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This study presents a method for enhancing the photocatalytic properties of
strontium oxide (SrO) nanoparticles (NPs) through doping with Iron (Fe) and
titanium (Ti) ions using hydrothermal synthesis. The materials were characterized
using a range of spectroscopic and microscopic techniques to ensure accurate
analysis of their structure and composition. Photocatalytic efficiencies of the as-
synthesized materials were evaluated against the degradation of methyl orange
dye, achieving about 98 % removal in 90 min with 3 % doped material. The
degradation efficiency was found to be dependent on several factors including pH,
initial dye concentration, and catalyst dosage. Optimal conditions were determined
to be a pH of 4, an initial dye concentration of 20 mg/L, and a catalyst dosage of
150 mg. These findings suggest that the Fe/Ti-codoped SrO nanopatrticles hold
significant potential for applications in environmental cleanup processes,
particularly in the degradation of organic pollutants. The study provides valuable
insights into the synthesis and application of doped nanoparticles in photocatalysis,
highlighting their efficiency and the importance of optimizing reaction conditions to
maximize performance.

1. Introduction

al., 2019), construction materials (Mohajerani et al., 2019), energy
conservation (Tabassum et al.,, 2019), catalysis, green chemistry

Nanoparticles (NPs) hold significant promise for diverse applications  (Kalidindi and Jagirdar, 2012), sustainable agriculture (Hazarika et al.,
across scientific disciplines, encompassing medicine (Zhang et al., 2022), and antimicrobial science (Sun, Qiu, and Liang, 2008; Wang et

2008), environmental remediation (Das et al., 2022),

electronics (Tanet al., 2009; Dizaj et al., 2014). Notably, there has been a growing
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utilization of metal oxides-based materials, such as ZnO (Zada et al.,
2022), V,0s (Jenifer et al., 2021), CuO (Sasikala et al., 2016), TiO, (Al-
Mamun et al., 2022), WO3 (Verma, Singh, and Kumar, 2020), Fe,03
(Subaihi and Naglah, 2022), SnO, ( Mishra, Biswal, and Sahu 2022),
AlL,O; (Anbarasu et al., 2020), and ZrO, (Dawoud et al., 2020), in the
realm of photocatalysis. While titanium dioxide (TiO,) has demonstrated
efficacy as a catalyst in the degradation of dye compounds under UV
irradiation, its limited visible light absorption presents a challenge when
paired with renewable energy sources like solar energy system. The
unique characteristics of nanoparticles, stemming from their
significantly higher surface-to-volume ratio, distinguish them from their
bulk counterparts. The discernible escalation in nanomaterial
production, particularly attributed to their capacity for enhancing
catalytic reaction efficiencies at the nanoscale level, is evident (Hanafi
and Sapawe, 2020).

Methyl orange (MO) is an acidic and ionic water-soluble azo dye
known to possess carcinogenic properties, capable of inducing nausea
and diarrhoea in humans, and potentially leading to fatality in high
concentrations. Due to its high water solubility, it presents challenges in
water removal (Hanafi and Sapawe, 2020). With a chemical formula of
Ci14H14N303SNa and a molecular weight of 327.33 g/mol, MO exhibits
an absorption spectrum with a characteristic wavelength of 465 nm.
When dissolved in an aqueous solution, the MO exists in a basic form
(Darwish, Rashad, and AL-Aoh, 2019), transitioning to a red hue under
increased acidity. The presence of an azo group (N=N) in its structure
renders MO resistant to biodegradation, primarily attributed to the
difficulty in breaking the N=N bond (Sinha and De, 2020).

Organic dye degradation with pure metallic NPs is a common
study. Doping, on the other hand, inserts defects into the perfect crystal
lattice of the native semiconductor while also improving catalytic activity
by changing the electrical structure. Defects of this type can trap
electrons or holes generated during the photoexcitation process.
Another significant role of the defect sites such as vacancy generation
is to increase the catalytic activation of strong bonds, thus aiding the
process kinetically. Doping may also result in the formation of an extra
charge carrier in the photocatalyst, which may narrow or widen the
original bandgap. As a result, doping can vary light absorption, limit
recombination trap sites, and alter photocatalytic activity toward a
substrate.

Strontium oxide (SrO) is acknowledged as a highly effective
catalyst for transesterification and is regarded as one of the most
promising alkaline earth metal oxides for deployment as a
heterogeneous-based catalyst. Research has demonstrated its superior
catalyst activity compared to calcium and magnesium oxides (Lee et al.,
2020). However, its usage is impeded by the challenging preparation
and size control, leading to economic manufacturing difficulties. To
mitigate this limitation, ongoing research endeavors are focused on the
synthesis of SrO nanoparticles using methodologies such as wet bio-
reduction and hydrothermal techniques. Nanoparticles hold potential
applications in diverse domains including gas electrodes, lithium-ion
batteries, semiconductors, and supercapacitors (Khalil et al., 2022).
Furthermore, modified iterations of SrO nanoparticles, encompassing
doped, co-doped, and other modified forms such as ZnO/SrO,
TiO,/SrO, and SrO/CuBi,0,, exhibit promising effects in photocatalytic
dye degradation ( Harish et al., 2017; Ikram et al., 2021; lkram et al.,
2022). Additionally, strontium oxide nanoparticles demonstrate potential
in biological applications such as bone tissue engineering, antimicrobial
coatings, as well as, optoelectronics, energy storage, environmental
remediation, and catalysis.

Hydrothermal synthesis represents a widely employed method for
the production of nanoparticles via a solution-based reaction approach.
This method accommodates a broad spectrum of temperatures,
extending from ambient to elevated levels. The resultant nanomaterial's
morphology is amenable to manipulation through the application of
either high-pressure or low-pressure conditions, contingent upon the
vapour pressure of the primary composition involved in the reaction.
The hydrothermal approach confers the distinct advantage of enabling
precise control over grain size, crystalline phase, particle morphology,
and surface chemistry by modulating the solution composition, reaction
temperature, pressure, solvent properties, additives, and aging
duration. Furthermore, this method facilitates the production of
nanomaterials that exhibit instability at heightened temperatures,
enabling high vapour pressure materials to be synthesized with minimal
material loss (Liu et al., 2014; Darr et al., 2017, Yang and Park, 2019).
The present investigation successfully synthesizes Fe/Ti co-doped SrO
nanoparticles using a hydrothermal approach. The study includes pure
SrO nanoparticles (S) and those co-doped with 2% (S2), 3% (S3), and
4% (S4) FelTi, characterizing and assessing their effectiveness in the
photocatalytic degradation of methyl orange dye. Remarkably, the
doped nanocomposites demonstrated superior photocatalytic
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degradation of methyl orange compared to pristine SrO nanoparticles.
This novel approach highlights the significant potential of these
nanocomposite particles in environmental remediation, providing a
promising solution for industrial wastewater treatment.

2. Materials and methods
2.1. Chemicals and equipment

Iron chloride and strontium nitrate were procured from Daejung, South
Korea. The chemicals titanium nitrate, sodium hydroxide, and methyl
orange dye were acquired from Sigma-Aldrich. In this study, a Teflon-
lined autoclave with a capacity of 10 mL (Model: Tob new energy, Item
No: Tob reactor, China) was employed. The autoclave was constructed
using stainless steel and designed to withstand operating temperatures
of up to 240 °C. Additionally, a muffle furnace (manufactured by Across
International) capable of reaching temperatures as high as 1300°C was
utilized for heating, drying, and calcination of the samples.

2.2. Synthesis of Fe and Ti co-doped strontium oxide NPs

The hydrothermal technique was employed to synthesize SrO NPs and
their co-doped forms. To make the solution for the synthesis of NPs, 3
grams of strontium nitrate hexahydrate were dissolved in 75 mL of
deionized water. Three different solutions of pure titanium and iron
chloride were prepared and added to three different solutions of
strontium nitrate. Stirring was done continuously at room temperature
until the solution became a homogenous mixture. The mixture was then
mixed with 10 % sodium hydroxide solution gradually, maintaining a
basic pH of 10. As a result, a white precipitate was formed. The
precipitate was resolved, and a mixture was created. The
homogeneous mixture was put into a stainless steel autoclave lined
with Teflon and heated to high temperature and pressure to produce a
precipitate. The autoclave with the solution inside was then placed in
an oven that was preheated to 170°C for 10 hrs. After the autoclave
cooled down, the precipitate went through a washing and centrifugation
procedure to remove any untreated reactants. The precipitate was dried
at 120°C and then heated to 460 °C for 60 min of calcination, producing
both undoped and doped SrO (S (0 % Fe/Ti), S2 (2% Fe/Ti), S3 (3%
FelTi), and S4 (4% Fe/Ti)).

2.3. Characterization

Several characterization techniques were taken into consideration to
evaluate and understand the characteristics of the samples. To facilitate
absorbance measurements, a UV-Vis spectroscopic investigation was
carried out using a Shimadzu UV-1800 spectrometer, covering a
wavelength range of 190-1100 nm. The FT-IR (V. 640, USA)
instrument, which operates in the wavenumber range of 400 to 4000
cm?, was used to analyze the functional groups. A 0.09 g sample
served as the basis for the generation of spectra. Photoluminescence
(PL) analysis was used to determine the emission properties of the
materials. This analysis uses a non-destructive method and covers a
spectral range of 230 to 1000 nm. Utilizing the D-2 Phaser X-ray
diffractometer (Burker, Denver, CO, USA), 20 degrees per minute of
scanning was done. To obtain information about the crystalline
structure of the samples, a copper ka radiation source was employed.
A scanning electron microscope (model JSM5910, JEOL, Kyoto,
Japan) was used to evaluate the morphology of the samples. A voltage
of 30 KV was used accordingly. The elemental compositions of the
samples were ascertained by employing the EDX technique, which
operates in the energy range of 0-14 keV.

2.4. Photocatalytic degradation of methyl orange dye

To conduct the photo-catalytic experiment, a 100-volt lightbulb was
used. Briefly, a 120 mL methyl orange solution with 25 parts per
million (mg/L) concentration was mixed with a dispersion of the
photo-catalysts. The resulting solution was stirred at room
temperature for 25 min without light to achieve an
adsorption/desorption equilibrium. The combination was then
subjected to irradiation while being vigorously stirred. To confirm
that all solid catalysts had been completely removed, an aliquot of
about 4-5 mL of the solution was taken out and centrifuged regularly.
In the end, a UV-visible spectrometer was used to evaluate the
catalyst's effectiveness in the dye degradation. The formula used to
calculate the percent degradation is given in Eq. 1.

Degradation (%) = (Co-Cy) / Cox100 (2)

where, Cy and C, denote the dye concentrations before and after
photoirradiation.
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3. Results and discussion
3.1. Material evolution, UV-Vis, FTIR and PL characterization

Both doped and undoped SrO materials were acquired in the form of
dried powders. The optical, surface functional group and crystallinity
characteristics of the materials were assessed using UV-visible
spectroscopy, FTIR, XRD, and photoluminescence techniques. The
UV-Vis spectrum of the as-synthesized materials is presented in Fig.
1a. Notably, the Sr-O nanomaterial exhibited an absorption peak at 290
nm, indicating a band gap of approximately 4.28 eV. The introduction
of Fe and Ti into the mixture resulted in a gradual expansion of the
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absorption edges towards longer wavelengths, leading to a reduction
in band gaps. Remarkably, SrO nanocrystals doped with 2%, 3%, and
4% concentrations of Fe and Ti displayed absorption edges at
approximately 310 nm, 316 nm, and 324 nm, respectively. The findings
from the photoluminescence analysis are depicted in Fig. 1b. It is
evident that doping led to a blue shift in the emission wavelength and
enhanced photoluminescence intensity, with S2 exhibiting the highest
intensity, followed by S4 and S3, which exhibited the lowest intensity.
This behaviour suggests that S3 has the potential to most effectively
reduce the recombination of holes and electrons.
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Fig. 1. Optical and crystallinity characterization of the as-synthesized materials. (a) UV-Vis; (b) Photoluminescence spectra; (c) FTIR spectra;
(d) XRD spectra.

The findings of the FTIR analysis are illustrated in Fig. 1C. In the
Fig., the spectral peaks observed within the range of 600-860 cm™ are
attributed to the un-doped Sr-O stretching (Athar, 2013). Furthermore,
a discernible peak at 1447 cm™ signifies the H-O-H bending.
Additionally, the presence of the -OH group is indicated by a peak
identified within the wavenumber region of 3800 cm™ to 3500 cm™. The
observed blue shift of the 1447 cm™ peak in conjunction with increased
dopant levels from 0% to 3%, and the overall enhancement of peaks
within the 500-800 cm™ range with doping, are visually evident in Fig.
1c. The X-ray diffraction (XRD) analysis results are depicted in Fig. 1d.
As shown in Fig. 1d, distinctive peaks in the spectrum of undoped SrO,
corresponding to crystal planes (101), (112), (100), (200), (202), (114),
(213), (222), (310), (312), (111), (332), (431), (240), and (161) at 2-theta
angles of 14.29°, 19.53°, 20°, 24.41°, 25.19°, 28.39°, 31.78°, 35.10°,
36.40°, 39.23°, 40°, 41°, 44°, 47°, and 50°, respectively. The observed
narrow and sharp peaks suggest a high-quality crystalline nature of the
samples. Furthermore, peaks were assigned based on JCPDS file
numbers (JCPDS file#6-520) (Aghaee and Manteghi, 2022). Notably,
the introduction of Fe and Ti as dopants led to enhanced crystal planes

(202), (310), and (161). Subsequently, a significant increase in the
intensity of the XRD peak at 25.19° was observed. Additionally, the
determination of the crystallite size using Scherer’s equation revealed
average diameters of 33 nm, 35 nm, 28 nm, and 29 nm for undoped
SrO NPs and doped SrO NPs with 2%Fe/Ti, 3%Fe/Ti, and 4%Fe/Ti,
respectively. It is evident that these samples share similar sizes, with
no discernible alteration in the XRD pattern. Moreover, Fig. 1d
demonstrates a proportional increase in XRD peak intensity with the
rise in the concentration of Fe and Ti dopants, with the exception of S4,
which exhibits reduced intensity relative to S3.

3.2. SEM and EDX analysis

The results of the morphology analysis of the as-synthesized materials
show the evolution of aggregated spherical-shaped structures as
shown in Fig. 2.a and 2.b. Notably, doping did not induce a change in
the pristine SrO morphology. However, the EDX analysis confirmed the
presence of Sr, O, Fe, and Ti in the as-synthesized materials (Fig. 3).

10



Kashif et al. / Journal of Applied Research in Water and Wastewater 11 (2024) 8-14

Lovention]

2pm

SEM HV: 20.0 kV WD: 9.76 mm
View field: 10.4 pm Det: SE
SEM MAG: 20.0 kx Date(m/dly): 03/18/22

Performance in nanospace

SEM HV: 20.0 kV WD: 9.76 mm
View field: 20.8 ym Det: SE

SEM MAG: 10.00 kx Date(m/d/y): 03/18/22 Performance in nanospace

(@
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Fig. 3. EDX spectrum of the as-synthesized material.

3.3. Photocatalytic degradation

To conduct the photocatalytic experiment, a 100-volt lightbulb
illuminated a 120 mL methyl orange solution at 25 mg/L concentration,
mixed with photocatalysts. The mixture was stirred for 25 min in the
dark to reach adsorption/desorption equilibrium, then exposed to light
while stirring. Samples were centrifuged to ensure the removal of solid
catalysts, and a UV-visible spectrometer measured the dye degradation
efficiency. Fig. 4a-d shows the results of the photodegradation using
the doped and undoped SrO at the different experimental conditions.
Since pure SrO has a large band gap and a fast rate of charge
recombination, it was not surprising that its photocatalytic activity was
on the low end compared to those of the doped materials. The S3
material has the highest degree of degradation efficiency, while a
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decrease in activity was noticed with S4. As shown in Fig. 4a, the
photodegradation increases with time and seems to level up at some
time, mostly after 90 min for S3 and 150 min for other materials, i.e. the
S, S2 and S4. Also, the optimal dosage for all materials was 150 mg as
revealed in Fig. 4b. The results of the effects of the initial concentration
and pH on the degradation efficiency showed that both degradation
decreased with increasing initial concentration and pH (Fig. 4c-d).
Decreasing photocatalytic activity with higher photocatalyst loading up
to 150 mg is due to light scattering and shielding effects, which limit
photon penetration and electron-hole pair generation. High MO
concentration and high alkalinity reduce light penetration and alter
surface charge interactions, diminishing dye adsorption and
photocatalytic efficiency.
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Fig. 4. Photodegradation of S, S2, S3, and S4 under different experimental conditions. (a) Time variation ;(b) catalyst dosage; (c)
initial concentration; (d) pH variation.

3.4. Mechanism of photocatalytic degradation

Fig. 5 depicts a plausible photocatalysis mechanism for the degradation
of the MO dye. The initial step involves the adsorption of dye molecules
onto the catalyst's surface. Upon incidence of light on the photocatalyst,
the absorption of a photon (light energy) leads to the separation of the
electron (e7) and holes (h*). The efficiency of this process is contingent
on the energy of the incident light relative to the photocatalyst's band
gap. When the energy of the incident light surpasses the band gap of
the photocatalyst, electrons () transit from the valence band (VB) to
the conduction band (CB), leaving holes in the valence band. As
illustrated in Fig. 4, the electrons in the conduction band can freely
interact with oxygen, giving rise to the formation of superoxide anion, a
potent oxidizing agent that facilitates the conversion of dye molecules
to CO, and H,O (Slimani et al., 2023). Conversely, the holes can oxidize
water to hydroxyl radicals, which further contributes to the conversion
of the dye to CO, and H,O (Al-Mamun et al., 2023). The incorporation
of transition metals into the semiconductor lattice, such as that of SrO,
serves to enhance the separation of charge carriers and thus prevents

the recombination of photoinduced electrons and holes. The
photocatalytic process can be summarized through a series of chemical
reactions outlined in Egs. 2-7 below:

SrO + hv— SrO (ecb™ + hvb+) )
SrO (ecb™ + hvb+) + O,/OH7/H,0 — °OH + O,°~ 3)
(FelTi)*™ + ecb™ (CB) — (Fe/Ti)™! (electron trap) (4)
(FelTi)*™ + O, — (Fe/Ti)™ + O, (electron release) (5)
hvb+ (VB) + OH/H20 — °OH (6)
°OH/ 0,°” + MO dye — degraded products + CO; + H,O (@)

Table 1 shows the comparison of the effectiveness of the present
work with some works reported in the literature on MO degradation. The
details of each material and photocatalytic efficiency in terms of %
removal are mentioned. It is evident that the prepared samples, S, S2,
S3 and S4, have remarkable degradation capability compared to most
of those of the previously reported works in terms of timing and
degradation efficiency.

Lo

N, .
-0
02
3' h+
& h+
; Co-doped °OH
Sro
OH/H,0

Undoped Sro

Methyl Orange

Fig. 5. Proposed reaction mechanism of MO dye degradation.

Table 1. Comparison of the present work with literature reports on MO’s degradation.

NPs and Time for
. Method of preparation Morphology degradation, Removal, % Ref.

nanocomposites min

S Hydrothermal Spherical 150 150 and 90 This work

S2 Hydrothermal Spherical 150 150 and 98.48 This work

S3 Hydrothermal Spherical 90 90 and 98.27 This work

S4 Hydrothermal Spherical 150 150 and 93.52 This work

NiO Green synthesis Spherical 30 30 and 90 Barzinjy et al., 2020
s Makeswari and

CBMO Co-precipitation porous 120 120 and 74 Saraswathi, 2020

TiO, Hydrothermal Tube and Rod 180 180 and 45 Raliya et al., 017)

Zn0O Sol-gel Nano rods 180 180 and 57 Tran et al., 2021

GO Hummer’s technique Nano-sheets 180 180 and 53.8 Raliya et al., 2017

C0504-Zn0 In-situ Rhombic 120 120 and 76.8 Tran et al., 2021

dodecahedral

Fe;0, Green synthesis Spherical 360 360 and 98.6 ggfgbanam et al,

AlZnO Sol-gel Spherical 40 40 and 99 Peeraklatihajon et

Fe-TiO, Controlled hydrolysis Spherical 360 360 and 79 Tong et al., 2008

S0,-4-TiO, Sol-gel Mesoporous 240 240 and 61 Parida et al., 2008

12
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. Khan, Naeem, and
ZnO-PVP In-situ Agglomerated 120 and 82 Mahmood, 2020a
CuO/NC Chemical reduction Agglomerated 4 and 97.18 Khan et al., 2020b
Ag-GdFeO; PhOto'.a.SS'Sted Spherical 60 and 98 Baeissa, 2016

Deposition

FA/CuO Green synthesis Spheroidal 40 and 99 glloalz; mder and Rano,
Fe;04 Co-precipitation Spherical 110 and 98.3 Al-Abdallat et al., 2019
CeO,-Fe,03 Thermal decomposition Agglomerated 120 and 93.8 Krishnan et al., 2021

4. Conclusions

Strontium oxide (SrO) and Fe/Ti co-doped SrO nanoparticles were
synthesized utilizing a hydrothermal process. The photocatalytic
efficiencies of the materials were evaluated against the degradation of
methyl orange dye. A % removal of about 98 % was achieved within 90
min of interaction using 3% Fe/Ti co-doped SrO nanomaterials. The
current approach shows the potential of using SrO co-doped with Fe
and Ti as efficient nanomaterials for the photocatalytic degradation of
methyl orange dye in water.
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