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Abstract: This study investigates the effect of iron-modified nano-TiO,, using the co-precipitation
method with different concentrations of FeCls (0.1, 1, and 10%), to improve its photocatalytic proper-
ties for outdoor applications. To this end, modified and unmodified nano-TiO, were characterized
using different techniques. The optical properties were characterized by diffuse reflectance spec-
troscopy (DRS) followed by band gap calculation. X-ray diffraction (XRD) was used to analyze the
crystalline structure. Chemical and morphological characterization were carried out using energy-
dispersive X-ray spectroscopy (EDS) and scanning electron microscopy (SEM). The photocatalytic
activity was investigated by decolorizing Rhodamine B aqueous solutions under similar sunlight
irradiation. The results indicate that the modification improved light absorption in the UV range for
all iron concentrations; however, only the concentration of TiO,: FeClz (10%) shifted the absorption
to the visible region. Also, including Fe3* in TiO, decreased the band gap energy from 3.14 to up
to 2.80 eV. There were variations in crystallite size from 21.13 to up to 40.07 nm. The nano-TiO,
morphology analysis showed that it did not change after iron modification. EDS showed an FeCl3
peak only at higher concentrations (10%). In addition, the 0.1% Fe-modified TiO, exhibited the
highest activity in the photocatalytic process, with an efficiency of 95.23% after 3 h of irradiation.

Keywords: TiO,; photocatalytic degradation; iron modification; semiconductor material; co-precipitation
method

1. Introduction

Heterogeneous photocatalysis has been widely studied for outdoor applications due to
its capability to remove various pollutants and pathogenic microorganisms [1]. In different
areas, incorporating photocatalytic materials is promising in addressing sustainability,
cost reduction, and safety issues. In civil engineering, for example, the application of
semiconductors is being studied on substrates such as facades, road pavements [2], and
even road markings [3]. For these substrates, the photocatalytic process can contribute to air-
cleaning. It can also reduce the accumulation of dirt on facades, minimizing maintenance
costs and enhancing the aesthetics of the surfaces [4]. Similarly, self-cleaning road marking
can reduce costs and improve road safety by breaking down oils and greases normally left
behind by vehicles [3].

Titanium dioxide nanoparticles (nano-TiO,) are commonly used in heterogeneous pho-
tocatalysis to promote the oxidation of organic and inorganic pollutants in the atmosphere
or aqueous environments [5]. The oxidation process begins when this semiconductor
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material absorbs light energy, creating an electron-hole pair that initiates photocatalytic
reactions. These reactions can degrade harmful pollutants into less harmful by-products [6].
Previous studies recognize the advantages of using nano-TiO,, such as its high oxidizing
capacity, low cost, and stability [7].

However, the pollutant degradation rate is limited to the absorption of the energy fraction
corresponding to the ultraviolet (UV) range, which represents only 3-4% of the solar spectrum.
This limitation is attributed to the large band gap of nano-TiO; (Eg > 3.0 eV), covering the
wavelength of light below 400 nm [8]. To overcome this issue, the literature highlights the
potential of modifying TiO, with metals such as iron (Fe*), nickel (Ni*2), cobalt (Co*?), and
others [9]. Modifying nano-TiO; creates an intermediate band within the band gap, enabling
the absorption of lower-energy photons and enhancing the material’s ability to utilize a
broader spectrum of light.

This increases light absorption to higher wavelengths within the visible range (400-700 nm),
enhancing the degradation rate of pollutants in outdoor applications since around 48% of sunlight
falls within this range. Specifically, Fe** has a similar ionic radius to Ti** and is highly compatible
for incorporation into the crystal lattice of TiO, [10]. Also, the presence of Fe3* introduces two
new energy levels into the band structure of nano-TiO,: the oxidation level (Fe** /Fe>*) above
the valence band and the reduction level (Fe** /Fe?*) below the conduction band of the pure
semiconductor. When the semiconductor is activated, the first step is the formation of Fe*? by the
transfer of photogenerated electrons from nano-TiO; to Fe3* (Equation (1)). Due to the instability
of Fe?* resulting from the loss of the electronic configuration of the 3d° orbital, it reverts to Fe>*
by reaction with molecular oxygen (adsorbed on the surface of nano-TiO,), which leads to the
formation of highly reactive superoxide anions (Equation (2)). Similarly, in the Fe* /Fe** level,
the Fe** also acts as a hole trap, resulting in oxidation to Fe** (Equation (3)). As a result, the Fet**
ion reacts with a hydroxide ion (OH™) on the TiO, surface, resulting in the reduction from Fe** to
Fe?* and the formation of a hydroxyl radical (OH®) (Equation (4)) [11].

Fet + e~ —Fe?* 1)

Fe?* + Op(aqs)—Fe®* + 02°~ 2)
Fe* + h*—Fe* (3)

Fe*t + OH™ —Fe®t + OH® (4)

Although modification with Fe®* can improve the pollutant rate degradation of TiO,,
its photocatalytic efficiency is also influenced by other factors. These include the mod-
ification method, the physical properties of the semiconductor, and the amount of iron
incorporated into the TiO; lattice [12].

The literature reports a wide range of optimum iron contents, between 0.05 and 20 at%,
which have achieved the best efficiencies [13]. In addition, different methods are employed
to modify nano-TiOj, such as sol-gel [14], co-precipitation [15], and hydrothermal meth-
ods [16], among others. Ambrus et al. [13] point out that, depending on the modification
method, the iron ions can occupy different positions in the nano-TiO; and influence the
optimum amount used. Usually, sol-gel is the primary method chosen due to its efficiency
in modifying nano-TiO, [17]. However, the co-precipitation method is simple, robust,
reliable, low-cost, and requires a short time to modify nano-TiO, [18].

The number of studies published on iron-modified TiO; by the co-precipitation method
for photocatalytic purposes highlights its relevance in the literature. For example, Mahen-
dran, V. and Gogate, PR. [19] used the ultrasound-assisted co-precipitation method using
Titanium (IV) isopropoxide (TTIP) (98%) and ferric nitrate nonahydrate [Fe(NO3)3-9H,0]
(98%) to obtain Fe-modified TiO,. The authors compared this approach with the conven-
tional co-precipitation method (without ultrasound). They found that the optimum Fe
modification concentration in the Fe-modified doped TiO, catalyst is 0.4 mol%, which
achieves a degradation rate of 48.2% for the Acid Scarlet 3R dye, higher than the 34%
degradation observed with the conventional method.
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Similarly, Ma, Jinzhu et al. [20] combined Fe(NOj3)3-9H,0O (>98%) with Ti(SO4);
(>96%) to synthesize the nanoparticles, comparing co-precipitation, homogeneous precipi-
tation, and wet impregnation methods to determine the most effective photocatalyst for
NO removal. The results show that the Fe 0.1% T concentration had better photocatalytic
activity, achieving 45-60% NO removal and 38% NO conversion, compared to pure TiO;.
The study also identified co-precipitation as the best approach for preparing Fe/TiO,,
showing the highest NOy conversion activity.

In the work of Lucas, S.S. et al. [21], co-precipitation was employed to modify a
commercial nano-TiO,, which was then incorporated into a mortar substrate to evaluate its
efficiency in NOy degradation. The authors primarily focused on the practical application
of the iron-modified TiO; in the substrate and did not provide a detailed characterization
of the photocatalyst. This approach appears as the less-explored aspect of applying the
co-precipitation method when considering the incorporation of iron into commercial TiO;.

This work aims to comprehensively characterize iron-modified TiO, obtained by
the co-precipitation method using an already synthesized commercial TiO,. The novelty
lies in the modification of pre-synthesized TiO, rather than the incorporation of iron
during its initial synthesis, also considering the use of lower amounts of iron, as reported
in the literature. Thus, the effects of nano-TiO, modified on optical, structural, chemical,
morphological properties, and photocatalytic activity will be analyzed. To this end, different
aqueous solutions of FeCl; were added to aqueous suspensions of commercial nano-TiO,
concentrations of 0.1, 1, and 10%, and the changes that occurred will be studied. FeCls
was used as a precursor for iron due to some advantages such as solubility in water [22]
and other solvents, compatibility with the co-precipitation method [23,24], low cost, and
non-toxicity [25].

2. Materials and Methods
2.1. Materials

The materials used were the following: (i) Nano-TiO, (Aeroxide TiO, P25) from
Quimidroga (Barcelona, Spain); (ii) Iron chloride (FeCls) and (iii) Rhodamine B from Merck
(Algés, Portugal); and (iv) Distilled water.

2.2. Methods
2.2.1. Modification Process

The co-precipitation method was used to modify nano-TiO,. Firstly, a solution using
1 g of nano-TiO; and 100 mL of distilled water was prepared. Similarly, aqueous solutions
of FeClz were also prepared at different concentrations. The amount of FeClz was calculated
relative to the amount of TiO,, e.g., 0.1% of FeCls relative to 1 g of TiO, corresponds to
0.001 g of FeCls, dispersed in 100 mL of water. Thus, the three solutions prepared were
0.1% FeCls, 1% FeCl3, and 10% FeCls. Secondly, each solution of FeCl3 was mixed with one
solution of nano-TiO, and stirred at 70 °C for 150 min [21]. The mixed solution was then
filtrated and washed with distilled water. Washing is important to remove the chlorine and
keep only the iron in the modification process. Finally, the mix was dried at 60 °C to obtain
nano-TiO, modified with Fe3*. The prepared TiO,:FeCls concentrations was TiO;:FeCls
(0.1%), TiOy:FeCl3 (1%), and TiO,:FeCls (10%).

2.2.2. Diffuse Reflectance Spectroscopy (DRS)

Diffuse reflectance spectroscopy (DRS) was used to characterize the optical properties
before and after the modification process of nano-TiO,. DRS was performed using a
spectrophotometer (UV-310 PC, Shimadzu, Kyoto, Japan) with an integrating sphere. The
reflectance (R) was recorded from 250 to 850 nm. Barium sulphate (BaSO4) was used as a
baseline for the reflectance spectra.
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From the results obtained for the reflectance (R), the light absorption of the nano-TiO,
was then determined using the Kubelka-Munk function, F(R), defined by Equation (5):

FR) = [(1 — R)*/2R] =K/S (5)

K and S are the absorption and scattering coefficients of Kubelka-Munk [26]. The
incident photon energy (E) is obtained by the relation E = (1239.7/A), where E is eV (electron
volts), and A is the wavelength in nm.

Thus, the band gap (Eg) values were calculated from the linear fits to the plot of [F(R) x
E]'/2 versus E. This involves drawing a tangent line at the curve’s inflexion point, and the value
where this tangent line intersects the horizontal axis is taken as Eg.

2.2.3. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

The morphology and chemical composition of the nanoparticles were characterized
by scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). SEM
images and EDS analyses of the modified and unmodified nano-TiO, were obtained using
a nano-SEM (Nova 200, FEI Company, Hillsboro, OR, USA) operated in a high vacuum at
an accelerating 10 kV. The SEM system is integrated with an EDS (EDAX Pegasus X4M,
Gatan, Pleasanton, CA, USA).

2.2.4. X-ray Diffraction (XRD)

X-ray diffraction (XRD) was used to investigate the changes in the crystalline structure
of the modified and unmodified nano-TiO,. Using an X-ray diffractometer (D8 Discover,
Bruker, Carcavelos, Portugal), the X-ray diffraction data were recorded using CuK« radia-
tion (A = 1.5406 A) and between a range of 20 from 5° to 65°. Data from the obtained XRD
patterns were used to determine the crystalline phase, crystallite size, lattice parameters,
unit cell volume, and weight fraction anatase of nano-TiO;.

The crystalline phase was identified from the peaks measured by XRD and known in
the Inorganic Crystal Structure Database (ICSD) PDF 01-070-6826 (anatase), PDF 03-065-
1119 (rutile), and PDF 01-077-0999 (iron (III) chloride). The crystallite size was estimated by
applying the Debye-Scherrer equation:

D=(K x A)/p X cosd (6)

where D is the average crystallite size in nm; K = 0.94; 3 is the half-height width of the
diffraction peak; A = 1.5406 A; and 0 is the diffraction angle.

The lattice parameters were determined using Bragg’s law (Equation (7)) and Equation
(8), applicable to a hexagonal structure (a = b # c). The unit cell volume was calculated
according to Equation (9).

d =A/(2sinb) (7)
1/d2= 0>+ K> +1%) x 1/a% 8)
v=a’xc )

Finally, the anatase weight fraction (Xa) was calculated using the method proposed
by Spurr and Myers [27], according to Equation (10).

Xa =1/(1+1.26 x (Ix/15)) (10)

I is the rutile phase’s peak intensity, and I, is the peak intensity of the anatase phase.
All the parameters were calculated using the two most intense peaks of the TiO, phases [15].

2.2.5. Photocatalytic Efficiency Assessment

The photocatalytic efficiency of modified and unmodified nano-TiO; was analyzed by
the degradation of Rhodamine B (RhB). This test consisted of preparing a 50 mg solution
of nanoparticles in 50 mL of aqueous RhB solution at 2 ppm. The solutions were then
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placed in a customized box containing a lamp that simulates solar radiation. For the test,
all solutions were kept in the dark for 2 h and exposed to light for 3 h. The dark period
was used to evaluate the dye adsorption by the nanoparticles without the influence of the
photocatalytic process.

To analyze the photocatalytic degradation of the RhB solutions, their maximum ab-
sorbance values obtained at different time intervals (0.166, 0.5, 1, 1.5, 2, 2.5, and 3 h) were
monitored. The decrease over time in the maximum absorbance of the solution indicates
the decomposition of RhB caused by the photocatalytic process. Thus, for each time inter-
val, 5 mL of the solutions was centrifuged at 6000 rpm for 30 min to decant the material,
which remained at the bottom of the container. Subsequently, 3 mL of the centrifuged
dispersions was removed and placed in cuvettes to measure the absorbance of the dye
using a spectrophotometer (SanSpecUV-Vis) over a wavelength range of 400-800 nm. The
photocatalytic efficiency was determined from Equation (11):

® (%) = (Ag — A) x 100/A (11)

where @ is the photocatalytic efficiency, while A and A represent the maximum absorption
of the RhB solution (554 nm) for time “t” and 0 h after irradiation, respectively.

3. Results
3.1. Diffuse Reflectance Spectroscopy (DRS)

Figure 1 shows the Kubelka—-Munk function of nano-TiO; and iron-modified nano-
TiO; as a function of the light wavelength. The results for nano-TiO, demonstrate that it
absorbs light only at wavelengths shorter than 400 nm (i.e., in the UV region), as reported
in the literature. The modified TiO, showed improved absorption in this UV region for all
concentrations of FeCls. However, only the highest iron concentration (10% FeCls) showed
a significant absorption edge shift, extending into the visible region and reaching up to
600 nm of wavelength.

—=— Nano-TiO, (Reference)

oo *—0.1% FeCl,
agt —v— 1% FeCl,
&~ o
= —+—10% FeCl,
2
14
04
300 400 500 600 700 800
Wavelength (nm)

Figure 1. Kubelka-Munk absorbance spectra of TiO; (reference) and TiO, modified with 0.1, 1, and
10% of FeCl;.

In Figure 2, nano-TiO; showed a band gap of 3.14 eV larger than the modified nano-
TiO;. The lowest band gap energy was found for the highest FeCl3 concentration of 10%,
with a value of 2.80 eV. The concentrations of 0.1%FeCl; and 1%FeCl; exhibited a reduction
in the band gaps very close to 2.94 and 2.99 eV, respectively.
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Kubelka - Munk transform, [F(R)xE]l/2
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Figure 2. Band gap energy of TiO; (Reference) and TiO, modified with 0.1, 1, and 10% of FeCls.

3.2. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

The SEM analyses of nano-TiO,, 0.1% FeCls, 1% FeCls, and 10% FeCls are shown in
Figure 3. Particle agglomeration and random distribution were observed in both unmodified
and modified nano-TiO,.

(d)

Figure 3. SEM micrographs of (a) TiO; (Reference) and TiO, modified with (b) 0.1% FeCls, (c) 1%
FeClsz (1%), and (d) 10% FeCls.
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The results of the EDS analysis are shown in Figure 4. They confirm the presence of Ti
and O in all nano-TiO, samples. However, iron (Fe) was not detected in the samples with
0.1% FeClsz and 1% FeCls concentrations.

Element Wt (%) Element Wt (%)
Titanium (Ti) 65.49 " Titanium (Ti) 56.24
Oxygen (O) 34.51 Oxygen (O) 43.76

() (b)

Element Wt (%)
Element Wt (%) Titanium (Ti) 58.36
Titanium (Ti) 57.16 Oxygen (O) 38.25
Oxygen (O) 42.84 o Chlorine (Cl) 0.39
Iron (Fe) 3.00
(0) (d)

Figure 4. EDS spectra of (a) TiO, (reference) and TiO, modified with (b) 0.1% FeCls, (c) 1% FeCls
(1%), and (d) 10% FeCls.

3.3. X-ray Diffraction (XRD)

Figure 5 shows the XRD spectra. The presence of anatase and rutile phases in nano-
TiO; can be observed. For the anatase phase, the two most intense peaks appeared around
the diffraction angles of 25.42° and 48.23°, corresponding to A (101) and A (200). In
the rutile phase, the two most intense peaks were observed at about 27.47° and 62.56°,
corresponding to R (110) and R (002). The FeCl; diffraction peaks were not present in the
iron-modified TiO.

The estimated crystallite size is shown in Table 1.

Table 1. The crystallite size of TiO, (reference) and TiO, modified with 0.1, 1, and 10% of FeCls.

Crystallite Size (nm)
Composition -
Anatase Rutile
Nano-TiO, 21.13 26.39
0.1% FeCls 23.57 40.07
1% FeCl3 25.35 29.57
10% FeCls 23.19 27.76

The lower concentrations of 0.1% FeCls and 1% FeClj result in an increase in the
average crystallite size. However, at a 10% FeCl; concentration, the crystallite sizes of
anatase and rutile decrease again compared to 0.1% and 1% FeCl; concentrations.

The lattice parameters, unit cell volume, and weight fraction of anatase (X5 ) are shown
in Tables 2 and 3.
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Figure 5. X-ray diffraction patterns of TiO, (reference) and TiO, modified with 0.1, 1, and 10% of
FeCl3.

Table 2. Lattice parameters of TiO, (reference) and TiO, modified with 0.1, 1, and 10% of FeCls.

Lattice Parameters (A)

Composition Anatase Rutile
a c a c
Nano-TiO, 3.79 9.52 4.59 2.96
0.1% FeCls 3.78 9.08 4.57 2.95
1% TiO, 3.77 9.19 4.57 2.95
10% FeCl3 3.76 9.30 4.56 2.95

Table 3. Unit cell volume and weight fraction of anatase of TiO, (reference) and TiO, modified with

0.1, 1, and 10% of FeCl;.
Unit Cell Volume (A%) X
Composition - A
Anatase Rutile
Nano-TiO, 136.73 62.49 73.36
0.1% FeClg 129.70 61.79 74.73
1% FeCls 130.68 61.62 72.71
10% FeCly 131.71 61.18 68.81

Lattice parameters and unit cell volume show a slight reduction after modification of
nano-TiO;.

3.4. Photocatalytic Efficiency Assessment

Figure 6 shows the photocatalytic efficiency of unmodified and modified nano-TiO,
with 0.1%,1%, and 10% concentration percentages of FeCls. It is observed that, after 3 h of
irradiation, all the modified samples showed a photocatalytic efficiency above the unmodified
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samples, which reached 80% efficiency. Notably, the nano-TiO, with the highest FeCl;
concentration (10%) showed the lowest photocatalytic efficiency at up to 2.5 h of the test.

100 ~

x
=]
1
\
\

o)
(=]
1

S
o
1

—=— Nano - TiO,(Reference)
—e—0.1% FeCl,
—v— 1% FeCl,
¢ 10% FeCl,
0+ T T T T T T
1 ) 2
Time (h)

N
(e}
1
L
\
\
\

Photocatalytic efficiency (%)

Figure 6. The photocatalytic efficiency of TiO; (reference) and TiO, modified with 0.1, 1, and 10% of
FeCl3.

The sample corresponding to 0.1% FeCls achieved the best performance, which ob-
tained a photocatalytic efficiency of 95.23%.

4. Discussion

Modifying nano-TiO, with FeClj led to changes in its optical properties, notably en-
hanced light absorption in UV and visible regions compared to pure TiO,. These changes
are influenced by the amount of iron incorporated. Specifically, the higher iron concentra-
tion (10%) resulted in a shift in absorption to longer wavelengths, reaching up to 600 nm.
This shift was also accompanied by a decrease in the energy band gap (Eg) values with
increasing iron concentration, consistent with findings reported in previous studies [14,28].
Medina-Ramirez et al. [28] described this decrease in the energy band gap as a result of
the formation of additional energy levels within the band gap: above the valence band
(Fe** /Fe®*) and also an energy level (Fe>* /Fe?*) below the conduction band of TiO,. These
observations show that the modification process altered the optical properties of nano-TiO,
due to the possible replacement of Ti** with Fe*.

Morphological analysis showed no significant changes after modifying nano-TiO;,
with all the samples displaying a similar distribution and agglomeration patterns. Also, the
inability to observe distinct TiO, and Fe particles suggests that a chemical reaction occurred
during the modification process, leading to the formation of single particles [15].

In the chemical analysis, Fe was undetectable in samples containing 0.1% and 1%
FeCls. This absence can be attributed to the low concentration of Fe3*, which is below the
detection limit of the EDS method. For example, in the study by Medina-Ramirez et al. [28],
the researchers varied the amount of Fe ions in the modification process, resulting in
an EDS detection of 0.45 wt% Fe for a concentration of 1% Fe3*. In this study, the 1%
refers to the FeCl3 compound and not directly to Fe ions, suggesting that the actual Fe
concentration may be too low to be detected. To overcome the problem of not detecting Fe
at the lowest concentrations, the acceleration voltage of the EDS system was increased to
25 kV. However, the integration error, i.e., the uncertainty associated with the count of X-ray
photons detected for the element Fe, was high (over 13%). Therefore, alternative methods,
such as atomic absorption spectrometry (AAS) or X-ray photoelectron spectroscopy (XPS),
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may be more suitable for detecting and quantifying these low concentrations of Fe. In
addition, chlorine (Cl) was also detected at the 10% FeCl; concentration, which was not
entirely removed by the washing process.

Regarding structural analysis, there are no evident changes in the crystalline phase
after the modification of nano-TiO,. However, a decrease in the intensity of the peaks
of Anatase and Rutile occurred, which also reduced their half-height width and induced
variations in crystallite size. Also, the absence of Fe peaks may indicate that the iron was
successfully integrated into the TiO; lattice or dispersed over the TiO, surface in amounts
too small to be detected by the XRD method [7]. In addition, the variations in crystallite
size correlate with the amount of FeClz used in the modification process. The increase in
iron concentration showed a reduction in crystallite size. This trend is consistent with the
findings of Ambrus et al. [13]. Similarly, Wahyuni et al. [14] reported that the crystallite
size tends to decrease as the concentration of Fe®* increases. Lattice parameters, unit
cell volume, and weight fraction of anatase (XA) also showed slight changes. This lattice
distortion in TiO, was attributed by Pongwan et al. [12] and Medina-Ramirez et al. [28] to
the replacement of titanium ions for iron due to Fe>* substituting for Ti** in the TiO, lattice.

Concerning photocatalytic activity, the inclusion of iron improves the photocatalytic
degradation activity of the nano-TiO, by extending the lifetime of the electrons and holes,
reducing the chance of recombination. Recombination occurs when an electron returns to
the hole, releasing energy as heat and decreasing photocatalytic efficiency. When Fe3* is
introduced into TiO,, the new intermediate energy states temporarily trap these charge
carriers, reducing recombination. This results in a greater generation of reactive radicals,
such as hydroxyl and superoxide, which are fundamental to the degradation of pollutants
during photocatalysis [8]. In this study, the inferior concentration of iron (0.1%) had better
photocatalytic efficiency through rhodamine B degradation over time. Thus, although the
optical characterization results (Section 3.1) showed a better absorption of visible light for
the nano-TiO, modified with the highest iron concentration (10%), this improvement alone
does not translate into higher photocatalytic activity. Medina-Ramirez et al. [28] argued
that the photocatalytic performance of the photocatalyst is improved when the amount
of iron is adequate. Similarly, Hung et al. [29] reported that a high amount of iron ions
could decrease the photoactivity due to the ions becoming the recombination centers and
accelerating the recombination rate.

According to Zhang et al. [30], particle size is important in achieving greater photoac-
tivity using Fe3*. Based on the authors’ studies, the ideal iron concentration for nano-TiO,
modification is inversely related to the particle size of the semiconductor. For Degussa’s
P25 used in this work, the authors emphasize that, due to the larger particle size of the
semiconductor (>20 nm), the Fe*>* concentration must be small to result in greater photocat-
alytic efficiency. Therefore, the higher efficiency achieved at a lower concentration can be
attributed to the reduced recombination rates of the electron-hole pairs photogenerated in
a lower concentration of Fe>*. Due to the large size of the P25 Degussa particles, the dis-
tance the carriers travel to the surface is greater, which increases the possibility of multiple
trapping and recombination rates if the concentration of Fe3* is not reduced [30].

5. Conclusions

This study presents an advancement in modifying a commercial nano-TiO; with iron
using the co-precipitation method. This approach is less explored than iron incorporation
during nano-TiO, synthesis by the same method. By varying FeClz concentrations (0.1%,
1%, and 10%), enhanced light absorption in the visible spectrum at the highest concentration
was observed, which led to a reduction in the energy band gap from 3.14 to 2.80 eV. Despite
this improved light absorption, the most effective photocatalytic performance was achieved
at the lowest iron concentration (0.1%). From the results found, it was possible to confirm
that the modification of nano-TiO, with FeCls produced changes in the material consistent
with the literature, suggesting that iron was incorporated into the crystalline structure
of TiO,. In addition, an enhanced photocatalytic activity at lower iron concentrations, as
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previously reported for the semiconductor studied (Nano-TiO, Aeroxide P25 Degussa),
was also confirmed. In this context, using commercial TiO, can simplify the modification
process of photocatalytic materials for outdoor applications, overcoming the complexity
associated with the challenges of transitioning these processes from the laboratory to
the field. However, more studies are needed to better understand its advantages and
potential limitations.

Another point is the need for a more detailed investigation of the chemical processes
involved. Challenges were observed in the detection of low iron concentrations, and alter-
native techniques such as atomic absorption spectrometry (AAS) or X-ray photoelectron
spectroscopy (XPS) may be required for a more accurate quantification of the amount of Fe3*
incorporated into the nano-TiO,. Future research could explore other iron concentrations
and evaluate the photocatalytic efficiency of these modified nanoparticles through pollutant
degradation tests on civil engineering substrates, wherein the photocatalytic application is
being investigated. This could provide valuable information in practical applications.
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