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Abstract Article Info.
In this research, iron oxide (Fe:0s) nanoparticles were doped with 5% mol of

metallic material silver (Ag) and non-metallic material sulfur (S) by a wet Keywords:

impregnation process. Scanning electron microscopy (SEM) was used to determine  Fe;Os, Photo Catalysts,
the shape and arrangement of the crystals. UV-Vis spectroscopy was used to study Methyl Blue (MB), Dye,
the photocatalytic degradation of dye pollutants by measuring the absorbance spectra  Degradation.

of the Ag/Fe;O3and S/Fe.0s nanoparticle samples. The objective of this study was

to investigate the impact of pH on the photocatalytic activity of nanoparticles. The

pH of a 5ppm solution of methylene blue (MB) dye was changed to 3 and 8 using A rticle history:
hydrochloric acid (HCI) and sodium hydroxide (NaOH). In pH=8, Ag/Fe20s takes poceived: Oct.04, 2024
240 min to reach nearly 93.35% degradation, while S/Fe2Os achieves over 90% Ravised: Dec. 23, 2024
degradation in the first 60 min of the photocatalysis process. At pH=3, Ag/Fe203 Accepted:Dec.29, 2024
achieves only 34.46 %, while S/Fe:0Oz achieves 61.44% decomposition after 240 Published:Jun.01,2025
min. The pseudo-first-order kinetic model was found to be the best fit for the

adsorption of MB by the two catalysts.

1. Introduction

The textile, paper, leather, food, plastic, and cosmetics industries produce toxic
dyes in water streams, which greatly contribute to environmental pollution. These dyes
have the potential to contaminate river water [1-3]. Therefore, it is essential to manage it
efficiently prior to releasing it directly into water bodies or onto uncovered land.
Wastewater can be treated using various techniques, such as physical (heat treatment)
(filtration), chemical (sorption), biological (disinfection) processes and catalytic
oxidation were designed and used for the degradation of the contaminant [4].
Photocatalytic degradation is considered one of the most successful methods for
eliminating dyes from wastewater, among many physical and chemical treatments [5].
Photocatalysis is the process of utilizing light to initiate or expedite chemical reactions
by altering the characteristics of compounds known as photocatalysts [6].

Metal oxide semiconductors, such as TiOz, ZnO, WOs, Fe20s, etc., have shown to
possess good photocatalytic activity toward the degradation of toxic organic pollutants
into nontoxic molecules, such as CO2 and H20, under illumination of light [7]. Hematite
(Fe203) stands out among metal oxides due to its exceptional stability, affordability,
strong oxidative capabilities, environmental compatibility, and ability to harvest visible
light—qualities that make it an excellent candidate for a wide range of catalytic
applications. However, the low band gap energy (2.2-2.4 eV) and the high recombination
rate of electron-hole pairs in hematite limit its effectiveness in photocatalytic applications
[8]. To enhance its performance of photocatalytic activity, various strategies have been
explored, including architectural control, quantum confinement, and hetero-atom doping,
among others [9-12]. Chemical methods, including hetero-atom doping or composite
semiconductors, can be used to improve its performance. This promotes charge transfer
by improving the electronic structures and optical properties of Fe>Oa.

© 2025 The Author(s). Published by College of Science, University of Baghdad. This is an open-access
article distributed under the terms of the Creative Commons Attribution 4.0 International
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Metal doping, with Ag, Zn, Sn, Cu, Zr, Co, Mn, Pb or Si, could be beneficial for
the Photoelectrochemical Cell (PEC) properties of the hematite photoelectrode especially
its conductivity and charge transport [13-15]. Nonmetal doping with N, S, and P has also
proved beneficial in different materials, including hematite. It has been shown that the
bandgap can be tenable by making the 2p orbital of the oxygen be hybridized due to the
non-metallic doping [16-19].

In this study, Ag/Fe>0s3, S/Fe-O3 doped hematite nanoparticles were prepared using
the impregnation method. To confirm the advantages of doping hematite with Ag and S,
the materials prepared were characterized by SEM analysis and evaluated for their
effectiveness in the degradation of methylene blue (MB) through adsorption and
photocatalytic processes. Additionally, the effects of pH at 3, 7, and 8 on the
photocatalytic processes were investigated.

2. Experimental Part
2.1. Materials

Iron oxide (Fe20:) was purchased from Sky Spring Nanomaterials, Inc., with a
particle size range of 20—40 nm and a purity of >99%. Silver nitrate (AgNOs) and sodium
sulfide (Na=SO.) were used as sources of Ag and S, respectively, and were purchased
from Fisher Certified Company with extra purity. The azo dye, methyl blue (MB,
Ci16H1:CINsS), sodium hydroxide (NaOH) with >98% purity, and hydrochloric acid (HCI)
with 36% purity were supplied by Sigma-Aldrich.

2. 2. Preparation of Metal Doped Fe203 (Ag) and Non-Metal Doped Fe20s (S)
Nanoparticles
Ag/Fe203 and S/Fe>Os photocatalysts were prepared using the impregnation
technique. AgNOs and Na;SO4 were used as a source of Ag and S nanoclusters,
respectively, which are crafted on the surface of Fe20O3 as stated earlier [20]. A 5-molarity
ratio of AgNOs or Na2SO4 with 1 g of Fe203 nanoparticles was added to 20 mL of distilled
water. In order to obtain a uniformly blended solution, the solution was vigorously mixed

by magnetic stirrers at a speed of 1500 rpm and a temperature of 90 °C for 60 min. Then,
it was necessary to let the combination rest for 15 min at room temperature; after that, the
materials were washed twice with distilled water to remove any impurities or
contaminants. To evaporate water, drying process was done in an oven at 110 °C for 2
hrs. The colour of Ag/ Fe.Osand S/ Fe>O3 nanoparticles changed from red to brown. An
agate mortar was used to grind the Ag/ Fe2Osor S/ Fe,O3 nanoparticles until it became a
fine powder. All steps of the experimental work are illustrated in Fig.1.

2. 3. Photocatalytic Activity

The photocatalytic activity of the nanocomposite samples, consisting of the
Ag/Fe203 and S/Fe»03, was studied by examining the photo degradation of an aqueous
solution of MB dye under sunlight irradiation with an intensity of about 416 — 833 W/m?
from 10.00 am to 2.00 pm at temperature (25-30) °C. 10 mg of photocatalyst was put in
a 40 ml of MB solution at 5ppm concentration in darkness for 60 min to achieve an
equilibrium between the adsorption and desorption of MB on the photocatalysts surface.
The degradation of MB through exposure to light was quantified by measuring the
absorbance of solutions using a spectrophotometer. Distilled water was used as a
reference to MB solutions. The effectiveness of photodegradation was determined by
calculating the absorption intensity at a wavelength of 664 nm. The following equation
was used to determine the photodegradation efficiency of MB dye [21]
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where Ao and A: are the initial and the final absorbance after irradiation process,
respectively.

Ln -2 = kt 2)

where K is the photodegradation rate constant (min 1) [21, 22].

To study the effect of pH on the degradation of pollutants, the pH of the MB
solution was varied from 3 to 8 using (0.1 N) HCl and (0.1N) NaOH. After dilution, drops
of HCL or NaOH were added after dilution to the solution containing MB to examine the
effect of acidity and basicity on photocatalysis.

Wash the solid twice

5 mol%AgNOs or with distilled water

5 mol%NaSO, )|

rest for 15 min

Mix at 90°C and to separate the

1500rpm for 60

Fe2O3 /Ad

E——) )
Magnetic Stirrer Magnetic Stirrer
Fe203 ///Ag =
prowl Grind into a X Dry at
W fine powder 110°C

using an agate

Figure 1: Preparation method diagram of Ag/ Fe.Osand S/ Fe;Os
nanoparticles samples.

2. 4. Characterization

Scanning Electron Microscopy (SEM) is an analytical technique widely used to
study the topography, texture and surface features of powders. The SEM produces a 3D
view of a specimen, which is important to examine the shape and structure of a specimen.
SEM (Model JEOL-JSM-6360, Japan) was employed to analyses the morphology of
Ag/Fe203 and S/Fe2Oz samples with enhanced resolution, depth of field, and
magnification. UV-visible spectrophotometer (SHIMADZU: UV-1800) was used to
analyse the photocatalytic degradation of dye pollutants by measuring the absorbance
spectra of the Ag/Fe2Osand S/Fe2O3 samples.

3. Results and Discussion
3. 1. Scanning Electron Microscopy Studies
A scanning electron microscope was used to check the morphology of the prepared

samples. Fig. 2 (a) illustrates an SEM image of Ag/Fe>Os, indicating that the sample has
great homogeneity and well-defined forms. The tetragonal form of the produced
Ag/Fe;,0O3 NPs with a dimension of about 24.26 nm was noticed. Surface roughness is
significant in improving photocatalytic properties. The nanoparticles of S/Fe.Oz were seen
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in the SEM image (Fig. 2 (b)) to be of no definite shape, but some particles possess
spherical morphology. The diameters of the particles were about 26.53nm.

D1 =26.53 nm

D1 =24.26 nm

SEM MAG: 350 kx } WD: 5.94 mm | MIRA3 TESCAN| SEM MAG: 350 kx WD: 6.94 mm MIRA3 TESCAN

Det: SE SEM HV: 200KV | 100 nm Det: SE SEM HV: 20.0kV | 100 nm
Date(midly): 02/28/24 SUT - FESEM Date(midly): 02/28/24 SUT- FESEM

Figure 2: SEM images of Ag /Fe.Ozand S/Fe;0s nanoparticles samples.

3. 2. Photocatalyst Activity of Ag/Fe2O3and S/Fe2O3 Nanoparticles

Methyl blue (MB) dye was used as a model of organic pollutants to examine the
ability of Ag/Fe;Os and S/Fe»Oz nanoparticles to water purification treatment under
sunlight. Figs. 3 and 4 show the changes in the absorption of MB solution over time for
Ag/Fe>03 and S/Fe>Os nanoparticles at three pH values (3, 7 and 8) at different irradiation
times. It is clear from these figures that pH=8, which is alkaline conditions, shows the
best Photocatalyst activity for faster and more efficient degradation of MB solutions than
at pH=3, which is acidic conditions, over the same period.

Hydroxyl groups (*OH)are a functional group associated with Fe>Os.The surface
(*OH) groups may be arranged to one, two or three underlying iron atoms. The overall
density of hydroxyl groups depends on the crystal structure and faces.

The surface charge of oxides is determined by the adsorption or desorption of
protons, which varies with the pH of the surrounding solution [23]. The isoelectric point,
corresponding to the pristine point of zero charge (PZC), is approximately pH 8.5 for
materials of various shapes. Below this pH, FeOH." groups dominate, resulting in an
overall positive surface charge. In contrast, at pH values above the PZC, the fraction of
negatively charged FeO™ groups increases. Zeta potential studies revealed that the point
of zero charge was at pH=6.8 and pH=8.5 for the Fe,Oz nanoparticles [24].
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Figure 3: UV-Vis absorption spectra of MB (5ppm) catalysis by Ag/Fe,Oz nanoparticles at

pH= 8, pH=7 & pH=3 at different irradiation times (0-240 min) under sunlight irradiation.
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Figure 4: UV-Vis absorption spectra of MB (5ppm) catalysis by S/Fe-Os; nanoparticles at pH=
8, pH=7 & pH=3 at different irradiation times.

The pH of the solution is a crucial determinant in the process of photocatalytic
degradation. It has been observed that the pH level significantly impacts the adsorption
of dyes onto the surface of Fe>O3 nanoparticles. At a high pH, there may be an increased
abundance of hydroxyl ions, which can react with hydrogen ions to generate OH-. This,
in turn, accelerates the degradation of dyes [17, 25, 26]. Fig.5 presents the degradation
rate (D%) of the two samples, Ag/Fe.O3 and S/Fe>Os3, against different irradiation times
for different values of pH.

S/Fe>03 surpass Ag/Fe203 in all pH=8, pH=7 and pH=3 environments. In pH=8,
Ag/Fe 03 takes 240 min to reach nearly 93.35%, while S/Fe2O3 achieves over 90%
degradation in the first 60 min of the photocatalysis process. At pH=3, Ag/Fe.O3 achieves
only 34.46 %, while S/Fe;Oz achieves 61.44% decomposition after 240 min. In general,
sulfur activators are more efficient, especially at pH=8. The doped S element promotes
the photo-Fenton reaction of S/Fe;Os by two roles: retarding the recombination of
photogenerated charge carriers and promoting the electron transfer between the peroxide
species and iron ions at the interface [27].
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100 100
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£ 40 - T w0t
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Irradiation time (min) Irradiation time (min)
Figure 5: Degradation percentage of MB(5ppm) by Ag/ Fe,O3 and S/Fe,O3 nanoparticles at
pH=3,7 and 8 versus irradiation (0-240 min) time under solar light irradiation.

Decomposition kinetics of MB dyes analysis were helpful in evaluating the
photocatalytic activity of Ag/Fe.Os and S/Fe>O3. The decomposition curves in Fig. 6
describe the change in absorbance (A) vs. irradiation time. Ln (Ao /At) = kt was used to
calculate the degradation rate constant for the decomposition process [25,26]. Ao and At
are the starting and ultimate irradiation concentrations, respectively, and k is the pseudo-
first-order rate constant. The rate constant values of Ag/Fe-.O3z were 0.0076 min™,
0.006 min* and 0.002 min™ at pH=8, pH= 7 and pH=3, respectively. S/Fe;O3 shows a
greater rate constant values 0.0126 min%, 0.0021min* and 0.0037 min at pH=8,
pH=7 and pH=3, respectively, which means a higher photocatalytic activity.
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Figure 6: Ln (4,/4:) vs. different irradiation times (0-240 min) for MB (5ppm) decomposition
catalyzed by Ag/Fe,O3 and S/Fe;O3 under sunlight irradiation.

4. Photocatalytic Mechanism

The process of MB dye degradation by Fe>Os can be elucidated by a postulated
mechanism as shown in Fig.7. When an Fe203 sample is exposed to sunlight, the energy
from the sunlight causes electrons in the valence band (VB) to become excited and move
to the conduction band (CB). This process also creates vacancies, or "holes,” in the
valence band. [28] Subsequently, the oxygen molecules present in the solution react with
the available photoelectrons, resulting in the formation of free radicals. When water
combines with holes, it forms (*OH), while ions can mix with oxygen to generate *O~.
When the MB dye attaches to the surface of Fe,Os, it undergoes a process called
adsorption. During this process, free radicals (*OH) interact with the dye and cause it to
break down into water (H-O) and carbon dioxide (CO,) [27].

Fe-Os + photon energy — e “cg) + h*(vg)
ecB) +02@ads) = °0O22

h*g) +H20 (ads) » *OH
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Figure 7: Photocatalysis process by Ag/Fe;0s.

The photocatalysis degradation by S/Fe:Os is shown in Fig.8. The electrons
captured by oxygen vacancies reduce Fe** to Fe?*. Then Fe?* reacts with H2O2 to produce
OH with strong oxidation, which oxidizes dyes into CO2 and H20.

CO2+H20

H

NO)
Fe
dye
H202
Fe

CO2+H20

Oxygerf vacancies

S/Fe20s3 dye

Figure 8: Photocatalysis process by S/Fe;0s.

5. Conclusions

This indicates that pH significantly affects the photocatalytic degradation
performance of MB over Ag/Fe>Os and S/S/Fe>O3 nanoparticles. Optimal degradation
was found to be at alkaline values (pH = 8), achieving degradation efficiencies of up to
93.35% for S/S/Fe203 and 90% for Ag/Fe203 in the first 60 min of sunlight exposure.
Such improved efficiency is ascribed to the enhanced hydroxyl radicals (*OH) yield in
basic environments, facilitating effective photocatalytic reactions. Conversely, acidic
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conditions (pH = 3) resulted in significantly lower degradation rates, highlighting the
critical role of surface charge dynamics and hydroxyl radical availability. The sulfur-
doped Fe2Os is better than its silver counterparts because it enhances charge carrier
dynamics and photo-Fenton oxidation reactions. This opens up possible environmental
remediation using Fe>Os-based nanocomposite materials, such as in water treatment
under optimised pH conditions. Future work might try to make this happen and test more
dopants to find ways to enhance photocatalysis.
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