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The simultaneous incorporation of Fe?** and Fe** ions using co-precipitation
methods with variation in pH and temperature has modified the structural, optical,
electronic, magnetic, and photocatalytic activity of TiO, powder. The
characterization of photocatalyst composites had been carried out using
spectrophotometry Raman, XRD, SAA, DRS, XPS, and VSM. The higher the pH

Keywords: of the synthesis has caused a decrease in magnetic properties, TiO, crystal
T‘?ﬁ pOWde; composition, crystal size, and band gap, but increase surface area. Meanwhile, the
ll;fl and Fe higher temperature synthesis (110 °C) has caused a decrease in magnetic properties,
Temperature TiO; crystal composition, surface area, but increase crystal size, crystallinity, and
Structural band gap. Photocatalyst composites synthesized with higher pH and lower reaction
Optical temperature have shown greater photocatalytic activity.
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9]. Separately, magnetization of TiO, with Iron oxide
(TiO2/FeOy) using the sol-gel method has been carried
out in two stages by previous researchers and has shown
magnetic properties so that it is easy to separate from the

1. Introduction

Titanium dioxide (TiOz) is one of the photocatalysts
that is widely used but has bad photocatalysis activity

under visible light radiation and poor separability
properties. One of the modifications of TiO, that has been
widely developed is the addition of iron elements. Iron is
a common transition metal that can reduce bandgap and
provide magnetic properties. Ferric ion (Fe*) can
function as dopants because both Fe** (0,64 A) and Ti*
(0,68 A) ions have similar sizes [1-5]. And in its oxide
form, it can be functioned as a photocatalyst, magnetizing
agent, and adsorbents. However, so far, the doping and
magnetization processes are still carried out separately
and in stages with several steps.

Furthermore, one of the commonly used methods for
doping or magnetizing TiO; is the sol-gel method using
TiO, precursor. The process of doping TiO, with Fe**
ions (TiO»-Fe) using TiO, precursors via the sol-gel
method has been performed by previous researchers
and showed enhanced photocatalytic activity under
visible light, but it cannot provide magnetic properties [6-

solution [10-15].

However, using TiO>  precursors  with  sol-gel
method for TiO, modification is a time-consuming,
difficult reaction control, requires many chemicals, and
high cost, so that it is not applicable and inefficient in the
industrial waste treatment. Furthermore, the simultaneous
addition of Fe?" and Fe** ions to the TiO, precursor for
doping and magnetization is quite difficult. This is
because adding too many iron ions in a basic environment
prevents TiO, crystals, whereas magnetic iron oxide
cannot be formed in an acidic environment. Recent
studies have also employed TiO. powder via
hydrothermal or co-precipitation methods to simplify
synthesis. However, it will be difficult because anatase
TiO: powder is a crystal with excellent chemical and
physical stability [16].

Shymanovska et al. (2021) [17] have conducted Fe**
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ion doping on TiO, Anatase and Rutile powders. The
results have demonstrated that the adsorption of Fe*" ions
on the surface of Anatase is twice as efficacious as that of
Rutile. The adsorption of Fe*" ions on the TiO, surface
causes changes in the crystal lattice, bandgap, and acidity.
However, the photocatalytic activity of Safranin T
degradation using Fe*" doped TiO, is lower than TiO,
without doping. Meanwhile, Afonso et al. (2023) [18]
found that Fe*-doped TiO, photocatalysts lacked
magnetic  characteristics and had worse RhB
photodegradation efficiency (<70%) than undoped TiO»
(74%) under visible light irradiation. So, further research
is needed to simultaneously enhance photocatalytic
activity under visible light and improve catalyst
separability through magnetization.

According to the information above, this study will
modify TiO, powder by making TiO. -Fe/Fe:Os
composites through research on the influence of
important factors such as composition, pH, and synthetic
temperature. On the previous research, alterations in the
molar ratio of Fe**:Fe*" and Fe,O; to TiO, play a crucial
role in modifying the properties and activity of TiO;
powder. In addition to this composition, the pH and
temperature of the synthesis can affect the photocatalyst's
properties and activity. Changes in pH and reaction
temperature will provide differences in the reaction
mechanism for the formation of iron oxide and the
interaction between iron oxide and TiO,. The influence
of Fe** and Fe** addition under varying pH and
temperature on iron oxide formation, bonding and
functional groups, crystallinity, crystal size and
composition, band gap, electron binding energy, surface
area, and magnetic properties of synthesized
photocatalysts is of particular interest. Modifications to
these properties will influence the separability and
photocatalytic activity under visible light irradiation,
such as photoreduction of Chromium hexavalent (Cr
(VI)) and photodegradation of MV. To determine the
effects, the photocatalyst composite will be characterized
using FTIR, Raman, XRD, SAA, TEM, DRS, XPS, and
VSM.

2. Materials and Methods

2.1. Materials

Titanium(IV) Oxide Anatase >99% (TiO,, Sigma-
Aldrich), Iron(Ill) Chloride hexahydrate (FeCls.6H>O,
Merck), Iron(Il) Chloride Tetrahydrate (FeCl,.4H-O,
Merck), Sodium Hydroxide (NaOH, Merck), Isopropanol
(C3HsO, Merck), Potassium dichromate (K»Cr203,
Merck), Methyl violet (C. 1. 42535, C,4H27N3.CIH, Loba
Chemie PVT, LTD), Demineralized Aqua (H,O TDS<1.3
uS/cm, Brataco), Acetone (Merck), Nitric Acid (HNO;3,
Merck), Diphenylcarbazide (CisHi4Nso, Merck),
Chloroform (CHCIl;, Merck), Phosphoric Acid 85%
(H3PO4, Merck).

2.2. Instruments

A set of glassware (Pyrex), magnetic stirrer (Cimarec,
Thermo Scientific), Oven (Memmert), Muffle Furnace
(JKI JK-SX2-5-12N), Shaker (Kang Jian, KJ-210BD),
Analytical balance (Sartorius A6 Gottingen), Universal
pH paper (Merck), pH meter (OHAUS starter 300), Lux
Meter (WalkLab), Reactor box and Visible lamp
(Tungsten 300 Watt, Toki), UV-Vis Spectrophotometer
(Shimadzu UV-1800), UV-Vis Reflectance
Spectrophotometer (Shimadzu UV-2401-PC), Fourier
Transform InfraRed (FTIR, Shimadzu IR Prestige-21),
X-ray Diffraction (XRD, Bruker D8 Advance), Vibrating
Sample Magnetometer (VSM, Quantum Design PPMS®
VersaLab™ Cryogen-free 3 Tesla), Surface Area
Analyzer (SAA, Quantachrome Novatouch L[X-4),
Scanning Electron Microscope-Energy Dispersive X-ray
(SEM-EDX, Jeol Benchtop JCM 7000), Transmission
Electron Microscopy (TEM, Jeol JEM-1400), X-Ray
Photoelectron Spectroscope (XPS, JPS-9030 JEOL).

2.3. Procedures

2.3.1. Synthesis of TiO:-Fe/Fe;03

Composite TiO.-Fe/Fe2Os had been synthesized using
TiO, Anatase powder, FeCl;.6H,O and FeCl».4H,O. A
quantity FeCl;.6H,O and FeCl,.4H,O with constant
theoretical mole ratio of Fe*":Fe*" = 1:2 and TiO,:Fe,0s
=1: % (TFy2) (mole/mole) were dissolved in 25 mL of

distilled water and added with a number of TiO, Anatase
powder in 25 mL of isopropanol. Then, 50 ml of distilled
water was added to the mixture and stirred for 1 hour
(400 rpm). Next, add drop by drop NaOH 10 M until the
pH=10, 12, and 14 while stirring continuously for 1 hour
(700 rpm). Then the mixture was heated at 90 °C
(<boiling point of water) and 110 °C (>boiling point of
water) for 1 hour while stirring continuously. The black
or dark gray composite formed was dried overnight at 60
°C (24 hours). After grinding into powder, the granules
were calcined in a muffle furnace at 400 °C for 2 hours.
The synthesized composite was rinsed with
demineralized water until it reached a neutral pH and
dried again overnight in a 60 °C oven (12 hours) and then
characterized using Fourier Transform InfraRed (FTIR)
Spectroscopy, = Raman  Spectroscopy,  Diffused
Reflectance Spectroscopy, X-Ray Diffraction (XRD)
Spectroscopy, Vibrating Sample Magnetometer (VSM),
Scanning Electron Microscope (SEM), Transmission
Electron Microscope (TEM), Surface Area Analyzer
(SAA), and X-ray photoelectron spectroscopy (XPS).

2.3.2. Photocatalytic activity of TiO,-Fe/Fe,O3.

The synthesized composite was then used for
photocatalytic activity testing. The photocatalytic activity
test of TiO,-Fe/Fe»O3 was applied for the photoreduction
of Cr (VI) and photodegradation of MV. Photoreduction
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of Cr (VI) and photodegradation of MV was carried out
by adding 0.1 g of catalyst into 50 mL of 50 ppm substrate
(Cr® or MV) solution. The solution was left for 15
minutes to provide interaction between the catalyst and
substrate, then irradiated with a 300watt Tungsten lamp
in a reactor box with a distance of 20 cm (7000-7250 lux)
for 1 hour. After that, the catalyst was separated from the
solution using an external magnetic bar. Measurement of
absorbance  of the solution wusing UV-Vis
spectrophotometer at A = 577 nm for MV and 542 nm for
complex Cr (VI)-difenil carbazide solution. As a control,
a photocatalysis test was conducted using TiO, with
300watt Tungsten lamp irradiation. The percentage of
photodegradation is calculated based on the equation
below.

Co—C
E= =0 f

x100% M

Where, E (%) is the photoreduction or
photodegradation efficiency, Cy and Cr are the initial and
final concentration of substrate, respectively.

3. Results and Discussion

3.1. Characterization

The study will investigate the effect of temperature
and pH reaction on the vibrational energy shift and
functional groups, chemical bonds and electron density,
formation of iron oxide, magnetic strength, crystal
properties, surface area, morphology, bandgap of the
composite, and its photocatalysis activity on
photoreduction of Cr (VI) and photodegradation of MV
dye. The modification of TiO, powder hopefully can
improve the properties including magnetic properties and
increase the photocatalytic activity in the visible light
simultaneously.

3.1.1. Influence of pH synthesis

In this section, TiO,-Fe/Fe,Os photocatalyst have
been synthesized with a constant mole ratio of Fe*":Fe**
= 1:2 (mole/mole), TiO::Fe,Os = 1:1/5 (TFy»).
Meanwhile, the variation of temperature was carried out
at pH =10, 12, and 14. Based on the research, mole ratio
has been affected properties and photocatalytic activities
of the photocatalyst.

Raman Analysis. The pH synthesis influenced Raman
inelastic scattering, as shown in Figure 1.

Figure 1 showed that calcination induces the
transformation of FesOs4 (blue spectra) to Fe.Os (red
spectra), as indicated by the disappearance of Magnetite
peaks at 108.88 and 647.06 cm™ and the emergence of a
new peak at 241.25 cm™ [19]. The shifts at 217.60 and
281.92 cm™ confirm the oxidation of Fe** to Fe** during
the process [20]. The increased intensity ratio of the
281.92 cm™ peak to the 217.60 cm™ peak further
supports the increasing of Fe** after calcination.
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Fig. 1. Raman spectra of composites with variations in pH
synthesis.

Figure 1 also indicated that as pH increased from pH
=10 to 12, peak shifts towards higher wavenumbers (blue
shift) occurred, particularly the primary peak (El1g) from
138.12 cm™ to 139.79 cm'. The blue shift and broadening
at higher dopant levels confirm lattice deformation and
defect formation due to Fe** substitution for Ti** in the
TiO: lattice. Increasing the amount of Fe*" dopant causes
a shift towards higher wavenumbers (blue shift) [21-24].
The blue shift (hypochromic) indicated that the higher
pH, the greater the polarization of the electron and the
distortion of the TiO; crystal, resulting in a larger Raman
shift and decreased crystallinity. The Raman peak shift
can be attributed to the lattice distortion caused by the
replacement of Ti*" with Fe*" in the TiO, framework.
Furthermore, at pH = 12 to 14, there was a peak shift from
139.79 cm™ to 133.78 cm™!. Red shift (bathochromic) has
shown an increase in interfacial and heterojunction
interactions with increasing pH. This is due to the
increase in Fe*" and Fe** precipitation on the surface of
TiO, powder as the pH increases from 12 to 14.

XRD Analysis. The pH synthesis has affected the
diffractogram pattern and crystallite composition of
composite using the Reitveld Refinement program
HighScore Plus as shown in Figure 2. Figure 2a has
shown the difference in the composition of iron oxide
formed at pH 10 — 14. At pH 10, the formation of
Maghemite (y-Fe>O3) was more dominant than Hematite
(a-Fe,03). While at pH 14, the formation of Hematite (a-
Fe;O3) was more dominant as seen from the highest
intensity at 20 = 33.14° (104) as the main peak of
Hematite (a-Fe2Os3). This was supported by refinement
analysis using HighScore Plus as seen in Figure 2b.

Figure 2b showed that increasing pH had decreased
the proportion of TiO. and maghemite while promoting
hematite formation. This indicated that both TiO:
crystallinity and maghemite formation decline, whereas
hematite formation increased with higher synthesis pH.
Under more alkaline conditions (pH 12—14), Fe** and Fe**
ions react rapidly with hydroxyl groups (—OH),
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promoting the precipitation of Fe(OH). and Fe(OH)s [25].
At high pH (14), excess —-OH weakens Fe(OH). and
Fe(OH); interactions during the nucleation of magnetite
(FesO4) and maghemite, leading to reduced maghemite
formation. Further dehydration of Fe(OH)s during
heating (150450 °C) promotes the transformation into
iron oxide phases [26]. Consequently, calcination
predominantly converts Fe(OH)s into hematite, resulting
in higher hematite content at elevated pH.

Variations in synthesis pH also influence the
crystallinity and crystal size of the resulting photocatalyst
composites, as shown in Figure 3. Figure 3 showed a
decrease in composite crystallinity from pH 10 to 12. As
observed in Figure 2, the reduction is primarily attributed
to the decreased crystallinity of TiO. and maghemite (y-
Fe»0s). Under more alkaline conditions, the higher -OH
concentration induces greater lattice distortion and
deformation in TiO:, leading to reduced crystallinity and
smaller crystal size of both TiO: and the overall
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photocatalyst composite. However, as the pH increases
from 12 to 14, the composite crystallinity rises again,
mainly due to the enhanced formation and crystallinity of
hematite (0-Fe20s). This improvement results from the
increased precipitation of Fe(OH)s at higher pH, which
subsequently transforms into hematite during heating and
calcination.

As shown in Figure 3, increasing the reaction pH
decreases the photocatalyst crystal size. Higher alkalinity
enhances —OH concentration, leading to greater lattice
distortion and deformation of TiO., which reduces the
crystal size of anatase and the overall composite. The
presence of TiO2 powder also restricts Fe(OH)—Fe(OH)s
interaction during nucleation, resulting in smaller
magnetite and maghemite crystals. Under high Fe**
content and strongly basic conditions, particle
agglomeration becomes more significant [25,27,28],
hindering crystal growth and further reducing iron oxide
crystal size.
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Fig. 2. (a) XRD diffractogram, and (b) crystallite composition (%) of photocatalyst composite with pH variation
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Fig. 3. (a) Crystallinity, and (b) crystal size of photocatalyst composites at various pH.
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Surface Area Analysis (SAA). pH synthesis has
affected the surface area of composite as shown in Figure
4. Figure 4a displayed a type IV adsorption isotherm
typical of mesoporous materials (2-50 nm), with an H3
(slit-shaped pores or plate-like aggregates) or H4 (wedge-
shaped pores) hysteresis loop associated with slit or
wedge-shaped pores formed by particle irregularities,
non-uniform pore structures, incomplete or asymmetric
openings, non-linear channels, and broad pore size
distribution. Figure 4b showed that increasing the
synthesis pH leads to a larger surface area. Under more
alkaline conditions, greater lattice distortion and
deformation of TiO: occur, allowing more Fe ions to
incorporate and become trapped within the TiO: structure
during restructuring, sintering, and condensation
processes. From pH 10 to 12, the surface area increases
along with larger pore volume and size, suggesting that
the enhancement is attributed to the opening and
expansion of internal pores resulting from higher doping
levels and oxygen vacancies. The increased doping
promotes greater lattice distortion, strain, bond breakage,
oxygen defects, and changes in crystallinity. This effect
was further supported by the blue shift of Raman spectra
(Figure 1).

As the pH increased from 12 to 14, the pore volume
and size decreased while the surface area increased,
suggesting pore closure and the formation of new iron
oxide pores. This change is attributed to the rapid
precipitation of iron ions and hematite formation at pH =
14, which partially covers TiO: pores and enhances
interfacial interactions leading to heterojunction
formation, as evidenced by the red shift in the Raman
spectra (Figure 1).

Bandgap analysis. The change in pH causes a
variation in the interaction and distortion strength of the
TiO2 crystal and alters the formation of iron oxide,
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thereby affecting the doping strength and interfacial
interactions. Then, in turn, the pH will influence the
bandgap of the photocatalyst composite, as shown in
Figure 5.

Figure 5 showed that TiO; has a bandgap of 3.21 eV,
similar to other studies [29] and the composites bandgap
decreases with increasing pH. This reduction is attributed
to enhanced TiO: lattice distortion and deformation,
which facilitate the incorporation and trapping of Fe ions
as dopants during restructuring, sintering, and
condensation. In addition, the higher the pH, the greater
the formation of iron oxides, especially hematite,
resulting in greater interfacial interactions and
heterojunctions. The decrease in the bandgap due to
increased doping is supported by a shift in the Raman
spectra (Figure 1). Based on Figure 1 and Figure 5, it
shows that the decrease in pH is due to the presence of
iron ion doping and an increase in heterojunctions with
increasing pH.

The TiO2/Fe20s heterojunction forms through the
coupling of two semiconductors with different band gaps.
Due to TiO:’s higher Fermi energy and lower work
function, electrons transfer from TiO. to Fe.0s to
equilibrate the Fermi levels [30]. Although this
interaction does not directly alter intrinsic bandgap of
TiO2, the heterojunction enhances visible-light
utilization, thereby improving photocatalytic
performance [31].

Besides heterojunction formation, Fe** ion doping
more contributes to bandgap narrowing. The substitution
of Ti** by Fe** in the TiO: lattice introduces new energy
states below the conduction band, reducing the overall
bandgap energy [32,33]. The overlap between Ti 3d and
Fe 3d orbitals increases with doping, enhancing
electronic interaction and further narrowing the intrinsic
bandgap of TiO: [9].
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Fig. 4. (a) Hysteresis loop isotherm, (b) Pore volume and surface area of composite with variation pH synthesis.
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VSM Analysis. Vibrating Sample Magnetometry
(VSM) analysis was performed to investigate the
alteration of magnetic properties in TiO. powders upon
the simultaneous incorporation of Fe*" and Fe** ions at pH
variation, as shown in Figure 6. Figure 6 indicated that
the composite exhibits soft magnetic behavior,
characterized by a narrow hysteresis loop, low remanence
(Mr), and low coercivity (Hc). Increasing pH decreases
the saturation magnetization (Ms) due to the higher
fraction of  hematite  (0-Fe20s),  which s
antiferromagnetic, consistent with XRD results (Figure
2).

30
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Fig. 6. Hysteresis Loop VSM composite with pH variation.

In hematite structure, Fe** ions occupy symmetrical
octahedral sites with antiparallel spins, resulting in a
nearly zero net magnetic moment. In contrast, maghemite
contains Fe*" ions in both octahedral and tetrahedral sites,
creating cation imbalance and vacancies, which prevent
complete spin cancellation, producing a measurable net
magnetic moment [34-36]. Consequently, increasing Fe**
shifted the composite from ferrimagnetic (maghemite-
rich) toward antiferromagnetic (hematite-rich) behavior.

XPS Analysis. XPS spectra of TiO, and composites

184

with pH variation as seen in Figure 7. The composite used
in this study was the TFo.i; TFo; TF| composite with the
composition of Fe*":Fe** = 1:2 (mole/mole), T = 90 °C,
and pH = 12. Figure 7a showed the Fe 2p spectra of iron
oxides, with two main peaks at 709.87 eV and 723.55 eV
(TFo2), corresponding to Fe 2ps/> and Fe 2pi/> binding
energies, respectively. The spin—orbit splitting energy
(ABE) of 13.19 eV (>13.0 eV) confirms the presence of
Fe** species (Madima et al., 2022; Mei et al., 2019;
Yamashita et al., 2008; Yin et al., 2023). Figure 7b
showed Ti 2p peaks at 456.76 eV (2ps/2) and 462.38 eV
(2pi/2), with a spin splitting of 5.65-5.88 eV, confirming
Ti**. At low Fe:0s content (<TFo,), Ti 2p peaks shift
positively, indicating interfacial interaction
(heterojunction) and binary oxide formation [37], [38]. In
contrast, at higher Fe:0Os loading (TFo. and TFy),
binding energy of Ti 2p peaks shift negatively (~0.1-0.5
eV), signifying substitutional doping, where Fe** replaces
Ti**, inducing charge imbalance, oxygen vacancies, and
partial Ti** reduction to Ti**. A negative Ti 2p shift occurs
(~0.1-0.5 eV) due to substitutional doping of Ti* by Fe**,
which increases electron density, generates oxygen
vacancies, and promotes Ti** formation as a charge
compensation mechanism [39], [40]. The substitution of
Fe** for Ti*" generates a charge imbalance that induces
oxygen vacancies and partial reduction of Ti*" to Ti** for
charge compensation. These oxygen defects create a
more reducing environment, allowing Ti*" to be reduced
to Ti*', increasing electron density and weakening the
nuclear binding energy, which leads to a negative shift in
the Ti 2p binding energy. Consistently, binding energy of
O 1s spectra (Figure 7c) also exhibits positive shifts
(528.04 — 529.15 eV) with increasing Fe*", attributed to
charge redistribution from Ti*" substitution by Fe**,
consistent with lattice distortion and oxygen vacancy
formation [38], [39]. Based on Figure 7d-7f, the
deconvoluted O 1s spectra showed a new peak at 531.17
eV, absent in pure TiO: (Figure 7d), which indicated the
presence of oxygen vacancies, with intensity increasing
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as Fe** content rises. The results demonstrated that higher
Fe** content enhances oxygen vacancy formation and Fe—
O-Tibonding, mainly through substitutional doping [40].
Incorporation of Fe ions causes binding energy shifts in
both Ti 2p peaks, indicating Fe—O-Ti bond formation.

3.1.2. Influence of Temperature

In this section, TiO,-Fe/Fe,Os photocatalyst have
been synthezised with a constant mole ratio of
Ti0,:Fex0; = 1:1/5 (TFo2). Meanwhile, the variation of
temperature was carried out at 90 °C (<boiling point) and
110 °C (>boiling point). Based on the research,
temperature has affected properties and photocatalytic
activities of the photocatalyst.

Raman Analysis. The concentration of Fe’" and Fe?”,
as well as the composition of Fe;O; to TiO, powder
influences Raman inelastic scattering, as shown in Figure
8. Figure 8 indicated that as temperature increased, peak
shift towards lower wavenumbers (red shift) occurred,
particularly the primary peak (Eig) from 139.79 cm to
135.65 cm!. Red shift (bathochromic) has shown an
increase in interfacial and heterojunction interactions
with increasing temperature. This is due to a significant
increase in the formation and precipitation of Fe(OH),
and Fe(OH); on the surface of TiO, powder as the
temperature increases from 90 to 110 °C. Below the
boiling point (90 °C), the Raman spectrum of composite

showed no Fe.0Os peaks, indicating that Fe dopants were
successfully incorporated into the TiO: lattice by
substituting Ti** sites [24]. Meanwhile, at higher
temperatures above the boiling point (110 °C), the Raman
spectrum shows a peak from Fe,Os at 219.88 ¢cm™ and
286.07 cm!. It indicated the presence of iron oxide
deposition on the TiO; surface forming interfacial and
heterojunction interactions.

XRD Analysis. Temperature synthesis has affected the
diffractogram pattern and crystallite composition of
composite as shown in Figure 9. Figure 9a showed
different diffractogram patterns between 90 and 110 °C,
showing different compositions of iron oxide formed at
90 and 110 °C. At T =90 °C, the formation of maghemite
(v-Fe203) was dominant with the highest intensity at 20 =
35,71° (311), while at T = 110 °C, the formation of
hematite (a-Fe,Os) was dominant as seen from the
highest intensity at 20 = 33.14° (104) as the main peak of
hematite (a-Fe2O3). It showed that the higher temperature
caused the transformation of maghemite (y-Fe,Os) into
hematite (a-Fe.Os) [11], [41]. It was supported by
refinement analysis using HighScore Plus as seen in
Figure 9b. At high temperature (110 °C), leading to
oxidation of Fe?" to be Fe*" and then Fe(OH)s formation
became higher. Consequently, calcination predominantly
converts Fe(OH); into hematite, resulting in higher
hematite content at higher temperatures.
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Alteration of temperature reaction also affected
crystallinity and crystallite size, as seen in Figure 10.
Figure 10a and 10b showed that increasing the reaction
temperature enhances the crystallinity and crystal size of
the photocatalyst composite.

As seen in Figure 9b, this increase in crystallinity is
mainly attributed to the greater formation of hematite
crystals with rising temperature, despite the decrease in
TiO: crystal composition. At higher temperatures (110
°C), Fe* oxidation to Fe** and Fe(OH): formation
become more significant, leading to its transformation
into hematite during calcination and resulting in higher
hematite content.

The simultaneous increase in crystal size and decrease
in TiO: crystallinity suggests molecular interfacial
interaction (aggregation, sintering, agglomeration)
between Fe20s and TiO.. Elevated temperatures promote
nucleation and condensation reactions between these
molecules, contributing to crystal growth. Karami (2010)
[41] also reported that heating facilitates the
transformation of maghemite (y-Fe20s) to hematite (a-
Fe205) and increases crystal size.

Surface Area Analysis (SAA). Alteration temperature
has also affected the surface area of composite as shown
in Figure 11. Figure 11 showed that increasing the
temperature leads to a lower surface area. This is because
of a significant increase in the formation and precipitation
of Fe(OH)s, leading to its transformation into hematite on
the surface of TiO, powder and a decrease in the surface
area of the composite as the temperature increases from
90 to 110 °C. The presence of iron oxide deposition on
the TiO, surface forming interfacial and heterojunction
interactions, then increased the crystallite size of the
composite, as shown by the shift in the Raman spectra
(Figure 8) and Figure 10. The interaction caused a
covering of pores and decreased pore volume, as seen in
Figure 11.

Bandgap analysis. The change in temperatures
synthesis causes a variation in the interaction and
distortion strength of the TiO: powder and alters the
formation of iron oxide, thereby affecting the doping
strength and interfacial interactions. Then, in turn, the
temperatures will influence the bandgap of the
photocatalyst composite, as shown in Figure 12.
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Figure 12 showed that the bandgap increases with
increasing temperature of reaction.

At elevated temperatures, the accelerated and
increased formation of Fe(OH): and Fe(OH)s
substantially reduces lattice distortion induced by Fe*”,
Fe**, and OH™ ions.

As a result, structural disruption of TiO: is
significantly minimized, leading to a markedly lower
probability of Fe-ion incorporation into the lattice, while
interfacial interactions and heterojunction formation
become more dominant.

Consequently, the bandgap narrowing is more
pronounced at lower temperatures. The TiO2/Fe20s
heterojunction is created through the coupling of two
semiconductors with different band gaps.

Due to TiO:’s higher Fermi energy and lower work
function, electrons transfer from TiO: to Fe:0s to
equilibrate the Fermi levels [30].

Although this interaction does not directly alter
intrinsic bandgap of TiO:, the heterojunction enhances
visible-light utilization, thereby improving photocatalytic
performance [31].

VSM Analysis. Vibrating Sample Magnetometry
(VSM) analysis was performed to investigate the
alteration of magnetic properties in TiO> powders with
different temperature, as shown in Figure 13.

Figure 13 showed that simultaneous incorporation of
Fe?* and Fe** ions with higher temperature decreases the
saturation magnetization (Ms) due to the dominant
fraction of  hematite  (a-Fe:0s),  which is
antiferromagnetic, consistent with XRD results (Figure
9). Saturation magnetization (Ms) at 90 °C is 25,13
emu/gram, while at 110 °C is 0,77 emu/gram. At higher
temperatures (110 °C), oxidation of Fe** to Fe** and then

Fe(OH)s formation became higher.

Consequently, calcination predominantly converts
Fe(OH); into hematite and significantly decreased
magnetic properties.

3.2. Application of the Composite for Cr (VD)
Photoreduction and MV Photodegradation

3.2.1. Influence of pH

The variation in pH has affected photocatalysis
activities. as shown in Figure 14. Figure 14 showed that
the increasing pH enhances the photocatalytic activity of
the composites under visible-light irradiation.

The improvement is attributed to narrowing bandgap,
reduced crystallinity, increased surface area induced by
heterojunction and ion Fe incorporation.

The higher the pH, the smaller the band gap and
crystal size, while the surface area is larger. The Fe*" ions
can be incorporated and doped into the TiO: crystal,
where Fe** ions can act as electron and hole traps [42-46].

Based on the results, MV degradation is more
pronounced than Cr (VI) photoreduction, suggesting that
Fe** primarily functions as an electron trap rather than a
hole trap.

3.3. Influence of Temperature

The variation in temperature synthesis has affected
photocatalysis activities. as shown in Figure 15.

Figure 15 showed that increasing pH decreases the
photocatalytic activity of the composites under visible-
light irradiation because of increasing bandgap, crystal
size, and crystallinity and decreasing surface area, as
shown in Figure 10-12.
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4. Conclusion

Modification of TiO, powder by simultaneous
addition of Fe?" and Fe’' ions with different pH and
temperature synthesis has affected the structural, optical,
electronic, magnetic, and photocatalytic activity of TiO;
powder.

The higher the pH of the synthesis has caused a
decrease in magnetic properties, TiO, crystal
composition, crystal size, and band gap, but increase
surface area, thus causing an increase in photocatalytic
activity under visible light radiation.

The higher temperature synthesis (110 °C) has caused
a decrease in magnetic properties, TiO, crystal
composition, surface area, but increase crystal size,
crystallinity, and band gap, thus causing a decrease in
photocatalytic activity under visible light radiation.
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