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Douglas Marcel Gongalves Leite Abstract: The contamination of water resour-

Laboratério de Plasmas e Processos (LPP), ces by industrial pollutants, particularly orga-
Instituto Tecnoldgico de Aeronautica (ITA), nic dyes, poses a severe threat to ecosystems
Sao José dos Campos, SP, Brazil and public health. Addressing this challen-

ge requires the development of efficient and
Gilberto Petraconi Filho sustainable technologies for wastewater tre-
Laboratério de Plasmas e Processos (LPP), atment. Among these, the use of advanced
Instituto Tecnoldgico de Aerondutica (ITA), catalytic materials has gained significant at-
Sao José dos Campos, SP, Brazil tention due to their potential to degrade com-

plex pollutants under mild conditions. In this
Rodrigo Savio Pessoa study, we investigate pure and vanadium-do-
Laboratdrio de Plasmas e Processos (LPP), ped TiO, nanoparticles, synthesized via the
Instituto Tecnoldgico de Aeronautica (ITA), modified Pechini method with varying vana-
Séo José dos Campos, SP, Brazil dium percentages for methylene blue (MB)

dye adsorption-based degradation. Detailed
André Luis de Jesus Pereira structural and chemical analyses revealed that
Laboratorio de Plasmas e Processos (LPP), vanadium doping enhances the material’s sur-
Instituto Tecnoldgico de Aerondutica (ITA), face area, modifies its electronic properties,
Sao José dos Campos, SP, Brazil and increases the concentration of oxygen

vacancies, all of which contribute to impro-
ved catalytic performance. The 3.1 mol% va-
nadium-doped TiO, sample demonstrated a
remarkable 679.5% improvement in degrada-
tion efficiency compared to its undoped cou-
nterpart. Kinetic and thermodynamic studies
further elucidated the mechanisms driving
this enhancement. These results underscore
the potential of vanadium-doped TiO; as a
high-performance, environmentally friendly
solution for wastewater remediation.
Keywords: Water contamination, vanadium-
-doped TiO,, sustainable catalysis, wastewater
treatment, adsorption kinetics.

INTRODUCTION

Industries such as textiles, paper, plasti-
cs, food, pharmaceuticals, and cosmetics are
major sources of dye-contaminated wastewa-
ter, which poses significant environmental
challenges [1-4]. Dye pollution in aquatic
environments reduces water clarity, depletes
dissolved oxygen, hinders aquatic life deve-
lopment, and poses health risks, including
cancer [5-7]. Among these pollutants, Me-
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Figure 1. Structure of Methylene Blue (MB). (Left) Sulfur (S) as a cation due to the proximity of Chlorine

(Cl). (Right) Nitrogen (N) as a cation due to the proximity of Cl with the amine group.

thylene Blue (MB) is a heterocyclic cationic
azo dye that is particularly difficult to remove
from wastewater due to its complex aromatic
structure, which contains chromophores and
a polar group in the central ring [3,4,8]. Figu-
re 1 illustrates two possible structures of MB,
resulting from n-delocalization.

New approaches to addressing water con-
tamination are being explored, with the Ad-
vanced Oxidation Process (AOP) emerging
as a viable option. AOP involves water puri-
fication through oxidation, often attributed to
hydroxyl radicals (OHe) that attack organic
compounds via radical addition, hydrogen
abstraction, electron transfer, and/or radi-
cal combination [4,9,10]. AOP encompasses
various techniques, including homogeneous
and heterogeneous catalysis/photocatalysis,
Fenton and Fenton-like processes, ozonation,
and electrochemical methods [9,11].

Heterogeneous AOP processes, such as ad-
sorption, have gained attention due to their
high efficiency in organic dye degradation,
simplicity, reproducibility, and cost-effective-
ness. An effective catalyst for adsorption must
exhibit key properties such as a large specific
surface area, porous structure, chemical and
physical stability, and non-toxicity [5,9-11].
Titanium dioxide (TiO,) is a well-studied ma-
terial for such applications, owing to its non-
-toxicity, chemical and thermal stability, and
low cost [12-15]. While TiO, demonstrates
good catalytic and photocatalytic degrada-
tion activity, its performance can be enhanced
through doping, which involves incorporating
small amounts of metallic oxides or cations
into the material’s structure [16,17]. Among
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transition metals, vanadium (V) is particular-
ly suitable for doping TiO, due to its similar
atomic radius to titanium, facilitating subs-
titutional incorporation into the TiO, lattice
when in the same valence state [16,18-23].

TiO, can be synthesized using various me-
thods, including solid-state reaction, chemical
vapor deposition (CVD), electrodeposition,
sonochemical techniques, sol-gel, Pechini me-
thod, hydrothermal, and solvothermal appro-
aches [1,24-26]. The Pechini method, also
known as the Polymeric Precursor Method, is
widely used for producing metal oxide nano-
particles due to its simplicity, high efficiency,
low cost, and ability to generate high-purity,
homogeneous nanoparticles [27-29]. This
method involves polyesterification of a metal
cation, typically chelated with citric acid and
polymerized with a glycol group [27,30-32].

Despite extensive research on TiO, pho-
tocatalysis, relatively little is known about the
adsorption process of MB on the surface of
V-doped TiO, nanoparticles. Understanding
this adsorption mechanism is crucial as it di-
rectly influences the efficiency of the overall
photocatalytic process. Adsorption is a tem-
perature-dependent, reversible process, either
physical (physisorption) or chemical (chemi-
sorption), where a guest molecule (adsorbate)
attaches to the adsorbent’s surface. Physisorp-
tion typically occurs due to weak attraction
forces, while chemisorption involves the for-
mation of chemical bonds.

This study aims to synthesize and charac-
terize pure and vanadium-doped TiO, nano-
particles with varying vanadium doping per-
centages, using the modified Pechini method,
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to evaluate their effectiveness in MB degra-
dation via adsorption. This work contributes
to a deeper understanding of MB adsorption
on V-doped TiO, surfaces, complementing
investigations into its photocatalytic proper-
ties. Various characterization techniques were
employed to assess chemical, morphological,
structural, and vibrational properties. Addi-
tionally, adsorption tests were conducted in
10 mg.L"' MB solutions to evaluate and opti-
mize the catalytic activity of the samples.

MATERIAL AND METHODS

SYNTHESIS OF Ti, (V) O,
NANOPARTICLES

Titanium citrate was synthesized using
the modified Pechini method. Titanium
(IV) isopropoxide (TTIP) (Ti[OCH(CH,),],)
(Alfa Aesar, 97%) was mixed with citric acid
monohydrate (CA) (CH,O,.H,O) (Synth,
99.5%), previously dissolved in deionized wa-
ter, at a CA:TTIP molar ratio of 2:1. The mix-
ture was kept at 70 °C under vigorous stirring.
Vanadium doping was introduced by adding
ammonium metavanadate (NH,VO;) (Ani-
drol, 98%) at various concentrations (0.2%,
0.5%, 1%, 2%, 3%, and 5%) into the titanium
citrate solution. The polymerization of the ti-
tanium citrate to form a resin was achieved by
adding ethylene glycol (EG) (C,HsO,) (Pro-
quimios, 99.5%) in a weight ratio of 40:60
(EG), while maintaining the system at 100 °C
with continuous stirring. The resulting gree-
nish resin was then subjected to pyrolysis at
300 °C for 2 hours (with a heating ramp of 10
°C.min"") and subsequently calcined at 500 °C
for 2 hours (also with a 10 °C.min" heating
ramp) to produce Ti;_4V40, nanoparticles.
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CHARACTERIZATION AND
MEASUREMENTS

The morphology of the synthesized na-
noparticles was examined using scanning
electron microscopy (SEM-FEG) on a Mira
3 Tescan microscope, operating at a beam in-
tensity of 10 keV with a magnification of 200
kx, and utilizing secondary electron mode. To
further investigate the chemical composition,
energy-dispersive X-ray spectroscopy (EDX)
was performed using an Oxford Instruments
system coupled to a Vega 3 Tescan micros-
cope. The phase composition and micros-
tructural characteristics of the nanoparticles
were analyzed using powder X-ray diffraction
(XRD) and Raman spectroscopy. XRD mea-
surements were conducted on an Empyrean
PANalytical diffractometer equipped with a
copper X-ray source and a Cu Ka monochro-
mator (A = 0.1542 nm), operating in Theta-
-2Theta mode with the sample stage rotating at
16 rpm. Raman spectroscopy was carried out
using a Horiba Evolution spectrometer with a
532 nm laser, a grating of 600 lines.mm™, and
an acquisition time of 30 seconds with 2 accu-
mulations. X-ray photoelectron spectroscopy
(XPS) was performed using a Thermo Scienti-
fic K-Alpha spectrometer, operating at 120 W
with an Al Ka excitation source (hv = 1486.69
eV), to investigate the binding energies and
chemical composition of the material.

ADSORPTION TEST

The adsorption test was conducted
using methylene blue dye (MB - C;cH;5sCl-
N;S:xH,0) (Neon C.I. 52015) without prior
purification. A 10 mg.L"' MB solution (pH = 5)
was prepared using deionized water and sto-
red in a flat-bottom flask covered with black
electrical tape to prevent light exposure. The
test involved adding 32 mg of the catalyst to
64 ml of the MB solution, and the mixture was
left in the dark for 2.5 hours to reach adsorp-
tion equilibrium. At specific time intervals, 2
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ml aliquots were withdrawn and immediately
analyzed using a UV-Visible spectrophotome-
ter (Evolution 220) in the wavelength range of
190-1100 nm. The degree of MB degradation
was determined by monitoring the absorban-
ce at 665 nm.

RESULTS AND DISCUSSION

CHEMICAL AND MORPHOLOGICAL

PROPERTIES

Chemical composition tests using EDX
were conducted to assess the relationship be-
tween the calculated molar vanadium doping
percentage (V,, . ) and the actual incorpo-
rated vanadium molar percentage (Vincorporate -
Table 1 summarizes these values, and sample
IDs were assigned for clarity in discussing and
presenting the data. The incorporation rate of
vanadium (dV, /dV ) was found

incorporated theoretical

to be approximately 0.6(1)% (Figure S1).

SAMPIEID  Vipreias ) Viaporaa ) o

Undoped TiO, 0.0 0 3.16
0.5% V 0.2 0.5(1) 2.44
0.6% V 0.5 0.6(1) 2.20
0.7% V 1.0 0.7(1) 2.39
1.3% V 2.0 1.3(2) 2.47
2.0%V 3.0 2.0(2) 2.53
3.1%V 5.0 3.1(2)

Table 1. Relationship between the calculated and
incorporated vanadium doping percentage and
the corresponding bandgap for each sample.

XPS measurements were performed to
analyze the oxidation states of Ti 2p, O 1s, and
V 2p (survey spectra are shown in Figure S2).
Figure 2a shows the high-resolution XPS spec-
tra of Ti 2p, with peaks at approximately 465
eV and 459 eV, corresponding to the Ti 2p, ,
and Ti 2p,, levels in the oxidation state Ti*!
[33,34] regardless of the vanadium doping per-
centage. Figure 2b depicts the asymmetric O
1s spectra requiring two Gaussian curves to fit
the profile. The curve centered at approxima-

tely 530.6 eV, corresponds to oxygen vacancies
(V7 signal. In principle, the V7, signal corres-
ponds to the signal of hydroxyl from atmos-
pheric water, which is spontaneously adsorbed
in the metal oxide, at ambient conditions. XPS
cannot measure a vacancy since it is based on
the kinetic energy of an electron withdrawn
from an atom’s core or valence states [35-37].
The inset in the Figure 2b, depicts the V7, con-
centration, as a function of vanadium doping
percentage. V 2p,  spectra are displayed in
Figure 2c (note that the 0.6% V sample is not
there, since the weak signal obtained during
the measurements, made it impossible to fit
the experimental data). The peak centered at
approximately 516 eV, indicates that the vana-
dium was incorporated in a substitutional way
in the TiO, lattice [33]. The fitting of the XPS
spectra, up to 0.7% V doping, shows only the
presence of the V** (centered at 515.8 eV); after
this concentration, the spectra must be fitted
using two Gaussian curves, with the additional
curve attributable to the V°* (517 eV) [33,38].
High-resolution XPS measurements of the Va-
lence Band of the TiO,, allow us to estimate the
bandgap by extrapolating from the low-energy
linear region [39,40]. Figure 2d depicts the re-
gion and the extrapolation (dashed lines), with
bandgap values available in Table 1. Further-
more, the inset in Figure 2d depicts the evolu-
tion of the bandgap as a function of vanadium
doping percentage.

(a) Ti 2p,,
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Vanadium doping does not modify the ti-
tanium oxidation state but decreases the ener-
gy binding (Figure S3) up to 0.7%, percenta-
ges greater than this, increasing the binding
energy slightly. Vanadium can reduce binding
energy in oxygen up to 0.5%, after that, it in-
creases the binding energy slightly (Figure
$4). The behavior observed with the binding
energy is inverse to the behavior observed
with the V7, The V'jincreases up to 0.5%, then
begins to decrease. The explanation for this
occurrence is the appearance of V** in the

(b)

Intensity (a.u.)

Undoped TiO,

527 528 529 530 531 532 533 534 535 536
Binding Energy (eV)

(c) o Experimental]

B structure because the V7, is generated by the
. v doping with an element with a lower oxida-
e tion state (V°*) compared with the titanium

(Ti**) [41]. The anatase bandgap reported in
the literature is 3.2 eV [42]. The effects obser-
s ved with decreasing bandgap are related to va-
o - nadium doping, which causes the creation of
oy, ) - unoccupied defect states and Urbach tails in
= the material’s band structure [41-43].
Figure 3 shows SEM images arranged by
vanadium doping percentage. Vanadium do-

Intensity (a.u.)

520 519 518 517 516 515 514 513 512
Binding Energy (eV)

- = ping does not affect the morphology of TiO,,
\ —omy llowing for the observation of spherical
\ o7y allowing for the observation of spherical na-
A\ ——2.0% . . . .
1200 N — noparticle agglomerations. It is feasible to see
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that the agglomeration range is rather leng-
thy up to 2.0%, but it becomes more discon-
tinuous at 3.1%. Regardless of the vanadium
doping percentage, the average nanoparticle
size is 20 nm. Traditionally, V-doped TiO, is
synthesized via sol-gel, which results in large
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risk of segregation and precipitation. Alter-

Figure 2. a) High-resolution Ti 2p spectra. b) natively, the Pechini method produces tiny

High-resolution spectra O 1s spectra (inset: grains with a high specific surface area, with

Oxygen vacancies (V) as a function of vanadium no segregation or precipitation [32]. The che-

doping). ¢) High-resolution V' 2p, , spectra (open mical analyses performed in this study are

sufficient to prove and demonstrate the effec-
tiveness of using the Pechini Method in V-do-
ped TiO, synthesis.

circles: experimental data, solid lines: fitted data).
d) Valence Band position measured by XPS (solid
line: experimental data, dashed line: extrapolation
of the low-energy linear region; inset: bandgap
as a function of vanadium doping). (Dashed
lines were employed in the insets to facilitate
interpretation of the data).
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136.25 A® [44]. Figure 4a depicts XRD pat- eotpofsted Yaiadum (%)
terns. The patterns show that TiO, crystallizes Figure 4. a) XRD patterns of V-doped samples
in the anatase phase regardless of vanadium (red ticks depict the Bragg positions of the
doping percentage, and the absence of vana- anatase phase). (inset) Unit cell volume as a
dium oxide (V,0,) peaks indicates that vana- function of vanadium doping percentage. b)

dium was incorporated into the lattice. Lattice parameters a (black squares) and ¢

(red circles) as a function of vanadium doping

(@ percentage. ¢) Crystallite size (black squares) and
. specific surface area (red circles) as a function of
. vanadium doping percentage. (Dashed lines were
Buoo| . employed to facilitate interpretation of the data.)
Sy The lattice parameters were acquired by

T ropuaivanan indexing the reflections using UnitCell Sof-

“ A A M A o his tware [45]. Table 2 summarizes the lattice pa-
“ ; Lowm o rameters, the crystallite size, the density, and
ﬁ \ , the specific surface area. The inset in Figure 3a
ﬂ - represents the unit cell volume as a function
ﬁ o of vanadium doping percentage. XPS investi-
A o gations indicate that up to 0.7% vanadium do-
A e ping results in only the presence of V3* (0.78
mimaro,  A), which is slightly larger than Ti** (0.745 A)
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SampleID  Volume (A)  a(A) O i Ao S Wiy
Undoped TiO,  135.84(2) 3.7847(2) 9.4834(6) 13.52 391 114
0.5% V 136.59(2) 3.7893(2) 9.5126(6) 14.42 3.88 107
0.6% V 136.34(2) 3.7850(2) 9.5166(6) 14.31 3.89 108
0.7% V 137.30(2) 3.7980(2) 9.5185(6) 13.99 3.86 111
1.3% V 136.75(2) 3.7911(2) 9.5148(6) 15.35 3.88 101
2.0% V 136.23(2) 3.7866(2) 9.5009(6) 14.96 3.90 103
3.1%V 136.11(2) 3.7892(2) 9.4797(6) 11.75 3.90 131
Table 2. Indexed lattice parameters, crystallite size, density, and specific surface area obtained by XRD of
V-doped samples.
presence of V** (0.68 A) promotes a decrease _ 6
in cell volume, following the difference in ato- ¢ Dxp 2)

mic radii. The same trend is shown in Figure
4b, which illustrates the a and c lattice para-
meters. The a axes, change with no specific
tendency according to the vanadium percen-
tage. In contrast, the ¢ axes behave “linearly”
with the presence of V****, which is explained
by the substitution of the Ti** by V**/**, prefe-
rentially in the body-centered (I) lattice sites
of the anatase structure [47].

Powder samples’ crystallite size (D) was es-
timated by using the Scherrer Equation to the
diffraction angle of the crystal plane (101) (26
~ 25.4°) [14,18,19]. The equation is as follows:

0.91

- pcosb (1)

where A is the X-Ray wavelength (A =
0.1542 nm), and P is the Full Width at Half
Maximum (FWHM) in degrees, of the (101)
reflection. Figure 4c depicts the variation in
crystallite size as a function of vanadium do-
ping percentage. The behavior is like the sta-
ted volume and lattice parameters, with an in-
crease up to 0.7% vanadium doping, followed
by a drop above this concentration. At 3.1%
we observe crystallite sizes smaller than in the
undoped sample.

Crystallite size calculations allow for the
estimate of the specific surface area (S)) of the
samples using the following equation [47]:

where p is the sample’s density. Figure 4c
also depicts specific surface areas, which show
behavior inversely related to crystallite size,
demonstrating that increasing vanadium con-
centration leads to samples with reduced sur-
face areas as compared to the undoped sam-
ple. However, the sample 3.1% doped, had a
surface area 14.9% larger than the undoped
sample. Choi [49], reported Brunauer-Em-
mett-Teller (BET) surface area measurements
of TiO, synthesized using the Sol-Gel Method
and calcined at 400 °C, presenting a surface
area of 104 m>.g", while a sample with 0.3%
vanadium doped has 132 m*.g'. In the cur-
rent study, our undoped nanoparticles are sli-
ghtly larger, while doped nanoparticles with
0.5/0.6/0.7% vanadium doping are smaller.

Figure 5 depicts the anatase Raman spectra
of vanadium-doped samples. Symmetry analy-
sis of anatase reveals 27 vibrational modes at
the Brillouin zone center (I'). The mechanical
decomposition of these modes includes: I' =
24, (R) + 2B, (R) + B, (R) + 3E(R) + 3A, (IR)
+ SEM(IR) +2A + 2B + 4BZM+A2g+ A, +E,
consisting of 25 optical modes (which contains
8 active Raman (R) modes and 8 active infrared
(IR) modes) and two acoustic modes [50]. In
the literature, factor group analysis reveals 15
optical modes with irreducible representation
A, (R) + 2B, (R) + 3E(R)+ A, (IR) + 2E,(IR) +
B, (IR), including 6 active Raman modes and 3
active infrared modes [51,52].
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Figure 5. Raman spectra of vanadium-doped
samples (red ticks depict the Raman modes
of the anatase phase). (inset) Eg peak position
as a function of vanadium doping percentage.
(Dashed lines were employed to facilitate
interpretation of the data.)

Raman results are consistent with XRD re-
sults, demonstrating the absence of vanadium
oxide, and confirming the presence of only
the anatase phase. According to the literatu-
re, the anatase vibrations correspond to those
at 144 cm™! (Eg), 196 cm™ (Eg), 395 cm’! (Blg),
518 cm™ (Alg + Blg), and 639 cm™! (Eg) [52,53],
which explains the modes found in our Raman
spectra. The main vibrational mode in anata-
se is the mode E_at 144 cm”, which corres-
ponds to the symmetric stretching vibration
O -Ti- O [54]. As aresult, the inset in Figure
5 shows the evolution of the wavenumber of
the E, mode as a function of the vanadium
doping percentage. A redshift can be observed
in samples with up to 0.7% vanadium doping.
According to the XRD results, the observed
shift in the sample is related to the larger unit

cell. Blueshift can be observed in samples with
doping percentages above 0.7%, related to a
slight decrease in the unit cell volume. All the-
se results support the XPS results regarding
vanadium’s oxidation state incorporated into
the TiO, lattice and oxygen vacancies [51,55].

ADSORPTION TEST

Adsorption is a reversible, temperature-
-dependent physical or chemical superficial
process in which a guest molecule (adsorbate)
attaches or adheres to the adsorbent’s surfa-
ce. Adsorption is classified as physisorption,
or chemisorption based on the mechanism
observed between the adsorbent and the ad-
sorbate. In general, physisorption occurs due
to attraction forces, whereas chemisorption
occurs via chemical bonding [56-58].

Preliminary experiments were carried out
using only MB, to assess the MB degradation
owing to stirring, in the absence of a catalyst.
Figure 6a depicts the experiment, represen-
ted by the navy-blue pentagons, and after 150
minutes, the MB degradation was 1.86%. An
overview of the MB degradation reveals the
hole of vanadium doping, which is respon-
sible for the increased adsorption activity of
TiO,. The MB degradation percentages for
vanadium-doped samples at 0.0, 0.5, 0.6, 0.7,
1.3,2.0,and 3.1% are 8.3, 7.03, 11.6, 26.5,41.7,
54.1, and 64.7%, respectively.
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Figure 6. a) Methylene Blue (MB) degradation
via adsorption in vanadium-doped samples.
Navy-blue pentagons depict the self-
degradation of MB through stirring. b) The
amount of MB retained per gram of adsorbent
Symbols

in vanadium-doped  samples.

represent experimental data, while solid lines
reflect the Pseudo-Second Order (PSO) fitting.

It is possible to observe that the highest ad-
sorption of MB happens within the first five
minutes, indicating a highly quick process. To
assess the adsorption capacity for MB, the ex-
perimental amount of MB retained per gram
of adsorbent (Q) at the instant t [59,60], was
calculated as follows:

(Co—Cp.V

Q) @)

where C is the initial concentration of MB,
C, is the concentration of MB at the instant t,
V is the MB solution volume and m is the mass
of the adsorbent. A non-linear kinetic model
was used to fit and evaluate the adsorption ve-
locity into the adsorbent, as well as the adsor-
bent’s performance in the Pseudo-First Order
(PFO) and Pseudo-Second Order (PSO) mo-
dels [61]. The PFO model can be defined as:

Q(t) = Q.(1—- e_klt) (4)

where k is the pseudo-first-order rate
constant (min”) and Q_ is the amount of MB
retained per gram of adsorbent at the equili-
brium (110 min in the present study). While
the PSO model can be described as follows:

Qezkzt

YO Tkt

()
where k, is the pseudo-second-order rate
constant (g.mg'.min™").

Figure 6b, depicts the experimental Q(t)
data by symbols, as can be seen, the results are
inversely proportional to the results observed
in Figure 6a, which makes sense given that
MB degradation occurs due to the occupancy
of active sites on the catalyst’s surface. Table 3
shows each sample’s q , rate constants, and R?
after fitting the experimental data with PFO
and PSO models. Statistically, the PSO mo-
del (shown by solid lines in Figure 6b) bet-
ter describes MB adsorption with TiO,. The
PSO model states that the adsorption rate is
proportional to the amount of MB retained at
equilibrium and at any given time. This model
demonstrates that the rate-limiting step is the
chemical interaction between the MB mole-
cules and the TiO, active sites [7].

The PSO model is responsible for descri-
bing the kinetic behavior of the MB degrada-
tion, and when we look to k,, we can see that
the best catalyst kinetically, is the 2.0% vana-
dium doping, which contradicts the results
shown in Figure 6a, which shows the 3.1% va-
nadium doping as the best catalyst. The reason
for this mismatch is the difference between ki-
netic and thermodynamic stability. To assess
the thermodynamic stability, the Adsorption
Potential (A) [58,62], is calculated as follows:

Co

A= —RTIn—

Ce ®)

where R is the universal gas constant (8.314
Jmol*.K"), T is the temperature (298.15 K),
and C_ is the MB’s equilibrium concentration.

The adsorption potential describes a ca-
talyst’s capability. A negative adsorption po-
tential means that the adsorbate will move to
the region with a lower adsorption potential
(adsorbent), and this reaction is thermodyna-
mically stable and favored, lowering the sys-

T — ()



PFO Model PSO Model
Sample ID lef Ad.s orption . l.(l . Qe’ﬁ'_ R? k2 . Qe’ﬁ'_ R?
(mg.g') Potential (k].mol?) | (min') (mg.g") (g.mg'.min') (mg.g")
Undoped Ti 2 1.60 -0.21 0.03 1.60 0.892 0.02 1.87 0.906
0.5%V 1.37 -0.18 0.13 1.32 0.980 0.14 1.42 0.987
0.6% V 2.27 -0.31 0.17 2.24 0.989 0.12 2.36 0.992
0.7% V 5.17 -0.76 0.19 4.90 0.953 0.06 5.19 0.987
1.3% V 8.23 -1.34 0.19 8.02 0.983 0.04 8.43 0.999
2.0%V 10.7 -1.93 0.54 10.6 0.999 0.24 10.8 0.999
3.1% V 12.8 -2.58 0.45 12.6 0.996 0.12 12.9 0.999

Table 3. Kinects (Q,, k, and k)) and thermodynamic (adsorption potential) parameters determined
experimentally and fitted (Pseudo-First Order (PFO) and Pseudo-Second Order (PSO) models) of MB
degradation using V-doped samples.

tem’s Gibbs Free Energy. The adsorption capa-
city can be found in Table 3. The meaning of
k, and adsorption potential explains the diffe-
rent kinetic and thermodynamic results. The
k, is responsible for explaining the kinetics of
reaching the system’s equilibrium condition,
so the highest value of k, to the 2.0% vana-
dium doping indicates that the equilibrium is
reached first, as compared to the other sam-
ples, and that this sample is more stable kine-
tically. Furthermore, the adsorption potential
suggests that 3.1% vanadium doping is the
best catalyst, resulting in faster degradation
of MB at constant temperature in the shor-
test time interval, implying that this sample is
thermodynamically more stable than others.

The enhancement of TiO, samples throu-
gh vanadium doping is explained in different
ways. Chemically, vanadium doping improves
catalytic activity by increasing superficial hy-
droxyl groups (V7 concentrations), electron
transfer, and porosity, resulting in faster inte-
ractions between the adsorbate and the adsor-
bent [9,58,63]. Figure 2b and Figure 3, show
the increase in superficial OH* and porosity,
respectively. The reaction for MB degradation
by OH", is as follows:

MB + OH® - CO, + H,0 + intermediaries (R1)

Structurally, vanadium doping causes

changes in specific surface area due to lattice
changes. Combining chemical and structural

modifications of vanadium doping is the key
to MB adsorption employing V-doped TiO..
3.1% vanadium doping had the highest degra-
dation activity (64.7%), with a specific surface
area of 131 m?.g"". This represents a 14.9% in-
crease over the undoped sample, resulting in
a 679.5% increase in degradation activity. The
vanadium hole is visible in the TiO, structure.

CONCLUSION

The current study has demonstrated sig-
nificant advancements in the synthesis and
application of V-doped TiO, nanoparticles
using the modified Pechini method. This me-
thod has proven to be highly efficient, enabling
the substitutional incorporation of vanadium
into the TiO, lattice with different valence sta-
tes (V3*/V®*) and a predicted incorporation
rate of 0.6% per mol. Vanadium incorporation
resulted in structural and vibrational changes,
particularly affecting the specific surface area
and oxygen vacancy () concentrations, which
are crucial for enhancing the material’s ad-
sorption properties. The study showed that
vanadium doping effectively improves the
catalytic performance of TiO,, particularly in
the degradation of MB through adsorption.
Structural analysis confirmed that the ana-
tase phase of TiO, was preserved across all
doping levels, with no evidence of vanadium
oxide formation. The 3.1% V-doped sample

 —— 1| -
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Figure S1. Incorporated vanadium percentage as a function of the calculated vanadium, obtained from
EDX measurements. The red line represents the linear fit to the experimental data.
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Figure S2. XPS survey spectra for pure and V-doped TiO, samples.
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employed to facilitate interpretation of the data.)
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Figure $4. O 1s binding energy as a function of vanadium doping percentage. (Dashed lines were employed

to facilitate interpretation of the data.)




