Ym

Journal of
MATERIALS RESEARCH

DOI:10.1557/543578-022-00885-8

®

Check for
updates

Easy way to produce iron-doped titania nanoparticles
via the solid-state method and investigation their

photocatalytic activity

! Department of Chemical Engineering Materials Environment & UdR INSTM, Sapienza-Universita di Roma, Via Eudossiana 18, 00184 Rome, Italy
% Address all correspondence to this author. e-mail: domenico.rosa@uniromal.it

Received: 24 June 2022; accepted: 23 December 2022; published online: 11 January 2023

This study focuses on the synthesis of iron-doped TiO, nanoparticles “via solid-state” method, as an
alternative to the more common doping strategies, with different iron content (0.5, 1.0, 1.5, and 2.0

wt%) using commercial titania Degussa P25 and TiO, synthesized (sTiO,) via microemulsion method. The
samples were characterized by SEM, BET, UV-Vis-DRS, and XRD. The photocatalytic activity was evaluated
in terms of methylene blue (MB) degradation in aqueous solution under visible radiation (LED lamp 13 W)
and under different conditions (pH, catalyst dosage, pollutant initial concentration, irradiance). The tests
showed a big difference between sTiO, and Degussa 25. The sTiO, with an iron load of 1.0 wt% (1% Fe-
TiO,) has been proven to be the best photocatalyst. This behavior is attributed to the Fe3* species in sTiO,

crystal lattice whose presence decreases the bandgap.

The current trend in scientific research aims at the synthesis of
photocatalytic nanomaterials activated by visible light [1], to be
employed in the removal of recalcitrant pollutants (drugs and
dyes) from wastewater [2, 3]. The most important photocata-
lysts are semiconductors which possess a valence band (with
full electron) and a conduction band (with higher energy and
no electron) with a definite bandgap. The ideal process can be
represented in four steps (Eqgs. 1-4). The first process involves
the adsorption of light of a certain wavelength by a photocata-
lyst and the formation of electron-hole pair due to the elec-
tron excitation from the valence band (VB) to the conduction
band (CB) (Eq. 1). The excited electrons can react with electron
acceptors such as O, on the catalyst surface or dissolved in water
and reduce it to form superoxide radical anion O,-~ (Eq. 2). The
holes can scavenge H,O molecules on the surface of the nano-
particle to generate -OH radicals (Eq. 3) which, due to their
high oxidative power (2.8 eV), are able to mineralize organic

compounds by producing CO, and water (Eq. 4).

Semiconductor + kv — ey + hig, (1)

ecp +02 = Oy, )
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hip + H,0 — HT + OH,, 3)

Organic compound + OH — CO; + H;0,. 4)

The most widely used photocatalyst is titanium dioxide
(TiO,) [4, 5] which is economic [6], non-toxic, available, chem-
ical inert, with high photocatalytic activity [7] as claimed by
many authors [8-10]. Schematic photochemical activation of
titania is represented in Fig. 1.

However, titania has a bandgap quite high (3.2 eV) and it
works only under UV radiation (which is expensive and danger-
ous for human health). To overcome this problem, it is possible
to modify titania using many types of dopants, both non-metals,
and metals, but often expensive or hard-to-find reagents are
used (for example Er [10], Nd [11]). Doping with iron is cheap
and effective to adopt [12, 13] because it reduces the bandgap
of titania and easily penetrates the crystal lattice effectively
replacing titanium because they have a similar atomic radius.
However, even this approach is not without problems because
complex and expensive doping strategies are used (hydrother-
mal magnetization [14], sol-gel method/ultrasound-assisted
synthesis [15], plasma-assisted oxidative pyrolysis [16]). Thus, in

this work an alternative iron doping strategy has been proposed,
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Figure 1: Schematic representation of the photochemical activation of
titania and formation of the radical species (hydroxyl and superoxide
radicals).
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Figure2: XRD patterns for sTiO, and samples with different iron content,
(0.5% Fe-TiO,, 1% Fe-TiO, and 2% Fe-TiO,). A: anatase; R: rutile; H:
hematite.

which is easy, effective, and does not produce any residue, the
“solid-state” method.

XRD analysis: crystal phase transformation
and identification

The crystalline structure of the sTiO,-based photocatalysts was
determined by XRD analysis, and the patterns are shown in
Fig. 2. The pure TiO, sample consist mainly of anatase (25.6°)
phase and rutile (27.3°) is present only in little amount. The
diffraction peaks ascribed to rutile gradually intensifies in Fe-
doped samples to the detriment of anatase, which is largely con-
verted at high iron contents (2%). This indicates the doping of Fe
can promote the anatase-rutile phase transformations. Indeed,
iron species (Fe**) can significantly promote the anatase-rutile

transition process [17], causing the generation of relaxation of

©The Author(s) 2023

apical Ti-O bonds [18]. Furthermore, at the highest iron loading
(2%) small amounts of hematite phase (Fe,O;) is also detected
(33.0°) meaning that not all the Fe** was able to enter the titania
crystal lattice on substitutional sites but it formed a separate

phase.

UV-Vis diffuse reflectance spectra

The results of UV-Vis-DRS analysis on Fe-TiO, and Fe-P25 are
shown in Fig. 3(a, b). The pure TiO, has a bandgap of 3.05 eV
which is consistent with the bandgap of pure anatase (3.20 eV).
The diffuse reflectance spectra of all Fe-TiO, samples exhibited
a redshift (to the left). The addition of Fe increased absorption
in the visible-light range leading to a decrease in the energy
bandgap [Fig. 3(b), Table 1] thanks to Ti** substitution by Fe**
in the TiO, lattice that forms bands located near the bottom of
the conduction band [15].

As the iron content increases (>0.5%), the left side of the
bell tends to rise; another phase distinct from TiO, is formed,
an iron oxide (thus a composite material). In the case of the
2% Fe-TiO, sample, the formation of a third phase can be seen
due to the presence of a third peak (slightly lower than that of
titania), probably another iron oxide.

These results revealed that the iron ions are indeed incor-
porated into the lattice of TiO, because the ionic radius of Ti**
(0.68A°) and Fe* (0.64A°) are almost the same and Fe>*

can enter the crystal structure of titania [16, 17].

ions

Bandgap energy was estimated from a plot of (athv)” vs pho-
ton energy (hv). The intercept of the tangent to the plot gives a
good approximation of the bandgap energy for TiO, and the
results are reported in Table 1.

For the P25 sample, the doping did not show the same effect
and the modification was not as effective as for TiO,. It is possible
to observe a shift of the peak toward lower values with the addition
of iron, but without a significant modification in the values that
remained almost constant for all three samples (0.5% Fe-P25, 1%
Fe-P25, and 2% Fe-P25). With the increase of the iron content,
the bell widened, and the left branch tended to rise: Moreover,
at increasing iron content, starting from 1%, an iron oxide phase
appeared (Fe,O; [12]) and migration into the bulk of titanium
dioxide was not observed, there is not peak shift [Fig. 3(a), Table 1].

BET surface areas

The surface area, pore volume and pore size values from the
BET analysis were summarized in Table 1 where it could be
observed that the decrease of the surface area as the iron
content increases for the P25 samples was attributed to pore
occlusion while the synthesized TiO, had an opposite behav-
ior; in fact, as the iron content increases, the surface area

increased probably because of the iron oxides nanoparticles
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Figure3: Plot obtained by UV-Vis-DSR analysis for the (a) P25-based and (b) TiO,-based nanoparticles doped with different iron content. (c) N,
adsorption-desorption isotherm for P25 and (d) for synthesized TiO, with different iron content.

TABLE 1: The bandgap, surface area, pore volume, and pore size values of
samples P25, TiO,, and with different iron content.

Pore
BET surface  volume

Sample Bandgap (eV) area(m?qg) (cm’/g)  Poresize (A)
P25 3.20 52.69 0.12 70.83
0.5% Fe-P25 3.05 4419 0.29 314.40
1% Fe-P25 3.00 40.75 0.32 293.88
2% Fe-P25 2.82 36.07 0.24 254.66
TiO, 3.05 4.18 0.01 61.50
0.5% Fe-TiO, 2.81 8.01 0.03 64.24
1% Fe-TiO, 2.52 9.16 0.03 64.34
2% Fe-TiO, 2.41 10.86 0.03 50.62

can alleviate thermal sintering of the TiO, nanoparticles [13]
as supported by SEM investigations showing than Fe-TiO,

particles are smaller than pure TiO,.

©The Author(s) 2023

Figure 3(c, d) show the N, adsorption-desorption isotherms
for all samples. It can be observed that pure P25 is a mesoporous
material while the addiction of iron occludes the pores.

The adsorption isotherm for the sample P25 is a type
IV isotherm (according to the IUPAC classification of
adsorption isotherms) with a hysteresis cycle; instead, the
adsorption isotherms for the samples with iron are type III
isotherms, typical of poor interactions between adsorbate
and adsorbent material. This result was consistent with that
of the UV-Vis-DRS analysis: iron did not migrate into the
crystalline bulk of P25 but formed another phase that settles
on the surface of the nanoparticle occluding its pores [18].

For the TiO, sample, iron into the titania lattice modifies
the material. The adsorption isotherm for the pristine TiO, is
a type III curve, while adsorption isotherms for the samples
with iron are type IV curves, characteristic of mesoporous
materials [19] [Fig. 3(c, d)].
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TiO, and Fe-TiO, nanoparticles characterization (SEM)

In Fig. 4 SEM images of the titania nanoparticles are reported. The
synthesized nanoparticles appear spherical with an average size of
62.76 nm+ 16.74 nm [Fig. 4(a)] and with a homogeneous distri-
bution. The addition of a certain amount of Fe (0.5 wt%) did not
produce a morphological modification [12] but had a suppressive
effect on the growth of TiO, crystals (39.88 nm+5.51 nm) since
the additives hindered the contact between TiO, particles and
inhibited crystal growth during heat treatment [15] [Fig. 4(b)].

With the increase of the Fe content, a loss of the spheri-
cal form was detected, and the nanoparticles appeared more
agglomerated [Fig. 4(c, d)].

Photocatalytic degradation of MB

All the process parameters were tested one by one to find the
optimum condition for our system and analysis conducted with

'Imn

IC on the flow of liquid in contact with the sample (1% Fe-TiO,)
after calcination showed a residual chlorine concentration like
the amount present in the deionized water used in the present
work (0.33 mg/L) because chloride was completely removed in

thermal treatment.

Iron content

Preliminary experimental tests under visible radiation revealed
that the adoption of a Fe content in the range (0.5-1.5 wt%)
produced an increase in photocatalytic efficiency [Fig. 5(a)] as
suggested by the enhancement on MB removal from 35% of
pure TiO, up to 57% (Fe amount of about 0.5 wt%, 1.0 wt%,
and 1.5 wt%). This is because the dopant metal replaces TiO**
in the crystalline bulk of TiO, bringing improvements in the
photocatalytic activity of titania. Fe’* metal cations can act as
photogenerated positive hole-electron pairs [20] having the

characteristic of both charge donors and acceptors (Fe?*/3*).

Figure4: SEM micrographs for the samples (a) TiO,, (b) 0.5%Fe-TiO,, (c) 1% Fe-TiO,, (d) 2% Fe-TiO,.

©The Author(s) 2023
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Figure 5: Conditions: Solid: Liquid Ratio (g/L) 1:1, MB initial concentration 5 ppm, time 3 h, and Irradiance 9.4 W/m?. (a) Effect of catalyst type on MB

removal % pH 7. (b) Effect of pH on MB removal % with 1% Fe-TiO..

All these cations were used in low concentrations (typically
between 0.5 and 3.0% in moles) because if the doped metal ions
concentration increases too much, the photocatalytic activity
will decrease since the dopant could act as a recombination site
[3] and in addition, the formation of the second phase could be
observed (for Fe,O; it occurred at a charge above 2.0% [12]).

Employing the synthesis method proposed in paragraph 4.2
a Fe loading of 1.0 wt% allowed a suitable dispersion of iron
species.

A further increase in Fe content (1.5%) did not produce an
improvement in MB removal and this can be attributable to the
reduction of Ti content in the resulted catalyst and to the effect
of Fe** ions which can act as charge recombination centers, that
hinder the formation of radical species and subsequent oxida-
tion of pollutant molecules [13, 15, 16, 18].

Removal tests also showed that TiO, achieved higher
removal than P25. This result can be attributed to the pres-
ence of more structural defects in the TiO, synthesized than
P25 (hydrogen inclusion, anion vacancies, reduced Ti species,
atom displacements from pure phase positions, etc.) as already
observed in another study [9].

As a result of these preliminary tests, subsequent tests were
performed with 1% Fe-TiO,.

pH

To optimize the operative conditions during the photocatalytic
tests, the effect of MB solution pH was analyzed in the range
from 4 to 10 and the results are shown in Fig. 5(b).

Results showed that photocatalytic degradation was
strongly affected by pH [Fig. 5(b)]. pH in fact is the con-
trolling parameter of the adsorption process (critical step
for an efficient photocatalytic degradation) of the organic
compound onto the photocatalyst surface, and hence, the
degradation reactions rely on the ionization state and also
on the surface charge of the photocatalyst and the pollutant

©The Author(s) 2023

compound [21]. In fact, the radical Hydroxyl, major respon-
sible for pollutant degradation, has a very short lifetime,
approx 70 ns, which it means can diffuse (from Einstein-
Smoluchowsky equation AX = +/2Dt, where diffusivity D is
2.3x107° cm?s™! for -OH radicals) through an average dis-
tance 180 A [22], which can only degrade the contaminant
adsorbed on or near the catalyst surface.

The optimal pH condition was found to be near a neutral
(pH 7), pH value at which the catalyst surface is found to be neu-
tral (the pH of zero-charge was estimated to be 7.1 +£0.3): lower
and higher values than 7 produced a detrimental effect on MB
removal because at acidic pH conditions catalyst surface could
be surrounded by positive charges of H" (Eq. 5) and, therefore,
repels cationic MB molecules, inhibiting them from reaching
active sites of TiO,. Under alkaline conditions (pH >7) the cati-
onic MB molecules might be covered by negative charges, which

repel the negatively charged catalyst surface (Eq. 6) [20].

TiOH + HY — TiOH;, (5)

TiOH + OH™ — TiO™ + H,0. 6)

Pollutant concentration

As regards the MB initial concentration, as expected, an increase
in MB concentration produced a slight decrease in MB removal
from 5 to 15 ppm [Fig. 6(a)] thus suggesting a limiting effect
on radicals availability and a delay in MB degradation. At the
higher concentration (30 ppm) the degradation was significantly
penalized and this because freer radicals and oxidant species
for degradation are required and the dark color of the solution
affects light penetration [20, 23]. In addition, a large amount
of dye is adsorbed on TiO, particles which are prevented from
dye molecule reaction with free radical and electron-holes [19].
At 50 ppm of MB concentration, no degradation was measured
because of the prevention of photocatalytic reaction due to no
light penetration.
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Figure 6: (a) % Removal of MB and (b) first-order kinetic mechanism at different MB concentrations with catalyst dosage 1.00 g/L. (c) % Removal of
MB and (d) first-order kinetic mechanism at different catalyst dosages at initial MB concentration 5 ppm. Conditions: pH 7, Irradiance 9.4 W/m? with
1% Fe-TiO,. (e) % Removal of MB and (f) first-order kinetic mechanism at different irradiance values. Conditions: catalyst dosage 1.00 g/L, pH 7, MB

concentration 5 ppm with 1% Fe-TiO,.

Catalyst dosage

The MB removal increased with the increase of catalyst dosage
in the first hour of tests. After that, a plateau on MB removal
(45% after 30 min and 47% after 180 min) with a catalyst loading

©The Author(s) 2023

of about 2.00 g/L was recorded while, in the other tests, the MB
removal was ensured in the entire investigated time [Fig. 6(c)]
and the optimum was reached by using 1.00 g/L as catalyst load-
ing. The increase in the catalyst dosage contributes to the high
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activity because of the presence of more active catalyst sites at
higher concentrations, which contribute to the formation of
more hydroxide radicals [14, 23]. The presence of a high dosage
of a catalyst than 1.00 g/L (above the optimum value) turned
the solution to turbid, and this block, scatter and inhibits light
penetration for the reaction to proceed, therefore percentage
degradation of the MB decreases [1, 19, 20, 23]. The increase in
MB removal at 2.00 g/L in the first 60 min can be attributable
to the only adsorption mechanism and, even in the case of light
activation, the recorded removal was the result of the achieve-
ment of equilibrium conditions [1]. To support this evidence, a
1 h of test in dark was conducted and the same MB removal was
calculated (about 43%).

A further demonstration of such behavior is provided by
R? values (close to 1) reported in Table 2, which stands for the
correct fitting of linear-type data, typical of the photocatalytic
mechanism. Instead doing a linear fitting on the data using
2.00 g/L catalyst yields a value of R?=0.84, which means the
phenomenon did not follow pseudo-first-order kinetic therefore,
the removal of MB cannot be attributed to photocatalysis.

Irradiance

The effect of Irradiance is reported in Fig. 6(e) and as expected,
the increase in the light irradiance promoted the MB removal,
and at the highest irradiance value adopted the maximum MB
removal was calculated (80% in 3 h). The role of photocatalytic
activity on the removal of contaminant compared to adsorption
alone was evident (tests performed in the absence oflight, in 3 h
there is 30% removal).

As the irradiance increases, the photon flux incident on the
catalyst surface increases, thus increasing the frequency of posi-
tive hole-electron pair formation allowing for greater produc-
tion of hydroxide radicals available for contaminant degradation
[24] as described in Fig. 1.

TABLE 2: Kinetic constant and R? values for the photocatalytic degrada-
tion of MB at different MB concentrations.

MB concentra-  Catalystload-  Irradiance

tion (ppm) ing (g/L) (W/m?) k (min™") R?

5 1 9.4 0.0036 0.9503
10 1 94 0.0036 0.9371
15 1 9.4 0.0032 0.8659
30 1 9.4 0.0017 0.8757
5 0.25 9.4 0.0016 0.9292
5 0.50 9.4 0.0017 0.8927
5 1 81.6 0.0087 0.9933
5 1 414 0.0051 0.9510
5 1 17.6 0.0041 0.9190

©The Author(s) 2023

Occurrence of radical mechanism

To investigate the role of the main active radical species respon-
sible for the degradation of contaminant, the photocatalytic test
at 1.00 g/L as catalyst loading and 9.4 W/m? was repeated by
adding 0.015 mL of a solution of 20.7 mM of tert-butyl alcohol
as -OH scavenger. The results are reported in Fig. 7 were evident
the effect of TBA:

The removal of MB decreased drastically (from 57 to 20% in
3 h) with the addition of the scavenger.

This result confirmed the crucial role of the hydroxyl radi-
cal in dye oxidation [18, 23, 25]. The MB removal in tests with
TBA was comparable with the effect of the only adsorption
mechanism on the catalyst surface [23, 25] which means other
radicals like superoxide (O, ) had a marginal role in pollutant
degradation [26].

Kinetic studies

Removal kinetics were also studied, and pseudo-first-order
kinetics (Eq. 7) was defined as a model that best describes the
experimental results collected [Fig. 6(b, d and f)].

Co _
ln(c—t) =kxt, (7)

where ¢, is the contaminant concentration at different times # (in
min), ¢, the contaminant concentration at time 0, and k the
apparent kinetic constant of reaction expressed in min~'. The
results of the apparent kinetic constant, as slope of the linear
data fitting where in the plots the time has been reported on the

x-axis and ln (%‘3) on the y-axis., are summarized in Table 2 and

are in line with many studies from the literature [12, 19, 20, 23,
27].

70
60 ---@--- 1%Fe-Ti02
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E .
Q
§30 3 @
20 | i i ~~~~~~ - ®
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Figure 7: Effect of the addition of TBA on the photocatalytic oxidation
of MB. Conditions: 1.00 g/L catalyst, MB concentration 5 ppm, pH 7, and
irradiance of 9.4 W/m? with 1% Fe-TiO,.
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The apparent kinetic constant revealed that the parameter
that strongly influences the process is irradiation intensity.
Although the values of the k are lower than those reported in
other works [21, 22], this effect is attributable to the low energy
of the source used (13 W respect to 150 [28] 210 [29] or 500 W

[26] usually adopted in similar works).

In this work, Fe-doped TiO, nanostructures were synthesized via
a zero-waste "solid-state” method to be used as photocatalysts in
visible light and performing better than commercial titania P25 in
the degradation of MB employed as a model contaminant. The 1%
Fe-TiO, sample proved to be the best performing. The effect of
various parameters such as pollutant concentration, catalyst dos-
age, pH, and irradiation on MB degradation was studied. Better
degradation efficiency was obtained using a pH 7 and catalyst dos-
age of 1.00 g/L. In addition, the degradation efficiency increased
as pollutant concentration decreased, and irradiance increased.
Irradiance was the parameter that most influenced the process.
To conclude, this research showed how it was possible to
synthesize a photocatalytically active material under visible light
with an effective, simple, inexpensive method of synthesis using a
zero-waste titania doping method, the parameters that most affect

the performance of the material were also clarified and explored.

Chemicals

Titanium diisopropoxide bis-acetylacetonate (75% in iso-
propanol, Alfa Aesar), Titanium dioxide Degussa P25
(Ti0,>99.5% Sigma Aldrich, P25) with purity of 99.9% and
particle size <41 nm, ethanol (absolute, >99.8%, Honeywell),
hexahydrated ferric chloride (FeCl, x 6H,0, Honeywell > 99%),
Methylene Blue (MB, C,(H,sN,SCl x 3H,0, Sigma Aldrich), and
20 mM Tert-butyl alcohol solution (>99.5% Honeywell). All the
chemicals were used without any further purification. Deionized

water was used as a solvent for preparing all necessary solutions.

Photocatalysts preparation

7.12 mL of Titanium diisopropoxide bis-acetylacetonate (75%
in isopropanol) and 20 mL of ethanol were mixed to form a
homogenous solution and then the solution was added dropwise
to 40 mL of deionized water and stirred for 4 h at 80 °C. After
that, the solid was washed several times with deionized water
and then dried overnight in an oven at 60 °C. Finally, the solid
was ground and calcined at 500 °C for 2 h.

Then, TiO, nanoparticles were modified via “solid-state”
method. sTiO, or P25 and a certain amount of FeCl; x 6H,0

©The Author(s) 2023

(0.5, 1.0, 1.5, and 2.0 wt% of iron content) were mixed by grind-
ing in a mortar. Then the mixture was calcined in a muffle fur-
nace for 3 h at 600 °C (Fig. 8).

Characterization

The aqueous solution (40 mL) in which the 1%Fe-TiO, sample
(1 g) was immersed for 2 days was analyzed by ion chromato-
graph (IC, Thermo Fisher Scientific) to check residual chlorine
release after calcification.

The crystalline phases and sizes were determined by X-ray
diffraction (XRD) using a Philips Analytical PW1830 X-ray dif-
fractometer, equipped with a Cu Ka (1.54056 A) radiation, in
the 20 range from 5° to 90° with a step size of 0.02° and a time
for step of 2 s. The data were collected with an acceleration volt-
age and applied current of 40 kV and 30 mA, respectively. The
crystalline phases in the resulting diffractograms were identified
through the COD database (Crystallography Open Database—
an open access collection of crystal structures [30]).

The semiconductors’ bandgap energy (E,) can be evalu-
ated from the diffuse reflectance (UV-Vis-DRS) spectrum.
Diffuse reflectance UV-Vis spectra (UV-Vis-DRS) to deter-
mine the bandgap of the photocatalysts were carried out
on a dry pressed disk sample using a spectrophotometer
(AvaSpec-2048, Avantes) equipped with a halogen lamp
with a tungsten filament (HL-2000 FHSA, Avantes) as a light
source. The spectrometer is composed of a diffraction grating
of 300 lines/mm, blazed at 500 nm, and a CCD linear sensor
(2048 pixels). The reflectance measurements were collected
with a spectral resolution of 0.8 nm between 300 and 1100 nm
with an integration time of 40 ms and 100 scans. The samples
were illuminated at 45° with a bifurcated fiber (diameter of
600 pm), connected to the halogen lamp, and the reflected
light was collected with a 200 pm diameter fiber at 90° with
respect to the surface (45°/0° geometry). A Spectralon stand-
ard (Labshere SRS-99-010, 99% reflectance) was taken as a
reference for the reflectance spectra.

The optical gap value (E,) of semiconductors (Table 1) is
estimated relying on the Kubelka-Munk method combined with
the Tauc relation by the intercepts at a =0 of the linear portion
of the (ahv)? versus hv of plots.

BET-surface area was calculated from the BET plot deter-
mined by N, adsorption-desorption isotherms acquired
at—196 °C using a Micromeritics Triflex analyzer (Micromerit-
ics Instrument Corp.). The adsorption-desorption N, isotherms
were acquired in the p/p° range from 0.01 to 0.99. Samples were
previously outgassed at 200 °C overnight. The BET and BJH
equations were used to determine the specific surface area, pore
volume, and average pore diameter, respectively.

The morphology of materials was observed by scanning
electron microscopy (SEM). SEM images were recorded with a
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Figure8: (a) Grinding in the mortar, (b) 1% Fe-TiO, before calcination, (c) 1% Fe-TiO, after calcination.

High Resolution-Field Emission Scanning Electron Microscope
(HR-FESEM, AURIGA Zeiss) operated at 15 kV. The evaluation
of nanoparticles’ diameter was conducted by using the Image]
software. All measures, recorded manually, have been elaborated
to define an average value and a standard deviation for at least

50 nanoparticles.

Photocatalytic evaluation

The experiments were performed in glass bechers filled with
20 mL of methylene blue (MB) aqueous solution (5 ppm,
10 ppm, 15 ppm, 30 ppm) and different amounts of photo-
catalyst (0.25 g/L, 0.50 g/L, 1.00 g/L, 2.00 g/L). Moreover, the
effect of pH (4, 6, 7, 8, 10) and irradiance (9.4 W/m?, 17.6 W/
m?, 41.4 W/m?, 81.6 W/m?) were investigated. The photocata-
lyst suspensions were stirred during the experiments with a
mechanical stirrer at a constant rate of 400 rpm. The light source
adopted was a 13 W LED visible-lamp Osram. Before measure-
ments, the aqueous suspension was maintained in the dark for
30 min to attain adsorption-desorption MB equilibrium.
During the photocatalytic tests, MB concentration
was determined by UV-vis spectrometry (PG Instruments
T80 + UV/Vis spectrophotometer) analysis by measuring the

©The Author(s) 2023

absorbance at 664 nm. At a specific time (30 min, 60 min,
120 min, 150 min, 180 min), prior to separation of the catalyst
from the solution.

In the result analysis, the removal rate of MB was calculated
as following:

_ Ay — A(t) y

= 100,
" ®)

where 7 is the MB removal efficiency, A is the MB absorbance
after the adsorption/desorption equilibrium was achieved, and
A(t) is the MB absorbance of the solution at a specific time ¢.

Tert-butyl alcohol was used as a scavenger to confirm the
occurrence of the radical -OH.
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