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ABSTRACT

Background: Synthetic dyes, especially azo-based compounds like Reactive Blue 13, are widely used in the textile industry and
pose significant environmental hazards due to their stability and resistance to biodegradation. Photocatalysis using metal oxide
nanoparticles offers a sustainable approach for degrading such dyes in wastewater. Titanium dioxide (TiO2) and magnesium oxide
(MgO) nanoparticles have demonstrated high catalytic activity under UV irradiation, yet their comparative efficiency under varying
operational parameters remains underexplored.

Objective: To evaluate and compare the photocatalytic degradation efficiency of Reactive Blue 13 dye using TiO: (anatase) and
MgO nanoparticles under UV light by optimizing pH, catalyst dosage, and dye concentration.

Methods: Reactive Blue 13 stock solutions (1000 ppm) were prepared and diluted for experimental use. Photocatalytic degradation
was carried out in a controlled photoreactor under UV light, with pH adjusted using 0.1 M HCl and NaOH. Catalyst dosages ranged
from 0.01 g to 0.15 g, and dye concentrations varied from 10 ppm to 40 ppm. UV-Vis spectrophotometry was employed to monitor
absorbance at Amax = 574 nm. Degradation efficiency was calculated as a percentage reduction in dye concentration over time.

Results: TiO: showed maximum degradation efficiency (98%) at 10 ppm dye concentration, pH 10, and 0.1 g catalyst dose. MgO
achieved 97% efficiency at the same dye concentration with a pH of 11 and 0.05 g catalyst dose. Efficiency declined at higher dye
concentrations due to light penetration limits and active site saturation.

Conclusion: Both TiO: and MgO are effective photocatalysts for degrading Reactive Blue 13 dye, with MgO demonstrating broader
pH tolerance and TiO: showing peak efficiency under alkaline conditions. These findings underscore the importance of parameter
optimization for real-world wastewater remediation applications.

Keywords: Azo dyes, Environmental remediation, Magnesium oxide, Nanoparticles, Photocatalysis, Titanium dioxide, UV
spectroscopy.
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INTRODUCTION

The history of dye usage is deeply rooted in human civilization, tracing back to ancient cultures that utilized naturally sourced pigments
from plants, minerals, and animals to express identity, status, and creativity through textiles and art. Civilizations such as the Egyptians,
Greeks, and Romans developed dyeing techniques that were both symbolic and practical. Over centuries, technological advances, trade
expansion, and industrialization contributed to significant shifts in dye sources and processing. The Industrial Revolution marked a
pivotal moment, introducing synthetic dyes that revolutionized the textile industry by enabling large-scale production, improved
colorfastness, and a wider spectrum of shades (1,2). However, the rapid rise of synthetic dyes also brought environmental concerns to
the forefront, particularly due to the toxic effluents released during textile dyeing processes. As a result, the 21st century has witnessed
a paradigm shift toward sustainable dyeing practices, with increasing focus on biodegradable dyes, eco-friendly technologies, and novel
catalytic materials that can mitigate the environmental burden caused by dye pollutants (3,4). Among synthetic dyes, reactive dyes are
widely employed for coloring cellulose-based fibers due to their ability to form covalent bonds with textile substrates, resulting in
excellent wash and light fastness. Despite these advantages, the release of unreacted dye residues in wastewater poses a significant
environmental hazard, affecting aquatic ecosystems, impairing water quality, and presenting challenges in wastewater treatment (5,6).
With heightened environmental awareness, researchers are actively investigating advanced treatment methods that are both efficient and
sustainable. In this context, nanocatalysts have emerged as promising candidates for environmental remediation owing to their high
surface area, reactivity, and ability to facilitate degradation of recalcitrant pollutants. Magnesium oxide (MgO) nanoparticles, in
particular, have shown considerable potential due to their physicochemical stability, affordability, and catalytic activity in degrading
harmful dyes and other organic contaminants (7,8).

MgO nanoparticles, with their high surface-area-to-volume ratio and environmentally benign nature, offer significant advantages in dye
degradation applications. Their ability to generate reactive oxygen species under specific conditions allows for the efficient breakdown
of dye molecules, converting toxic compounds into harmless by-products. Several studies have reported the successful application of
MgO in degrading various classes of dyes, including azo and reactive dyes, either alone or in combination with other photocatalysts
such as titanium dioxide (TiOz) (9,10). Comparative analyses have revealed notable differences in degradation efficiencies depending
on nanoparticle size, surface characteristics, and reaction parameters such as pH, light exposure, and catalyst concentration. These
findings underscore the importance of optimizing nanocatalyst properties to maximize environmental benefits while minimizing
secondary pollution risks. Furthermore, research on MgO nanocatalysts has extended into green synthesis methods using biological
extracts, making the production process more sustainable and reducing the use of hazardous chemicals. Their application in dye
degradation not only enhances the effectiveness of wastewater treatment systems but also aligns with global sustainability goals by
reducing dependency on energy-intensive and chemically aggressive methods (11,12). TiO2, another extensively studied nanocatalyst,
offers a benchmark for assessing the performance of alternative materials such as MgO. Therefore, direct comparisons of TiO> and MgO
under controlled conditions can provide critical insights into their relative efficiencies and practical applicability. Given the pressing
need to address dye pollution and promote eco-conscious industrial practices, the current study aims to synthesize and characterize
magnesium oxide nanoparticles and evaluate their catalytic performance in degrading Reactive Blue 13 dye under UV irradiation. The
degradation efficiency of MgO will be compared with that of TiO2 nanoparticles, providing a rational basis for selecting sustainable
nanocatalysts in textile wastewater treatment. This research endeavors to contribute to environmentally responsible dyeing practices by
offering viable, low-cost, and scalable solutions for dye degradation.

METHODS

The present experimental study was conducted at the laboratories of Riphah International University, Faisalabad, with the objective of
investigating the photocatalytic degradation efficiency of magnesium oxide (MgO) nanoparticles on Reactive Blue 13 dye under
ultraviolet (UV) irradiation. The study design involved a controlled laboratory setup in which a comparative evaluation was also made
between MgO and titanium dioxide (TiO2) nanocatalysts. Although no human or animal participants were involved, ethical approval for
the use of university resources and chemicals was obtained from the institutional research committee, ensuring all safety and ethical
considerations were met. The experiment utilized analytical-grade reagents, including Reactive Blue 13 dye, MgO nanoparticles, TiO2
anatase powder, deionized water, hydrochloric acid (HCI), and sodium hydroxide (NaOH) for pH adjustments. Laboratory glassware
such as beakers, Erlenmeyer flasks, volumetric flasks, pipettes, burettes, and test tubes were employed for solution preparation and
handling. Analytical equipment included a UV-visible spectrophotometer (Perkin Elmer), centrifuge, digital pH meter, hot plate/stirrer
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with magnetic mixing capabilities, and an ultrasonic bath for catalyst dispersion. The UV-Vis spectrophotometer played a key role in
tracking the dye’s degradation by measuring absorbance changes at the dye’s Amax (maximum absorbance wavelength), enabling
quantification of decolorization efficiency in treated solutions (13-15).

A stock solution of Reactive Blue 13 was prepared at a concentration of 1000 ppm by dissolving 0.1 g of dye in 100 ml of distilled
water, which was subsequently diluted to obtain working concentrations. Standard solutions of 0.1 M HCI and 0.1 M NaOH were
prepared for pH adjustment by dissolving 8.3 g of HCI and 4.0 g of NaOH in distilled water, respectively, to final volumes of 1 liter in
volumetric flasks. The prepared solutions were stored under sterile conditions and labeled appropriately. Photocatalytic experiments
were carried out in a custom photoreactor chamber equipped with a UV lamp, where distance between the UV source and reaction vessel
was standardized. For each trial, 1000 ml of dye solution adjusted to a specific pH was added to the reactor, followed by a known amount
of MgO or TiO: catalyst. The suspension was stirred magnetically to maintain uniform distribution of the catalyst, while UV light
exposure initiated the photodegradation process. Samples of 5 ml were withdrawn at predetermined time intervals and immediately
centrifuged to remove particulate matter. The supernatant was analyzed spectrophotometrically to determine the residual dye
concentration, and percentage decolorization was calculated using the formula: Decolorization (%) = [(Co - C)/Co] % 100, where Co is
the initial dye concentration and C, is the concentration at time ¢ (15,16). Optimization of experimental variables was carried out to
determine the most effective conditions for dye degradation. Parameters including catalyst concentration (MgO and TiO), initial dye
concentration, and solution pH were varied one at a time while keeping the others constant to identify optimal performance conditions.
The influence of each parameter on degradation efficiency was assessed to provide insights into the catalytic behavior of MgO compared
to TiO2 (17). Characterization of degradation was further supported by UV-Vis spectroscopy, which evaluated absorbance at Amax over
time to assess the breakdown of the dye’s chromophoric structure. The absorbance data was translated into transmittance and further
processed using Beer-Lambert Law to establish a correlation between dye concentration and absorbance values: A = &.c.d, where 4 is
absorbance, ¢ is molar extinction coefficient, ¢ is concentration, and d is path length (18,19).

OPTIMIZING NANOPARTICLE CONCENTRATION

Process of flow methodology

RESULTS

Spectrophotometric analysis revealed the maximum absorbance wavelength (Amax) for Reactive Blue 13 dye was observed at 574 nm.
Using this wavelength, the degradation performance of two photocatalysts—TiO: (anatase) and MgO nanoparticles—was assessed
across various experimental parameters, including pH, dye concentration, and catalyst dosage. Under optimized conditions, TiO-
demonstrated its highest degradation efficiency at pH 10, where the dye removal percentage reached 98% for a 10 ppm solution after
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120 minutes of UV exposure. At dye concentrations of 20 ppm, 30 ppm, and 40 ppm, the degradation efficiency progressively declined
to 75%, 51%, and 36% respectively. The degradation effectiveness was found to decrease significantly beyond 0.1 g of TiO2, where
increased catalyst load led to particle agglomeration and reduced UV penetration. The highest photocatalytic activity of TiO: was
observed at a concentration of 0.1 g and pH 10, while further increases up to 0.15 g did not improve dye removal. Regarding pH
sensitivity, TiO.-mediated degradation was less efficient in acidic environments, with moderate to low removal at pH 3 and 4. At pH 11,
degradation efficiency also dropped slightly compared to pH 10, likely due to excessive hydroxyl ion competition limiting radical
formation. TiO: showed no significant degradation effect at low catalyst concentrations (0.05 g) or at excessively high dye concentrations
(>40 ppm), confirming the necessity of optimized catalyst-to-dye ratios for effective performance.

MgO nanoparticles, in contrast, demonstrated efficient dye degradation over a broader pH range. Significant degradation was observed
at both acidic (pH 3: 90%) and alkaline (pH 10: 85%) conditions, with moderate degradation recorded at pH 4 (65%) and pH 11 (70%).
The degradation process was strongly influenced by the MgO concentration. Increasing the catalyst dose from 0.01 g to 0.05 g improved
dye removal from 30% to 97%, after which efficiency plateaued, reflecting a saturation point. In terms of dye concentration, MgO also
followed a similar trend to TiOz. The highest degradation rate (97%) was recorded at 10 ppm dye concentration with 0.05 g MgO and
pH 11 after 120 minutes. At higher dye concentrations, degradation rates declined, attributed to increased light absorption by dye
molecules, which restricted UV penetration and ROS formation. Additionally, excessive dye coverage on the MgO surface inhibited
active site availability, reducing radical generation and subsequent degradation efficiency. A comparative assessment between TiO- and
MgO highlighted that while both catalysts effectively degraded Reactive Blue 13, MgO provided broader applicability across varied pH
levels. TiO: showed its peak performance strictly in alkaline conditions, especially pH 10, but was limited in acidic environments. MgO,
conversely, maintained high degradation efficiency in both acidic and alkaline conditions, indicating greater adaptability and less
stringent pH dependency. Both catalysts exhibited a similar trend in relation to increasing dye concentration, where degradation
efficiency decreased beyond 20 ppm. Notably, degradation efficiency was found to be influenced not only by catalyst and dye
concentrations but also by interaction between dye molecules and generated hydroxyl radicals. The optimized catalyst concentrations
were 0.1 g for TiO2 and 0.05 g for MgO, with 10 ppm being the most suitable dye concentration for maximal degradation in both cases.

Table 1: Characteristics of MgO photocatalyst

Characteristic Description

Adsorption Molecules to MgO nanoparticles' surface, aiding subsequent reactions.
Electron-Hole Pairs MgO creates electron-hole pairs upon UV light exposure, crucial for degradation.
Redox Reactions Electrons and holes react with breaking it down chemically.

Hydroxyl Radical Formation MgO generates hydroxyl radicals, highly reactive in degrading.

Efficiency Degradation effectiveness depends on MgO properties and reaction conditions.
Mineralization Breaks down into harmless byproducts like CO2 and water.

Optimization Ongoing research aims to improve MgO efficiency in degrading.
Applications MgO photocatalysis shows promise in treating textile dye wastewater.

Table 2: General characteristics of Reactive Blue 13

Sr. No. Property Information

1 Item Reactive Blue 13

2 Appearance Brilliant blue powder

3 Molecular formula C29H16CIN7Na401454

4 Soluble in water At 150 g/L of concentration, the solubility scale scores a 20; at 160 g/L of concentration
5 pH Neutral

6 Molecular Weight 942.15
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Table 3: Comparatively analysis of Reactive Blue 13 by optimization parameters

Sr. No. Dye concentration (ppm)  TiO2 concentration (g) pH Level Effect of dye degradation

1 10 0.1 3 Moderate

2 10 0.1 4 Moderate

3 10 0.1 10 Clear

4 10 0.1 11 Less Moderate

5 20 0.1 3 Moderate

6 20 0.1 4 Moderate

7 20 0.1 10 Clear

8 20 0.1 11 Less Moderate

9 30 0.1 3 Moderate

10 30 0.1 4 Moderate

11 30 0.1 10 Clear

12 30 0.1 11 Less Moderate

13 40 0.1 3 Moderate

14 40 0.1 4 Moderate

15 40 0.1 10 Clear

16 40 0.1 11 Less Moderate

17 30 0.05 10 No Effect

18 30 0.15 10 No Effect
Table 4: Degradation percentages of Reactive Blue 13 dye using TiO2 and MgO catalysts

Catalyst pH Level Degradation Effect

TiO2 3 Moderate

TiO2 4 Less Efficient

TiO2 10 Clear

TiO2 11 Less Moderate

MgO 3 Significant

MgO 4 Moderate

MgO 10 Significant

MgO 11 Moderate

Degradation of Reactive Blue 13 using MgO at Different pH Levels
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DISCUSSION

The current study systematically evaluated the photocatalytic degradation potential of titanium dioxide (TiO:, anatase) and magnesium
oxide (MgO) nanoparticles for the treatment of Reactive Blue 13 dye, a widely used azo dye in textile industries. The findings highlighted
the comparative efficiency of both catalysts under varying physicochemical conditions, such as pH, catalyst concentration, and dye
loading. The degradation process, driven by the generation of reactive oxygen species (ROS), was optimized to assess each catalyst’s
performance under UV light exposure. TiO- demonstrated superior degradation activity in alkaline conditions, with pH 10 yielding the
highest degradation efficiency. This was consistent with previous literature reporting enhanced ROS formation and charge separation in
alkaline media that promote photocatalytic activity of TiO.. However, the efficiency decreased marginally at pH 11 and was notably less
in acidic environments, indicating a narrow pH-operational range (20,21). Although TiO: is a well-established photocatalyst with strong
oxidative capabilities, its performance was sensitive to environmental factors, which may complicate large-scale industrial application
unless precise pH control is maintained. Furthermore, increasing TiO- concentration initially enhanced degradation efficiency, likely
due to the greater number of active sites available for dye adsorption and ROS interaction. Yet, at concentrations beyond 0.1 g, the
efficiency plateaued, possibly due to catalyst agglomeration and light scattering, which reduced UV penetration and hindered
photocatalytic efficiency. These observations echoed established findings that overly dense suspensions can limit active surface area and
light absorption (22,23).

MgO nanoparticles, in contrast, exhibited efficient dye degradation across both acidic and alkaline pH ranges, highlighting their broader
pH tolerance. Maximum degradation occurred at pH 11, although substantial decolorization was also observed at pH 3 and 4. This
flexibility suggests that MgO may be more suitable for treating wastewater with fluctuating or unregulated pH, a common scenario in
industrial effluents. The catalyst dosage of MgO also influenced dye degradation significantly, with the optimal performance noted at
0.05 g. Similar to TiO, an excess of MgO beyond this threshold did not proportionally enhance degradation due to possible particle
aggregation and opacity of the medium, which interfered with photon penetration and reactive species generation (24,25). The study
also confirmed that MgO nanoparticles could sustain their photocatalytic activity even at higher dye concentrations, although with
slightly diminished efficiency due to UV shielding effects and competitive adsorption by dye molecules. Comparative analysis revealed
that although both catalysts effectively facilitated the degradation of Reactive Blue 13, MgO demonstrated more stable performance
over a wider range of pH conditions and dye concentrations. This greater operational flexibility is crucial for real-world wastewater
treatment settings where environmental variables are less controllable. Furthermore, MgO appeared to be less prone to performance
inhibition by dye saturation or particle overloading, making it a cost-effective and environmentally resilient option (26,27). Notably, the
ability of MgO to generate hydroxyl and superoxide radicals efficiently was a key contributor to its superior performance, as supported
by observed degradation rates and corroborative spectral analyses.

One of the strengths of this study lies in its systematic parameter optimization and direct comparative design, which allowed for a
nuanced understanding of photocatalyst behavior under realistic conditions. The use of UV-Vis spectrophotometry enabled precise
quantification of dye degradation and provided insight into reaction kinetics and catalytic efficiency. Additionally, the controlled use of
nanoparticle doses and environmental conditions strengthened the reproducibility and reliability of the findings. Nevertheless, certain
limitations must be acknowledged. The study was conducted under laboratory-scale conditions with constant UV irradiation and
temperature, which may not fully replicate the complexities of industrial wastewater treatment environments. Furthermore, only one
type of dye was used, limiting the generalizability of the findings across different dye structures and pollutant classes. The long-term
stability, recyclability, and potential leaching behavior of the nanoparticles were not assessed, which are essential considerations for
environmental safety and economic feasibility in real-world applications. Future research should focus on pilot-scale studies
incorporating varying dye classes, continuous flow reactors, and natural light sources to validate the photocatalytic potential of these
nanomaterials under practical settings (28). Additionally, exploring synergistic effects of TiO. and MgO composites or doping these
catalysts with transition metals could enhance their optical absorption and catalytic properties. Assessing nanoparticle recovery and
reusability, as well as their potential ecotoxicological impacts, will also be critical for their integration into sustainable wastewater
management strategies. In conclusion, this study provided valuable comparative insights into the photocatalytic capabilities of TiO2 and
MgO nanocatalysts. While TiO. proved effective under optimal alkaline conditions, MgO emerged as a more versatile and
environmentally adaptive alternative, capable of maintaining high degradation efficiency across a broader pH spectrum. These findings
hold promise for the advancement of photocatalytic dye removal technologies and contribute to the growing body of evidence supporting
nanomaterial-based solutions for industrial wastewater remediation.
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CONCLUSION

This study concluded that both titanium dioxide (TiO:) and magnesium oxide (MgO) nanoparticles effectively facilitated the
photocatalytic degradation of Reactive Blue 13 dye under UV irradiation, with performance influenced by catalyst concentration, pH,
and dye loading. The research highlighted the importance of optimizing these parameters to achieve maximum efficiency, noting that
while increasing catalyst concentration initially enhanced degradation, excessive amounts led to reduced performance due to saturation
effects. MgO demonstrated greater adaptability across varied pH levels, reinforcing its potential as a versatile and cost-effective catalyst
for real-world wastewater treatment. By identifying the interplay between catalyst type, dosage, and environmental conditions, the study
provided a valuable framework for designing sustainable dye removal strategies. These findings contribute significantly to advancing
eco-friendly wastewater management practices and underscore the importance of continued exploration into scalable and economically
viable photocatalytic solutions for industrial pollution control.
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