
backscattering geometry at room temperature in air, using a
Jobin-Yvon T64000 triple spectrometer (with a confocal mi-
croscope and a N»-cooled charge-coupled device detector, and
excited by a 514.5 nm line of argon laser with an output power
of less than 5 mW). Micromeritics ASAP 2020 was used to
determine the Brunauer-Emmett-Teller (BET) surface arcas
using N, as the adsorptive gas. UV-Vis diffuse reflectance
spectra (DRS) were obtained using a UV-Vis Perkin-Elmer
Lambda 35 spectrophotometer. The H,-temperature pro-
grammed reduction (H,-TPR) experiments were performed
on Quantachrome Jr. Instrument fitted with a thermal conduc-
tivity detector.

X-ray photoelectron spectroscopy (XPS) measurements
and analyses were performed in a PHI 548 spectrometer with
a double-pass cylindrical mirror analyzer, using Al Ka
nonmonochromatic radiation (300 W and 20 mA). The reso-
lution spectra were taken at 50 eV pass energy (absolute res-
olution of about + 0.5 eV). The operation base pressure was 5
10°° Torr. The C 1s binding energy was taken as a charge
reference and fixed at 285.0 eV. The signal deconvolution
was performed using Shirley-type background subtraction
and sum of Gaussian-Lorentzian functions. The atomic ratios
were estimated by relating the peak areas after the background
subtraction and corrected relative to the corresponding atomic
sensitivity factors to an approximate absolute error of 20%.

Phenol, 4-nitrophenol, and 4-chlorophenol degradation
was studied. The reaction mixtures were prepared by ultra-
sonically dispersing 1 g L™ of the catalyst in 50, 100, or
250 uM aqueous solution of the phenolic compound. For
the selectivity assay, Aldrich humic acid (AHA) was used as
model of natural organic matter. The initial amount of AHA
was 12 mg L™ because it is the average concentration
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usually reported for natural waters (Beck et al. 2012). All
experiments were performed at the inherent pH of the mix-
ture (around 6).

Rayonet photochemical reactor RPR-100 (Southern
New England Ultraviolet Company) with ultraviolet
(UV) or visible (VIS) lamps was used. The lamp spectra
were determined in a previous work, showing emission
maxima of UV and VIS lamps at 365 and 577 nm, respec-
tively (Martin et al. 2017). Sampling was performed peri-
odically. Phenol concentrations in the filtered samples
were determined using HPLC (C18 column, Restek
Pinnacle II, particle size: 5 um, id: 2.1 mm, length:
250 mm) and a 50/50 (v/v) methanol/H;PO,4 (0.2%) mix-
ture as eluent at 0.1 mL min~' constant flux.

For the experiment in the presence of AHA, the total
organic carbon (TOC) was determined by a high-
temperature carbon analyzer model TOC 5000A from
Shimadzu. The detection limit was 1 ppm C. This mea-
surement was carried out for a more effective evaluation
of the degree of mineralization reached by all organic
compounds in the mixture (phenol, AHA, and all possible
reaction intermediates).

To evaluate vanadium leaching from the catalysts, metal
ion concentrations were determined using ICP-mass spec-
trometry (ICP-MS, NexION 300X, Perkin-Elmer Co.).
Sampling was carried out at the end of the irradiation period,
and the samples were filtered through a cellulose membrane
(pore size, 0.45 pm).

Phenol concentration evolution in aqueous solution, with
irradiation (without catalyst) and without irradiation (with
each catalyst), was analyzed to test the direct photolysis and
adsorption of phenols on the materials, respectively. It should
be noted that in all these control assays, the percentage of
degradation or adsorption of phenols was less than 15%.
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Fig. 1 Effect of vanadium precursors and calcination conditions on the
efficiency of phenol degradation ([Phenol]y, =50 uM, UV lamps, 3 h,
1 g L ™! of catalyst) using materials with 0.05 at. % of V and calcined at
400 °C. ac air circulation

Results and discussion

Effect of synthesis conditions on phenol degradation
efficiency

Materials containing 0.05 at. % of V were prepared using two
different vanadium precursors (VO(acac), and NH4;VO3) and
were calcined at 400 °C, with or without air circulation. Their
efficiency as photocatalysts for the degradation of phenol
(50 uM, 3 h, UV lamps) was evaluated. The results are shown
in Fig. 1. The activity of the materials synthesized using
VO(acac), was higher than that using NH,VO;. Moreover,
calcination without air circulation improved the photoactivity
(with both precursors).
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Fig.2 Effect of vanadium precursors and calcination conditions on XRD
patterns of materials synthesized with 0.05 at. % of V and calcined at
400 °C. ac air circulation, A anatase

Table2  Structural and textural properties of photocatalysts synthesized
with two different vanadium precursors

Photocatalyst Anatase crystallite ~ Sggr Vp Dp

size (nm) (m? gfl) (em® gfl) (nm)

0.05VTi-400(ac) 12.2 100 0.13 3.6
0.05VTi-400 11.8 91 0.15 4.5
0.05VyTi-400(ac) 13.2 57 0.10 4.6
0.05VTi-400 12.4 78 0.13 4.6

XRD patterns of the synthesized catalysts were record-
ed. For these catalysts, the anatase phase of TiO, was the
main one (Fig. 2). This crystalline phase was identified
by comparison with the International Center for
Diffraction Data (ICDD), JCPDS ID No. 89-4921. The
crystal size value was estimated from the peak broaden-
ing due to the reflection of (101) plane by Scherrer equa-
tion (Klug and Alexander 1974). In all cases, the crystal
size values were similar, averaging 12.4+ 0.6 nm, with-
out differences due to precursors or calcination condi-
tions (see Table 2).

Nitrogen adsorption—desorption isotherms of the prepared
photocatalyst samples were tested to evaluate the textural
properties (Fig. 3). All the isotherms exhibited typical type
IV behavior with a hysteresis loop caused by capillary con-
densations within the mesopores, according to Brunauer—
Deming—Deming—Teller (BDDT) classification (Sing et al.
1985). The average pore diameters (Dp) obtained from BJH
desorption, volume adsorption (Vp), and specific surface area
(SggT) values are listed in Table 2. Materials synthesized
using VO(acac), presented higher specific surface areas than
those prepared using NH,VO;. The increment in surface area
value supported the observed improvement in photoreactivity
(see Fig. 1).
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Fig. 3 Effect of vanadium precursors and calcination conditions on N,
sorption isotherms at 77 K of materials synthesized with 0.05 at. % of V
and calcined at 400 °C. ac air circulation
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XPS studies were performed to analyze the surface species
of the catalysts. Unfortunately, the amount of V present in
these catalysts (0.05 at. %) did not allow a proper determina-
tion with the available equipment. Then, a series of materials
with 1.00 at. % of V (similar synthesis conditions) was pre-
pared (see Table 1). Figure 4 shows the Ti 2p XPS peak
regions for Ti-400, 1.00VTi-400(ac), and 1.00V,Ti-400(ac).

For Ti-400 and 1.00V,,Ti-400(ac), peaks at 458.0 and
463.6 eV, corresponding to Ti 2p;,, and Ti2p;,,, were ob-
served. These values could be assigned to the Ti(4+) oxidation
state in TiO,. A slight shift in the binding energies was detect-
ed in the spectra of 1.00VTi-400(ac). Due to the values report-
ed for Ti(3+), 457.55, and 463.30 eV (Chen et al. 2017), these
shifts could suggest that the titanium was in both oxidation
states (O-Ti**-0 and O-Ti>*~O bonds). A similar behavior
was reported by Chen and coworkers for TiO, doped with
0.02 to 0.4 at. % V (Chen et al. 2017). Moreover, the change
of Ti 2p;), peak with respect to that of pure TiO, could indi-
cate that the V ion was incorporated into the TiO, lattice and
led to Ti,O5 formation accompanied by oxygen defects (Ma
etal. 2014).

Figure 5 shows the V 2p XPS peak regions for Ti-400,
1.00VTi-400(ac), and 1.00V,,Ti-400(ac) surfaces.

Broadening of the spectra could be observed at around 516
and 523 eV for 1.00VTi-400(ac) and 1.00VyTi-400(ac).
These regions were assigned to V2ps, and V2p;,. Colton
and coworkers (Colton et al. 1978) reported values of 515.5,
516.1,and 517.0 eV for V(3+), V(4+), and V(5+), respective-
ly. The estimated values from deconvolution of the signals
suggested that the main species was V(4+), with small
amounts of V(5+). A 1.3+0.3 and 0.7 = 0.1 at. % of V content
at the surface could be estimated for 1.00VTi-400(ac) and
1.00V\Ti-400(ac), respectively. The higher amount of V on
1.00VTi-400(ac) accounted for the higher efficiency of this

—— Ti-400
—— 1.00VTi-400(ac)
—— 1.00V,,Ti-400(ac)

Ti 2p,,
Ti(4+)

Intensity (a.u.)

455 4éo 4el‘>5
Binding Energy (eV)

Fig.4 XPS of Ti-400, 1.00VTi-400(ac), and 1.00Vy,Ti-400(ac) showing
Ti 2p spectra
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Fig.5 XPS of Ti-400, 1.00VTi-400(ac), and 1.00V Ti-400(ac) showing
V 2p spectra and deconvolution of the signals of 1.00VTi-400(ac) and
1.00VyTi-400(ac)

material with respect to 1.00V,Ti-400(ac). A more detailed
analysis of the spectra could not be done due to the overlap of
the signals from O 1 s and V 2p and the small amount of V on
the materials.

Although the best performance obtained with materials
prepared from VO(acac), could be explained by their greater
surface area and a higher surface content of V, no correlation
of these parameters with calcination conditions was observed.

When the material was calcined without air circulation, its
efficiency as a photocatalyst for the degradation of phenol
increased (see Fig. 1). This behavior may be explained con-
sidering that an oxidizing atmosphere such as air stimulates
the formation of the highest oxidation state (+5) of the vana-
dium present in the material.

H,-TPR experiments were performed to study oxidation
states of vanadium associated with the calcination conditions,
400 °C with or without air circulation. For a proper determi-
nation using the available equipment, materials with 1.00 at.
% of V were studied. Figure 6 shows the H,-TPR profiles of
1.00VTi materials calcined at 400 °C with or without air cir-
culation in comparison with undoped TiO, (Ti-400).

According to Ghampson et al. (2017), the profile of a com-
mercial TiO, presents a broad reduction peak with a maxi-
mum at 508 °C, which originates from the surface reduction
of TiO,. In our case, this broad peak is almost imperceptible,
with a maximum at around 550 °C (see Ti-400 in Fig. 6).

The H,-TPR profiles of V-doped TiO, presented a main
reduction peak with a maximum at 454 and 458 °C for
1.00VTi-400 and 1.00VTi-400(ac), respectively. Moreover,
we could detect the presence of another peak at a lower tem-
perature (around 250 °C) for the catalyst calcined with air
circulation (see 1.00VTi-400(ac) in Fig. 6).

The reduction profiles could be considered interferences of
different reduction steps of vanadium, V(5+) —» V(4+) —
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Fig. 6 H,-TPR profiles of the catalysts (0.1 g catalyst; flow rate,
20 mL min '; 10% H,/Nj; heating rate, 10 °C minfl)

V(3+4), and of different VO, species (Machold et al. 2008).
The hydrogen consumption peaks of V,05 comprised three
peaks at 604 °C, 632 °C, and 749 °C; these temperatures
corresponded to the reduction of V,05 — V¢Oq3, VO3 —
V,04, V,04 — V,05, respectively. These peaks shifted to a
lower temperature after loading V on TiO,, indicating the
strong interaction between V and Ti species (He et al. 2017).
VO species with different degree of polymerization could
coexist on the surface of TiO,: isolated species are more easily
reduced than polymeric species, and these, in turn, are faster
than crystalline species because of V interaction with TiO,
(Chang et al. 2012; Gallastegi-Villa et al. 2015; Hidalgo
et al. 2016). Bulushev et al. (2002) observed three types of
surface vanadia species on vanadia/titania catalysts with the
following maximum peak temperatures: isolated monomeric
species (£497-507 °C), polymeric species (537 °C), and bulk
amorphous V,05 (573 °C). Afterwards, we could detect the
presence of VO, species, predominantly of monomeric char-
acter, along with evidence of more easily reducible V(5+)
species for the catalyst treated with airstream, 1.00VTi-400
(ac).

Assuming that the materials with lower V contents (0.05 at.
%) could present a similar behavior, the preponderance of
V(4+) could explain their higher performance as
photocatalyst. This result is in agreement with Iketani et al.
(2004), who attributed the decrease in photoactivity of doped
TiO, to the presence of vanadium in the highest oxidation
state (54). Moreover, Choi et al. (Choi et al. 1994) argued that
the photoactivity of V(5+) is significantly lower than that of
V(4+) in TiO,, since V(5+) can only trap electrons, while
V(4+) can act as both an electron trap and a hole trap.

Among the studied materials, the best photocatalyst was
0.05VTi-400, reaching 90% phenol degradation ([phenol]o.
=50 uM) in 3 h of irradiation with UV lamps. Based on this

result, the influence of the catalyst vanadium contents (pre-
pared using VO(acac), and calcined at 400 °C without air
circulation) on its photoactivity was studied. The results are
presented in Fig. 7. The optimum content of V was 0.01 at. %,
since 0.01VTi-400 showed 100% phenol degradation in 3 h of
irradiation with UV lamps. The existence of an optimum met-
al doping level is a behavior widely observed in similar ma-
terials (Jaiswal et al. 2012).

One of the main drawbacks of heterogeneous catalysts is
the leaching of the active phase into the liquid phase. Then, the
concentrations of vanadium after using each catalyst were
determined in the reaction mixture. For all the materials
(0.01VTi-400, 0.05VTi-400, 0.1 VTi-400, and 1.00VTi-
400), the values were around 0.5 ppb, below the recommend-
ed limit value (15 ppb) (Princeton University 2016). The Ti
values in solution were below the detection limit (i.e., less than
5 ppb). As far as we know, there are no values to regulate the
presence of titanium species in aqueous solution.

X-ray diffraction patterns of doped TiO, with different V
content exhibited characteristic peaks of the anatase phase,
indicating that this phase is the principal one (data not shown
here). No evidence of peaks that could be assigned to crystal-
line phases of V (according to JCPDS No. 81-2392 and 89-
2482 for VO, and V,0s, respectively) was found. This sug-
gested that the doping level employed did not lead to the
formation of discrete phases of vanadium, and the metal ion
could have joined the network of TiO,. It could also be that
vanadium species formed during synthesis were well dis-
persed on the TiO, surface or too small to be detected by the
equipment used (Yu et al. 2019). In all cases, the anatase
crystal size values were similar, averaging 14+ 1 nm. XRD
results revealed no structural differences among samples,
since no peaks arising from vanadium species were detected.

100 -

HH

80 -

60 -

40 A

% Phenol Degradation

20 +

0 0.01 0.05 0.10 1.00
at. % Vv

Fig. 7 Effect of vanadium content on the efficiency of phenol
degradation ([phenol]y =50 pM, UV lamps, 3 h, 1 g L' of catalyst).
All the materials were prepared using VO(acac), and calcined at 400 °C
without air circulation
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Fig. 8 Effect of vanadium content on Raman spectra of undoped and
vanadium-doped catalysts using VO(acac), as V precursor and calcined
at 400 °C without air circulation. The inset is the magnified Raman
pattern from 100 to 200 cm !

Since Raman spectroscopy is known to be a rather sensitive
tool to study the microstructure of nanosized materials
(Khodakov et al. 1999; Reddy et al. 2009; Oh and Shin
2013; Loan and Long 2019), Raman spectra of undoped and
vanadium-doped samples were taken. At first, the Raman
spectra (Fig. 8) confirmed the presence of anatase as the main
phase for all the catalysts (Zhang et al. 2006; Anju et al. 2018;
Loan and Long 2019). A blue shift of the main peak, at
143 cm™', for the Eg Raman mode of anatase corresponding
to the symmetric stretching vibration of O-Ti-O bond, can be
clearly seen for the doped materials in the inset of Fig. 8. Yu
and coworkers reported that this blue shift could be attributed
to structural changes, such as oxygen vacancies and various
defects or the formation of Ti(3+) centers, as a result of V
doping (Yu et al. 2019). It can be considered that V ions were
doped in the TiO, lattice.

Textural properties of doped TiO, were determined by N,
adsorption—desorption isotherms. All the isotherms, Fig. 9,
exhibited typical type IV behavior (Sing et al. 1985).
Table 3 shows the obtained values of Dp (BJH desorption),
Vp (BJH desorption), and Sgrt. No appreciable changes were

Table 3  Textural and optical properties of photocatalysts synthesized
with different levels of vanadium doping

Photocatalyst ~Sper (m* g ™)  Vp(em®’g™') Dp(nm) Ebg (eV)
Ti-400 84 0.11 3.8 3.04
0.01VTi-400 96 0.17 4.8 3.02
0.05VTi-400 91 0.15 45 297
0.10VTi-400 72 0.13 5.1 2.86
1.00VTi-400 81 0.10 3.6 2.63
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Fig.9 Effect of vanadium content on nitrogen sorption isotherms at 77 K.
All the materials were prepared using VO(acac), and calcined at 400 °C
without air circulation

observed for the doped materials. However, the Syt value for
0.01VTi-400 was the highest of the group.

The DRS spectra of undoped and V-doped TiO, samples
were performed (Fig. 10). Compared with the spectrum of
undoped TiO,, a red shift appeared in the series of V-doped
TiO, catalysts. In addition, its extension depended on the
amount of vanadium doping, and the higher the load of vana-
dium, the greater the red shift. The Ebg of all samples was
estimated from the following equation (Ma et al. 2014):

a x hv = C x (hv—Ebg)"

where « is the linear absorption coefficient of the material, C
is the model adjustment constant, v is the photon energy
(eV), and n is the constant type of optical transition, with a
value of n=1/2 for permitted direct transitions (TiO,). The

— Ti-400
— 0.01VTi-400
—— 0.05VTi-400

0.10VTi-400
1.00VTi-400

Absorbance (a.u.)

400 500 600 700
A (nm)

Fig. 10 Effect of vanadium content on UV-Vis diffuse reflectance spectra
(DRS). All the materials were prepared using VO(acac), and calcined at
400 °C without air circulation
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Fig. 11 XRD for materials with the optimum content of V, calcined at
different temperatures (400, 500, and 600 °C) without air circulation. A
anatase, R rutile

estimated values (Table 3) showed the narrowing of Ebg with
the V content. The absorption edge shift of V-doped TiO, was
reported by many authors (Liu et al. 2009; Jaiswal et al. 2012;
Ren et al. 2015). The incorporation of V(4+) into the TiO,
lattice induced some new states near the edge of the valence
and conduction bands, respectively, causing the observed be-
havior (Ren et al. 2015).

Materials with the optimum content of V (0.01 at. %) and
calcined at different temperatures (400, 500, and 600 °C) were
tested. An increase in the calcination temperature resulted in a
significant improvement in the crystallinity of the material and
a mixed anatase-rutile phase (Fig. 11). Additionally, a drastic
reduction of the Sggr values was determined from N,
physisorption isotherms (Fig. 12 and Table 4). Moreover,
the increment in calcination temperature did not improve their
efficiency as photocatalysts, as expected from the presence of
rutile phase (less photoactive than anatase phase) and the

120
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Fig. 12 Nitrogen sorption isotherms at 77 K of materials synthesized with
0.01 at. % of V calcined at different temperatures (400, 500, and 600 °C)
without air circulation

Table 4  Textural properties of 0.01VTi photocatalysts calcined at
different temperatures

Photocatalyst SBET (m2 gﬁl) Vp (cm3 gf') Dp (nm)
0.01VTi-400 96 0.17 4.8
0.01VTi-500 44 0.17 12.0
0.01VTi-600 20 0.10 16.9

reduction of the Sgpr values. Similar results were reported
by Ren et al. (2015) when studying the effect of calcination
temperature on the photocatalytic oxidation rate of propylene
over 1% V-TiO, (nanotubes). They observed a high photocat-
alytic activity at 500 °C, but as the calcination temperature
increased, the photocatalytic activity decreased rapidly and
was completely lost at 800 °C.

Study of the operating conditions for the degradation
of phenols

The 0.01VTi-400 catalyst was the most effective, so it was
tested under different experimental conditions. Phenol degra-
dation was studied by varying the initial concentration of this
compound (50, 100, and 250 uM). For assays using UV
lamps, the degradation percentage was around 96 +4% in all
cases, as shown in Fig. 13.

Furthermore, when using VIS lamps, phenol degradation
showed markedly lower values, as expected from the light
absorption of the material. For the lowest initial phenol

i T
100 T

—

80 -

60 -

40

% Phenol Degradation

20 -

uv VIS
Radiation Source

Fig. 13 Effect of initial phenol concentration on the percentage of
degradation with 0.01VTi-400 (1 g L™") after 3 h of irradiation with
UV lamp or after 5 h of irradiation with VIS lamps. White, gray, and
black bars indicate initial phenol concentrations of 50, 100, and 250 puM,
respectively. Inset: Time evolution of phenol concentration ([phenol], =
250 uM) with UV lamp (purple) or with VIS lamps (pink). Direct pho-
tolysis (white circles) and adsorption (white triangles) were included as
control assays
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concentration (50 uM), a maximum of 30% degradation was
attained. It is noteworthy that although it is a low value, it
should not be ruled out because of its potential use in larger
scale systems, where the use of sunlight has a favorable im-
pact on the costs associated with the treatment.

For pure TiO, excited by UV irradiation, HO" radicals are
the primary oxidation species responsible for phenol degrada-
tion and/or mineralization: hydroquinone and catechol are the
main intermediates from this attack (Martin et al. 2015). In the
case of metal-doped TiO,, both HO" radicals and direct oxi-
dation could be employed (Grabowska et al. 2012). However,
no significant adsorption of phenol on the V-doped catalysts
was observed, making the contribution of direct oxidation less
important in our studies. Further work on this line of investi-
gation is currently being performed.

The reactivity of aromatic compounds, including phenols,
can be drastically affected by the electronic nature of the sub-
stituent groups. The HO" radical is a strong electrophile, with
high affinity for the electron-rich sites of aromatic com-
pounds. In the case of p-substituted phenols, the HO" radical
reacts with the more negatively charged unsubstituted posi-
tions. The Hammett constant represents the effect of various
substituent groups on the electronic character of a given aro-
matic system. Hammett constant values are numbers that sum
up the total electrical effects of a group attached to a certain
aromatic system. A positive value of ¢ indicates an electron-
withdrawing group and a negative value, an electron-donating
group (McDaniel and Brown 1957). Although Hammett cor-
relations are primarily used for reactions occurring in homo-
geneous solutions, they have also been successfully applied to
heterogeneous systems (O’Shea and Cardona 1994; Tolosana-
Moranchel et al. 2019).

To evaluate the applicability of 0.01VTi-400 to other con-
taminants, experiments were performed using phenol, 4-
chlorophenol, or 4-nitrophenol under the same experimental
conditions (initial concentration 50 uM, irradiation with UV
lamps for 3 h, continuous stirring). The Hammett constant
values for these chosen substituents were 0.227 (for “—CI”)
and 0.778 (for “—NO,”), both electron-withdrawing groups
but with very different strength (McDaniel and Brown 1957).

The evolution of substituted phenol concentrations in aque-
ous solution with irradiation (UV lamps), without catalyst,
was studied to quantify the photolysis of each compound. A
decrease in concentration of 2%, 15%, and 12% was observed
for phenol, 4-chlorophenol, and 4-nitrophenol. That is, the
presence of a second substituent in the benzene ring of the
compound promoted photolysis. Furthermore, the adsorption
of compounds on 0.01VTi-400 was studied by monitoring
their concentration in the presence of the catalyst, without
irradiation. In these assays, a similar decrease of concentration
was found for the three compounds (10 +3%).

Time evolution curves of the concentration of the three
phenolic compounds are shown in Fig. 14. The degradation

@ Springer

1.0 - _§_ -
- é —————— -0
0.8 A
—-A— 4-chlorophenol
o .
O 06 — - 4-nitrophenol
=~ —o— phenol
) p
0.4 A
0.2 A
0.0 : 4
0 1 2 3

time (hours)

Fig. 14 Time evolution of phenol (circles), 4-chlorophenol (triangles), or
4-nitrophenol (squares) using 0.01VTi-400 (1 g L") after 3 h of irradia-
tion with UV lamp (initial concentration, 50 pM)

of 4-chlorophenol was the same as that of phenol (100% at
3 h), indicating that the presence of the chloride group “—CI”
did not change the reactivity of phenol. However, the abate-
ment of 4-nitrophenol was very low (15% at 3 h), showing a
strong deactivating effect of the nitro group “—NO,”.
Moreover, this 15% decrease could be assigned to direct pho-
tolysis of the compound without photocatalytic degradation.

These studies showed that the photocatalyst 0.01VTi-400
is appropriate to degrade substituted phenols, except for those
that have a strong deactivating group for electrophilic attack
(such as the nitro group).

Selective oxidation of certain pollutants has been a major
challenge in photocatalysis, since normal source water con-
tains low concentrations of toxic substances along with high
concentrations of natural organic matter. The selectivity of
0.01VTi-400 for phenol degradation ([phenol]y=50 uM) in
the presence of AHA was tested using UV lamps (for 3 h).
Phenol degradation was lower than in the corresponding ex-
periment without AHA, showing the inhibition effect of AHA
(Palacio et al. 2017). It could be assumed that AHA acts as
radical scavenger because some electron-rich moieties (e.g.,
phenolic groups) in its molecular structure are readily attacked
by HO" (Deng et al. 2017). However, the observed percentage
(68%) is high enough to consider 0.01VTi-400 as a promising
material for natural water applications. Moreover, mineraliza-
tion reached 49% (by TOC determinations), indicating the
low formation of persistent intermediates. Further work on
this line of investigation is currently being performed.

Conclusion

The materials prepared from VO(acac), presented higher pho-
tocatalytic activity than those prepared from NH4VOs;, which
could be related to the increase in the surface area values and
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in the relative amounts of incorporated V. Calcination with air
circulation promoted the highest oxidation state of vanadium,
decreasing the photoactivity of the materials.

The optimum content of vanadium found under the study
conditions was 0.01 nominal atomic %. No improvement in
phenol degradation efficiency was observed when the calci-
nation temperature of the material was increased between 400
and 600 °C.

The best photocatalyst (0.01 VTi-400) was able to achieve
the complete degradation of phenol (50 uM) in 3 h of irradi-
ation with UV lamps and 30% degradation of phenol (50 uM)
in 5 h of irradiation with VIS lamps. Moreover, despite the
presence of Aldrich humic acid in the reaction mixture, the
degradation of phenol (with UV lamps) reached 68%.

Additionally, as indicated by tests with 4-chlorophenol and
4-nitrophenol, the photocatalyst 0.01VTi-400 can be applied
to the degradation of phenolic compounds when the substitu-
ent is an activating or a weak inactivating group (for electro-
philic reactions).

The performance of 0.01VTi-400 points out its potential
use in further applications.
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