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infrared spectroscopy (FTIR) and UV-Vis spectroscopy (UV-Vis) performed on
the reaction medium evidenced the formation of acetate complexes of titanium
(IV) or iron (III) during the different routes. X-ray diffraction (XRD) patterns of
the obtained materials showed the formation of ilmenite (FeTiO;), pseudoru-
tile (Fe,Ti;04) and pseudobrookite (Fe,TiOs) in different proportions, as well as
hematite (Fe,O;), rutile [TiO, (R)] and anatase [TiO, (A)]. The materials with the
highest content of iron titanates obtained in each route were characterized and
evaluated in the photocatalytic degradation of cyanide using visible light irradia-
tion. UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS) showed that the
samples exhibited energy bandgap values between 2.31 and 2.90 eV, which agrees
with the values reported for iron titanates and evidence the possible activation of
the materials under visible light. Scanning electron microscopy (SEM) and nitro-
gen physisorption results showed that the synthesized materials exhibited nano-
metric particle size and lower surface area (36.7 + 4.8 m*g™) than TiO, Degussa
P-25 (72-155 m?g ™). The photocatalytic performance of the synthesized materials
toward oxidation of CN™ exceeded by 56% the activity of pure TiO,. The content
of iron titanates in the synthesized materials was found to be the variable with the
greatest influence on the photodegradation of cyanide. In addition, an inversely
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proportional relationship between the pseudorutile content of the materials and
their photocatalytic activity was observed.

Introduction

Titanium dioxide (TiO,) is a material of technological
relevance that has been widely studied and used as a
semiconductor in photocatalytic processes to degrade
organic and inorganic pollutants [1-3]. However, as it
is well known, the bandgap (E,) of TiO, lies between
3.0 and 3.2 eV, which represents one of the major
drawbacks for its application as a photocatalyst since
its activation is limited to ultraviolet (UV) radiation,
hindering the use of the solar radiation, compressed
only by 3-5% UV radiation [4, 5]. Therefore, many
investigations have focused on reducing the energy
gap between the conduction and the valence band of
TiO, using different techniques, such as its doping
with metallic ions like iron. The insertion of iron ions
enables the decrease in the energy bandgap of TiO,
resulting in an enhanced photoactivity under visible
light [6]. Considering this and owing to the inherent
advantages of iron/titanium-containing oxides, several
authors have devoted their efforts to the synthesis and
evaluation of iron titanates; metallic oxides with a high
content of iron and titanium in their crystalline struc-
ture provide the materials with excellent electrical,
magnetic, and photocatalytic properties [7-14].

Among the most relevant iron titanates one can find
ilmenite —FeTiO; whose energy bandgap between
2.58 and 2.90 eV makes it a favorable semiconductor
for photocatalytic applications, due to the possibil-
ity of activating it under the incidence of visible light
radiation [15]. Other iron titanates of great interest are
pseudobrookite—Fe,TiOs, which has an orthorhombic
crystal structure and is used in multiple areas includ-
ing photocatalysis (E;=2.18 eV), and pseudorutile—
Fe,Ti;Oy, which is important to analyze as a photo-
catalyst because it is a mineral intermediate between
ilmenite and rutile (TiO,) [16, 17].

In the synthesis of ceramic nanomaterials, such
as iron titanates, a wide variety of technologies
have been used, including the sol-gel process, a soft
chemical method characterized by being a relatively
simple and highly efficient technique that grants the
obtention of metastable phases, with low environ-
mental impact and low energy requirements [18-20].
In 1939, the first research employing the sol-gel
method for the preparation of oxide coatings was

reported [21]. Afterward, the process began to be
investigated with greater interest by the scientific
community, and in 1971, Dislich demonstrated that
the use of alkoxides of various elements as precur-
sors permits the synthesis of metal oxides and mixed
oxide compounds with high homogeneity and purity
[22]. The attractiveness of this advanced synthesis
technique is that it enables the modification of the
final properties of the material such as morphology,
texture, and particle size, through the manipulation
and control of the reactions that take place during
the process (hydrolysis and condensation) [23-25].
In this research, the synthesis of iron titanate
materials was carried out in the presence of a chelat-
ing agent, a compound capable of forming complexes
with metal ions by the donation of electron pairs.
These complexes (chelates) are more chemically sta-
ble, granting the control of the hydrolysis and poly-
condensation reactions kinetics and favoring the
formation of compounds with a more homogeneous
crystalline structure. The chelating force depends on
different factors such as the physicochemical proper-
ties of the metal ions involved in the bond [26, 27].
Thus, the influence of the mixing order in the final
properties of the material was evaluated by chelat-
ing both, the titanium and iron precursor solutions.
Despite the multiple advantages that the chelation
process offers, the kinetics of the reactions can also
be affected by the amount of chelating agent present
in the reaction medium. Thus, the chelating agent
concentration was also evaluated in this research,
and three different values were set, as reported in the
literature by Guzman, Ponmani and Chen [28-30].
The solvent of iron precursor was also varied to
analyze its influence on the final properties of the
materials, since the volume of the reaction medium
may affect the interaction between the particles.
Finally, the photocatalytic performance toward the
degradation of CN™ was evaluated. Reaction mecha-
nisms between the chelating agent and the precur-
sors were proposed. Moreover, the formation of che-
lated compounds during the synthesis process and
its influence on the sol-gel reactions stability were
demonstrated. Materials, containing up to 70% iron
titanates (ilmenite, pseudobrookite, and pseudoru-
tile), were successfully synthesized and exhibited the
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capability to degrade 14.38% of CN™ from a cyanide
solution.

Experimental
Chemicals and reagents

Titanium (IV) butoxide [hereinafter ‘Ti(OBu),’]
(Sigma-Aldrich, 99% purity) and iron (III) chloride
(hereinafter ‘FeCly") (Merck, 99% purity) were used as
metal precursors. Acetic acid (Merck, 99% purity) was
used as chelating agent. Ethanol (hereinafter ‘EtOH’)
(Merck, 99% purity) and de-ionized water were used
as solvents. All the reagents were used as received
from the supplier with no further treatment.

Synthesis of the photocatalyst

With the aim of evaluating the effects of the presence
and concentration of chelating agent, as well as the
chelated metal ion (either Ti or Fe), four synthesis
routes were designed as depicted in Fig. 1. The sol-
vent of iron precursor was also varied to analyze its
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influence on the final properties of the materials, as
it may affect the interaction between the particles.

Attempting to favor the obtention of pseudorutile
(Fe,Ti;Oy), an iron/titanium (Fe/Ti) molar ratio of 1/3
was used to ensure higher titanium concentration in
the resulting crystalline structure.

In Route I, a core solution 0.5 M of Ti(OBu), was
prepared using 15 mL of EtOH as solvent. Subse-
quently, acetic acid was added with molar ratio ace-
tic acid/Ti(OBu), of 1/1; 2/1 or 3/1. In every case, the
corresponding amount of acetic acid was diluted in
15 mL of EtOH and this solution was quickly poured
onto the core solution. To the resulting mixture, a
solution of FeCl; dissolved in 15 mL of EtOH was
added dropwise, maintaining a molar ratio FeCl,/
Ti(OBu), of 1/3. Lastly, H,O was added in molar ratio
H,O/Ti(OBu),: 4

In Route II, the mixing order was the same as in
Route I. However, instead of EtOH, the required
stoichiometric amount of water [molar ratio H,O/
Ti(OBu),: 4] was used as solvent of the FeCl; solu-
tion. Thus, the volume of the overall sol was smaller
in comparison with the previous route, affecting the
interaction between the particles.

a. Ti(OBu), Chelation

FeCly
EtOH
Acetic acid
EtOH
Ti(OBu),
EtOH

_ FeCI3
Acetic acid
EtOH

Ti(OBu),
EtOH

b. FeCl; Chelation

Acetic acid
EtOH

FeCly
EtOH

Ti(OBu),
EtOH
Acetic acid
EtOH
FeCl,
H,0

Figure 1 Synthesis Routes with a Ti(OBu), Chelation, molar ratio acetic acid/Ti(OBu),: 1/1, 2/1 or 3/1 and b FeCl; Chelation, molar
ratio FeCl,/Ti(OBu),: 3/1, 6/1 or 9/1. Molar ratio H,O/Ti(OBu),: 4/1, EtOH: 15 mL.
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In Routes III and IV, the mixing order was inverted
aiming to chelate the other metal ion (Fe). Thus,
the FeCl; solution was taken as the core solution to
which the acetic acid and Ti(OBu), solutions were
added subsequently. The values for molar ratios
between acetic acid/Ti(OBu),, FeCl,/Ti(OBu),, and
H,O/Ti(OBu), were the same as those used in Route
L

Each solution was prepared in beakers at room tem-
perature and under 30 min of constant stirring prior to
mixing. Once the precursor solutions were mixed, the
reaction time was established at 1 h. The prepared sols
were subjected to a 15-days aging period in complete
darkness and at room temperature and pressure.

Following aging, the sols were dried in an oven at
100 °C for 24 h and the resulting xerogels were cal-
cined at 550 °C for 3 h, with a heating rate of 5 °C
min~., to obtain the materials. Note that the calcination
conditions were selected based on preliminary experi-
ments carried out to evaluate the effects of calcina-
tion temperature on the composition of iron titanate
powders. In this regard, calcination was performed at
550 °C and 800 °C. The semiquantitative analyses of
the XRD results for the synthesized materials calcined
at 800 °C are shown in Table 51, and the comparison
with the materials calcined at 550 °C showed that the
latter temperature led to the predominant formation
of iron titanate phases, and thus, 550 °C was chosen
in this work as the calcination temperature based on
both, the aforementioned experimental outcomes, as
well as literature reports, in which it is also suggested
a calcination time of 3 h to promote the formation of
Fe,Ti30y [31]. Finally, the powders were manually
grounded in an agate mortar, before and after calci-
nation, to reduce their particle size.

Physicochemical characterization
Characterization of the solutions during synthesis

With the aim of analyzing the formation of chela-
tion complexes in the reaction medium during the
synthesis of iron titanate, Fourier-transform infrared
spectroscopy (FTIR) was performed on the solutions
obtained throughout the synthesis process. The spec-
tra were acquired using an IRtracer-100 instrument
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equipped with an ATR cell. Transmittance and absorb-
ance profiles were analyzed using Labsolution IR soft-
ware over a wavelength range of 400 to 4000 nm.

Characterization of the synthesized materials

The powder materials obtained after calcination were
characterized by X-ray diffraction (XRD) to identify the
crystalline phases present in the samples and estimate
their proportions. The XRD patterns were acquired
using a Bruker D8 Advance powder diffractometer
with DaVinci geometry (40 kV and 40 mA). Qualitative
and semiquantitative analyses of the XRD patterns were
performed in the software Diffrac.EVA V.4.2. Nitrogen
physisorption was carried out to determine the sur-
face area of the powders. Adsorption isotherms were
acquired using 3Flex-Micromeritics adsorption analyzer
at 77 K and relative pressure between 0.0025 and 0.95.
Data analysis was performed in the 3Flex-Micromeritics
software V.4.03. Scanning electron microscopy —SEM,
images were recorded to analyze the morphology of the
synthetized materials. The micrographs were obtained
using a Quanta FEG 650 Scanning Electron Microscope
(high vacuum, 15 kV) with both secondary (SE) and
backscattered (BSED) electrons detectors. UV-Vis Dif-
fuse Reflectance Spectroscopy —DRS, recorded by a
Shimadzu UB2600 UV-Vis Spectrometer (200-850 nm
spectral range) was used to estimate the bandgap of the
materials.

Evaluation of the photocatalytic activity

The photocatalytic activity of the materials with the
highest content of iron titanates (one for each synthesis
route) was evaluated. For this, 0.5 mg mL™ of photocata-
lyst was suspended in 150 mL of a 200 ppm CN™ solu-
tion prepared from NaCN. The photocatalytic reaction
was carried out in a 150 mL beaker. The reaction system
was kept in the dark for 30 min to guarantee adsorp-
tion-desorption equilibrium, and afterward, the solu-
tion was irradiated for 3 h with two Phillips lamps (150
W each), placed equidistantly on each side of the beaker.
Subsequently, the solutions were filtered to remove the
photocatalyst and measure CN™ concentration. The
concentration of CN” was determined by potentiomet-
ric titration carried out in a Metrohm automatic titrator
with AgNO; 0.017 N as titrant.
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Results and discussion
Characterization of the solution
FTIR spectroscopy

Fourier-transform infrared spectroscopy —FTIR, was
performed for each step of each synthesis route in
order to analyze the interactions that occur in the reac-
tion medium and propose a reaction mechanism for
the sol-gel synthesis of iron titanates using Ti(OBu),
and FeCl; as metallic precursors, as well as to monitor
the formation of metallic complexes by the action of
acetic acid as a chelating agent.

As depicted in Fig. 2, all the spectra display a char-
acteristic vibrational signal associated with the OH

J Mater Sci (2024) 59:13772-13787

bond in the range of 3230-3500 cm-! [32], which indi-
cates the presence of EtOH. Accordingly, it is noted
that in Route IV this characteristic signal does not
appear until the second synthesis step is carried out,
i.e., the addition of acetic acid dissolved in EtOH. This
was expected as water is the solvent for the initial
FeCl; solution in Route IV.

Based on the FTIR spectroscopy results, reaction
mechanisms between the chelating agent and each
of the metal precursors [i.e., Ti(OBu), and FeCl;] are
proposed as presented in Figs. 3 and 4, respectively.

When the chelated metal precursor reacts with
water, the compound dissociates, forming coordina-
tion complexes (see Figs. 3b and 4a.). This reaction is
the initial step in the synthesis process and can be evi-
denced in the spectra, with the appearance of strong

(a) Ti(OBu), Chelation

Route |

Route I

Ti(OBu),

T S~— " Vv
+ acetic acid \r\/w\‘\‘*
N A NV
- W
—“\/—W‘——_'VM\,/\W
W

Transmitance (a.u.)

\’./-'—_\"_’—'WA
+ acetic acid
'“\_/—m
+ FeCl; + H,0
___——'\_/—\‘V\F/__/\-’_\ﬂ

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavelength (cm™)

400 4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavelength (cm™)

(b) FeCl; Chelation

Route Il Route IV

FeCl, FeCl, + H,O
:: + acetic acid
S + acetic acid
0] v-/__"’_*—"‘\,./"
o
S |+ TiOBu),
=
&
E Tho + Ti(OBu),
e _\’/‘/—‘/‘—\\/

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavelength (cm™)

T T T T T T T T i
460 4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavelength (cm™)

Figure 2 FTIR spectra of every step followed in each synthesis route, molar ratio acetic acid/Ti(OBu),: 3/1.
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a. Ti(OBu), dissociationin EtOH
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Figure 3 Reaction mechanism when Ti(OBu), is chelated with acetic acid [23, 38, 39].

signals located in the range of 590-670 cm™, associated
with Ti-O-Ti and Fe-O-Fe bonds [33]. It is important
to note that the intensity of these peaks decreases as
additional synthesis steps progress and other com-
pounds are introduced into the mixture. This suggests
the breaking of these bonds to result in the formation
of acetate complexes or iron/titanium compounds, as
it will be discussed below.

When acetic acid is introduced in the second step
of synthesis, FTIR spectra from all routes show dis-
tinct signals at 1250 and 1700 cm™. These signals cor-
respond to the C-O bond stretching in acetic acid,
as reported in the literature [34]. In both Route I and
Route II, where the chelating agent is added to the core
solution of Ti(OBu),, these transmittance peaks exhibit
a noticeable increase in intensity when compared to
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+ 8H,0 + 6 HCI + 2 H*

Iron acetate
Coordination complex

H,C
e

N

(0] (0] -
T,/ L
S -\

(o (o o~

o}
+3 )\ + 4H0 + 6H*
H,C OH

Figure 4 Reaction mechanism when FeCl; is chelated with acetic acid [23, 38, 39].

Routes III and IV. This increase is indicative of the for-
mation of complexes between acetic acid and titanium
butoxide, as documented by Perrin et al. [35], which
supports the proposed titanium chelation step in the
reaction mechanism (Fig. 3c).

On the other hand, in routes III and IV, two signals
around 1650 and 1450 cm™, with a band separation
of 202 cm™, are observed, supporting the formation
of iron acetate complexes as proposed in Fig. 4b [36].
Notably, the low intensity of these peaks suggests inef-
fective iron chelation, consistent with prior research
where the weak complex formation in systems involv-
ing iron chloride was proposed [37]. It is also impor-
tant to consider that the concentration of the titanium

@ Springer

precursor is 3 times larger than the concentration of
the iron precursor, which may favor titanium chela-
tion over iron chelation.

Additionally, FTIR results revealed two signals cor-
responding to methyl rocking (i.e., 1370-1376 cm™)
and scissoring (i.e., 1444-1450 cm™") vibrations, con-
firming the formation of acetate coordination com-
plexes, according to the reported by Schubert and
Weber et al.

These complexes must be subsequently decom-
posed to bind to the other metal precursor reagent
[either Ti(OBu), or FeCl,], finally leading to the for-
mation of mixed oxides (Figs. 3d and 4d) [23, 38].
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Characterization of the mixed metal oxides
X-ray diffraction

The X-ray diffraction patterns of the materials synthe-
sized through Routes I and II are shown in Fig. 5. The
presence of pseudorutile (20 =54.49 and 33.41°, PDF
13-0326), pseudobrookite (20 =25.52 and 32.49°, PDF
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41-1432), ilmenite (20 = 32.62 and 35.28°, PDF 75-0519),
rutile (20 =27.44° and 36.07°, PDF 73-1782), anatase
(20 =25.35 and 48.14°, PDF 89-4921), and hematite
(26 =33.15 and 35.63°, PDF 87-1164) is evidenced in
all the materials.

In Route I, the XRD peaks for the materials syn-
thesized with molar ratio acetic acid/Ti(OBu), of 2
were noted to be slightly more intense and sharp as
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Figure 5 XRD patterns of the materials synthesized a Ti(OBu), Chelation, b FeCl; Chelation. (PB: pseudobrookite, H: hematite, R:

rutile).
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compared to the materials synthesized with molar
ratio acetic acid/Ti(OBu), of 1/1, which suggest a slight
improvement in the crystallinity of the material when
the concentration of chelating agent increases. How-
ever, increasing acetic acid/Ti(OBu), molar ratio to 3/1
led to the formation of precipitates during the hydrol-
ysis reaction, which interrupted the synthesis process.
This can be attributed to the low chemical stability of
the titanium butoxide (IV).

In contrast, for Route II, the characteristic peaks of
the iron oxides and titanium oxides for the samples
synthesized with molar ratio acetic acid/Ti(OBu), of
2/1 exhibited low intensity, broad shape, and poor
definition, unlike those synthesized with molar ratios
acetic acid/Ti(OBu), of 1/1 and 3/1. This infers that the
production of iron titanates was favored over the pro-
duction of oxides separately.

As demonstrated by the semiquantitative results
in Table 1, the materials with the highest iron titan-
ate content were obtained through Route II, which
employed water as the solvent for the iron chloride
solution, with 30% less solvent in the reaction medium
compared to Route I. Under these conditions, the prob-
ability of the Ti(OBu), to interact with the water mol-
ecules increases, allowing the hydrolysis of Ti(OBu),
(Fig. 3b) to take place more efficiently. This is crucial
for the subsequent reaction to occur (Fig. 3c) where the
chelating agent forms stable coordination complexes
with metal ions in the titanium reagent. These com-
plexes aid in controlling and reducing the hydrolysis
rate, favoring polycondensation reactions, which lead
to the synthesis of mixed oxides.

J Mater Sci (2024) 59:13772-13787

Another crucial factor that influences the iron titan-
ate content in the materials is the concentration of the
chelating agent. The semiquantitative results of the
materials synthesized through Routes I and II show
that the samples with the highest concentration of iron
titanates were obtained using chelating agent in molar
ratio acetic acid/Ti(OBu), of 2/1, while those synthe-
sized with molar ratio acetic acid/Ti(OBu), of 3/1
exhibited the lowest content percentages. To under-
stand this behavior, it is necessary to deep into the
nature of the compounds involved.

The Ti*" cations have a coordination number of 5 in
pure titanium butoxide and are bonded to one another
through butoxy bridges, forming trimers. When the
butoxide is diluted in nucleophilic solvents such as
EtOH, titanium atoms reorganize to form dimers, due
to the preference of Ti(OBu), for an octahedral struc-
ture with coordination number of 6. This occurs by
accepting free pairs of electrons from the nucleophilic
ligands in their empty d orbitals (Fig. 6a) [40]. On the
other hand, acetic acid is a bidentate carboxylic ligand;
thus, it can chelate metal compounds by donating two
electron pairs (Lewis’s law) [41].

Therefore, titanium butoxide and acetic acid can
bind in three different ways, depending on the molar
ratio between them. When the chelating agent is added
to the mixture in molar ratio acetic acid/Ti(OBu), of
1/1 (Fig. 6a), the coordination complex is compelled to
maintain its dimeric structure to conserve its coordina-
tion number and, thus, its stability. However, when
the molar ratio is increased to 2/1 (Fig. 6b), the coordi-
nation complex of the titanium butoxide can keep its

Table 1 Semiquantitative analysis results of the materials synthesized (Chelated metal precursor: Ti(OBu), for Routes I and II; FeCl,

for Routes III and IV)

Route Molar ratio acetic acid/che- Pseudorutile Pseudobrook- Ilmenite TiO, (R) TiO, (A) Hematite Titanates
lated metal precursor (wt.%) ite (Wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)

1 1/1 23.4 21.7 6.4 19.4 10.9 18.1 51.5
2/1 26.6 22.0 55 16.6 8.6 20.8 54.1

I 1/1 29.5 24.4 8.8 16.8 7.6 13.0 62.7
2/1 29.8 45.3 1.8 53 15.0 2.6 76.9
3/1 16.5 20.3 7.2 33.4 14.7 7.8 44.0

III 1/1 23.4 16.2 53 5.0 22.3 27.7 44.9
2/1 30.9 10.0 2.7 15.0 13.1 28.3 43.6
3/1 18.9 13.1 33 15.1 13.0 36.6 353

v 1/1 34.3 10.5 3.4 26.1 21.4 4.3 48.2
2/1 34.3 21.3 5.2 23.2 6.2 9.8 60.8
3/1 18.1 9.0 1.4 1.0 36.8 32.7 28.5
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Figure 6 Coordination complexes of Ti(OBu), chelated with
acetic acid a Molar ratio 1 and b Molar ratio 2 [23].

Molar ratio
Acetic acid/Ti(OBu),: 3/1

Figure 7 Coordination complexes of Ti(OBu), chelated with
acetic acid, molar ratio acetic acid/Ti(OBu),: 3/1, a monodentate
bond, coordination number 6; and b bidentate bond, coordination
number 8 [23].

coordination number in a more stable and less prone
to precipitate monomeric structure [23].

Finally, when the molar ratio is increased to 3, two
potential scenarios may happen: In the first scenario,
only one molecule of the carboxylic acid binds through
its two complexation sites, while the remaining two
molecules are compelled to form monodentate bonds
with the titanium butoxide (Fig. 7a). In the second sce-
nario, the coordination number of titanium (IV) butox-
ide can increase to 8, accommodating all the electron
pairs donated by the three carboxylic acid molecules
(Fig. 7b). Both possibilities are unfavorable as they
compromise the chemical stability of the system and
its ability to control the kinetics of the sol-gel reac-
tions, thereby increasing the probability of iron and
titanium oxides forming separately. It is worth noting
that at this molar ratio, it was impossible to synthesize
any materials using Route I due to the precipitate for-
mation during synthesis, providing direct evidence of
the system’s instability at high acetic acid concentra-
tions in the medium [42].

The diffraction patterns of Routes III and IV are
shown in Fig. 5(b), and the presence of pseudobrookite,
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pseudorutile, rutile, anatase, and hematite was identi-
fied. The analysis of the XRD patterns exhibited the
overlapping of some of the characteristic signals of
iron titanates along with peaks ascribed to iron oxide
(i.e., hematite) and/or titanium oxide (i.e., anatase and
rutile); as a result, some of the peaks presented in the
pattern can be decomposed into the individual contri-
bution of two or more phases.

This behavior goes hand in hand with the previous
FTIR analysis and can be further explained by ana-
lyzing the nature of the iron chelated compound. The
strong magnetic bonds among the metal ions in the
iron acetate hinder its decomposition, leading to the
precipitation and posterior oxidation of these species
[38]. This fact can be evidenced in the results, where,
in general, there was an increase in the concentration
of hematite in the materials as compared to Routes I
and IIL

Finally, in both Routes III and IV, it can be noted
that the lowest content of iron titanates was obtained
when using higher concentrations of acetic acid. This
is owing to the tendency of Fe* ions to form iron
hydroxides (Fe(OH);) at low pH values, which are
later oxidized forming hematite in the calcination
stage [43].

Photocatalytic activity

The photocatalytic performance of the synthesized
materials toward the removal of CN™ is exhibited in
Fig. 8(a and b). As a reference, the performance of a
TiO, sample (Degussa P-25, 85% rutile/15% anatase)
was evaluated and compared to the prepared samples.

As it can be noted, the overall removal of
CN" reached up to 20% (500 mg-g.,; ). Nonetheless,
it seems worth to analyze the two stages of the reac-
tion separately. The first stage involves the removal of
CN by its adsorption onto the surface of the catalyst
during the initial 30 min in the dark. The subsequent
stage involves irradiation of the system, consider-
ing that the adsorption/desorption equilibrium has
already been reached, and thus, the removal of CN™ is
solely attributed to photooxidation.

When TiO, is used as photocatalysts, nearly 70%
(~350 mg-g ., ") of the total removal of CN" is achieved
purely by adsorption, an understandable result con-
sidering the physical properties of TiO, which is a
porous material with high surface area (72-155 m*g™),
thus conferring it the capacity to adhere a great num-
ber of molecules on its surface [44—46]. In contrast, the
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Figure 8 a Overall remotion of CN™; b Remotion of CN™ ascribed to photooxidation.

adsorption of CN™ onto the synthesized materials does
not exceed 7% of the total removal (~ 200 mg-g.,, ™).
This result can be explained by analyzing the mor-
phology of the synthesized materials, which present
a lower BET surface area (36.7 + 4.8 m*g™) compared
to bare TiO,. Analyzing the type IV adsorption iso-
therms, with formation of type H3 hysteresis (Fig. 9a),
and the SEM micrographs obtained (Fig. 9b), it can be
concluded that the powders consist of agglomerated
mesoporous hanometric particles [47, 48]. It is impor-
tant to note that SEM analysis focused exclusively
on the material synthesized via route II, in which the
highest concentration of iron titanates was obtained.
The analysis of the nitrogen physisorption isotherms
and the estimated BET surface area for all samples
showed similar surface area values across the mate-
rials synthesized via different routes. This similarity
suggests that the mixing order had minimal influence
on the surface morphology of the materials. Therefore,
the sample obtained through Route II provided a rep-
resentative understanding of the general morphology
of all synthesized materials.

On the other hand, Fig. 8(b) exhibits the results for
the photoactivated removal of CN™. It can be noted
that all the materials exceeded the removal attributed
to the exclusive incidence of visible light irradiation in
the absence of catalyst (photolysis), proving that the
synthesized materials exhibited photocatalytic activ-
ity. Interestingly, it is also noted that the synthesized

@ Springer

titanates could photooxidize 65% more CN™ compared
with TiO,, despite possessing lower surface area.

Additional physicochemical analyses were per-
formed to comprehensively understand these
results. The bandgap energy values (E,) of the syn-
thesized materials were estimated by applying the
Kubelka—Munk function to the UV-Vis DRS data,
as depicted in Fig. 9(c). The values of E; for the syn-
thesized materials range from 2.31 to 2.90 eV, which
indicates that the samples could be activated under
the incidence of visible light irradiation, exhibiting
enhanced photoactivity compared to bare TiO,.

With the aim of analyzing in greater depth the
influence of iron titanates on the photoremoval of
CN’, a mathematical analysis was carried out using
multivariate linear regression (Eq. 1), where W, is the
normalized weight fraction of the crystalline phase i
(i.e., iron titanates, rutile, hematite, and anatase) and w;
stands for the relative contribution of the correspond-
ent phase i to the normalized final photocatalytic
removal of CN™.

The normalization of the variables was carried out
by following the Min—-Max scaling method [49]. As it
depicted in Eq. 2, each value of w; (weight fraction of
crystalline phase i in the material) was transformed to
W,, in such a way that the coefficients of each variable
were in a range of values from 0 to 1, representing
the materials with lower and higher content of phase
i, respectively. This data treatment was also realized
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Figure 9 a Isotherms of N, physisorption for the samples synthesized through routes III and IV; b SEM micrographs of the sample syn-

thesized through route II; ¢ E, estimation by Kubelka—Munk function.

Table 2 Parameters of the multivariable system to assess the
influence of each crystalline phase on photocatalytic remotion of
CN~

Sample WTitanates WRutile WHematite WAnatase CN _Removal
Route I 0.288 0.637 0.725 0.000 0.302
Route I 1.000 0.016  0.000 0.467 1.000
Route III  0.000 0.000  1.000 1.000 0.267
Route IV 0.497 1.000 0.143 0.088 0.000

for the dependent variable (percentage of cyanide
removed photocatalytically).
Table 2 summarizes the values of normalized w; and

CN Removal fOT €ach route.

(WTitanates * COT) + (WRutile * wR) + (WHematite * oy ) + (WAnatase * COA)

Wi — Wi = Winin @
Winax — Winin

The resultant 4 x 4 system of equations was solved
using MATLAB, R2023b version, and the values of
w; obtained were: Wrianates = 1-12, @xematite = 0-51,
@ Anatase = 0-24, and wg e == 0.61. From these results,
it is deducted that iron titanates were the phase with
greatest influence on the photocatalytic performance
of the materials. Furthermore, it is observed that
hematite, a phase that also contains Fe in its crystal-
line structure, made the second largest contribution.
In fact, the contribution of hematite is also observed
in the diffuse reflectance spectra of the samples,
where signals in the range of 1.9 to 2.2 eV are present

=CN;

Removal

@
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(Fig. 9¢). This range is consistent with the bandgap (E,)
reported for hematite [50] and enhances the ability of
the material to absorb a higher percentage of visible
light, consequently increasing the generation of elec-
tron-hole pairs and improving photocatalytic activity.

Consequently, TiO,(A) and TiO,(R) phases, with
wider bandgap values [51, 52], contributed to a lesser
extent to the photocatalytic activity. In the case of
rutile, a negative value of w was obtained when solv-
ing the equations system, indicating a counterproduc-
tive effect on the photocatalytic performance of the
synthesized materials caused by its presence. Con-
versely, the positive impact of anatase can be primarily
attributed to its ability to generate free hydroxyl radi-
cals (OH*)), facilitating the oxidation of both surface-
bound and free CN™ molecules in the solution [53].

In addition, an analysis of the photocatalytic perfor-
mance in relation with the physicochemical properties
of the samples showed an inverse relation between
the weight percentage of pseudorutile contained in
the synthesized materials and their photocatalytic
activity toward the degradation of CN". This can be
explained considering some scientific papers that
refer to this iron titanate as an impurity that nega-
tively affects the photocatalytic properties of ilmen-
ite [54], owing to its low physicochemical stability.
Thus, samples with larger amount of pseudorutile
can exhibit lower stability and, therefore, accomplish
fewer photodegradation.

Conclusions

Nanomaterials containing iron titanates [pseudo-
brookite (Fe,TiOs), pseudorutile (Fe,Ti;Og4), and
ilmenite (FeTiO;)] and metal oxides [anatase (TiO,
(A)), rutile (TiO, (R)), and hematite (FeO;)] were syn-
thesized using the sol-gel method and employing
acetic acid as chelating agent. The concentration of
the chelating agent plays an important role in the
determination of the molecular structure and the
coordination complexes stability, influencing the
ability of the chelating agent to control the kinet-
ics of the sol-gel method reactions and favoring the
formation of mixed oxides above the formation of
simple oxides. These findings were supported by the
proposal of reaction mechanisms. The synthesized
materials were able to photooxidize a higher per-
centage of CN™ than a TiO, sample. Enhanced pho-
tooxidation outcomes can be achieved through the
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implementation of particle size treatment to increase
the surface area of the synthesized materials. The
iron titanates content positioned the energy bandgap
within the range of 2.31 to 2.90 eV, facilitating the
activation of the materials under visible light and
enabling the degradation of CN™. A mathematical
analysis confirmed that iron titanates were the crys-
talline phase that most influenced the photocatalytic
performance of the synthesized materials.
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