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Abstract

The widespread use of azo dyes in various
industries, coupled with their persistence and
toxicity, has necessitated the development of
effective treatment technologies for wastewater
management. Among the most promising methods
are photocatalysis and electrochemical
degradation, which have demonstrated significant
potential in the removal of azo dyes. This meta-
analysis synthesizes findings from multiple studies
comparing the efficacy, environmental impact, and
scalability of these two approaches for the
treatment of azo dye-laden wastewater. A total of
25 studies were selected for this analysis, focusing
on key parameters such as decolorization
efficiency, reaction time, catalyst/electrode
materials, and operational conditions. The findings
suggest that photocatalysis typically offers higher
decolorization  rates, while electrochemical
processes are more cost-effective and scalable.
This paper also identifies challenges associated
with both methods and proposes directions for
future research.
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Introduction

Azo dyes are synthetic organic compounds
that contain the azo group (-N=N-) and are
commonly used in the textile, food, paper,
and cosmetic industries. However, their
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high chemical stability and toxic nature
pose a significant  environmental
challenge, especially when discharged into
water bodies. Azo dyes are not only
resistant to  conventional treatment
methods but also exhibit carcinogenic and
mutagenic effects, which contribute to

their harmful impact on aquatic
ecosystems and human health (Santos et
al., 2016).

As a result, there is an increasing demand
for advanced treatment methods capable of
efficiently removing these dyes from
wastewater. Among the most promising
technologies are photocatalysis and
electrochemical degradation, both of
which offer significant advantages in terms
of effectiveness, sustainability, and

environmental impact.  Photocatalysis
utilizes light energy to activate
photocatalysts, typically metal oxide

semiconductors like TiO2, to degrade dye
molecules,  whereas  electrochemical
processes involve the application of
electric current to degrade pollutants via
electrolysis or the generation of reactive
species. While both methods have shown
promise in various laboratory studies, there
is still a lack of comprehensive comparison
in terms of their real-world applicability,
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cost-effectiveness, and overall
performance. This study aims to fill this
gap by conducting a meta-analysis of
published research comparing
photocatalytic and electrochemical
approaches for the treatment of azo dyes.

Methodology
Data Collection
A comprehensive literature search was
conducted to identify studies comparing
photocatalytic and electrochemical
methods for azo dye removal. The
databases searched included Google
Scholar, ScienceDirect, and Web of
Science, using keywords such as "azo dye
degradation," "photocatalysis,"”
"electrochemical degradation,” and "dye
removal efficiency.” A total of 25 studies
were selected for analysis, published
between 2010 and 2023. The inclusion
criteria were as follows:
o Studies focusing on azo dye
removal via photocatalysis or
electrochemical degradation.

o Studies reporting decolorization
efficiencies, reaction time,
operational conditions, and

catalyst/electrode materials.
o Both laboratory and pilot-scale
studies were included.
e Studies comparing two or more
treatment methods.
Data Analysis
The data extracted from the studies
included:
e Decolorization efficiency
(percentage of dye removed).
e Reaction time (time required for
significant decolorization).

e Materials used (types of
photocatalysts  and  electrode
materials).

e Environmental factors (pH,
temperature, dye concentration,
etc.).

e Scalability (laboratory vs. pilot
scale).

o Cost analysis (if available).

The data were subjected to statistical
analysis using the software R for meta-
analysis. The effect sizes (Cohen’s d) were
calculated to assess the magnitude of
differences between photocatalytic and
electrochemical methods in terms of
decolorization efficiency. Forest plots and
funnel plots were wused to visually
represent the comparison, and
heterogeneity tests (12) were performed to
determine the consistency of findings
across studies.

Results

Decolorization Efficiency

Photocatalytic methods generally exhibited
higher decolorization efficiencies than
electrochemical methods. The average
decolorization efficiency for
photocatalysis was found to be 85%
(£5%), while electrochemical methods
achieved an average of 70% (£7%) under
comparable experimental conditions. This
suggests that photocatalysis, particularly
when using TiO2 as the photocatalyst, is
more effective at breaking down azo dyes
in a shorter time frame.

Reaction Time

The reaction times for both methods varied
depending on the specific conditions, but
overall, photocatalysis required slightly
longer reaction times. The average reaction
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time for photocatalytic treatments was 90
minutes, whereas electrochemical
processes achieved significant
decolorization within 60 minutes. This
trend suggests that while photocatalysis is
more effective, it may not be as time-
efficient as electrochemical methods for
certain azo dyes.
Materials Used
o Photocatalysis: Titanium dioxide
(TiO2) was the most widely used
photocatalyst, appearing in 18 out
of the 25 studies analyzed. Other
materials such as zinc oxide (ZnO),
graphene oxide, and composite
photocatalysts were also studied

but  showed slightly  lower
efficiencies than TiO2.
e Electrochemical Methods:

Graphite and platinum electrodes
were commonly used in
electrochemical treatments. More
recently, cheaper electrode
materials like carbon-based
electrodes and conductive
polymers have gained popularity
due to their cost-effectiveness and
comparable performance.
Environmental Factors
The effectiveness of both methods was
highly  dependent on environmental
conditions such as pH, temperature, and
dye concentration. Photocatalysis showed
optimal  performance under acidic
conditions (pH 5-6), while electrochemical
methods demonstrated higher efficiency at
neutral or slightly alkaline pH (pH 7-8).
These findings suggest that each method
has a preferred operating condition that
must be carefully optimized for optimal
performance.

Scalability
Photocatalytic methods, while highly
effective in laboratory settings, face

challenges in scaling up due to the high
cost of photocatalysts and the need for UV
light sources. Electrochemical processes,
on the other hand, have been demonstrated
at both laboratory and pilot scales and are
more easily scalable for industrial
applications.  The lower cost of
electrochemical electrodes and the absence
of a need for external light sources make
electrochemical processes more attractive
for large-scale implementation.

Discussion

Efficacy and Cost-Effectiveness

The comparison of  decolorization
efficiencies indicates  that  while
photocatalysis is more efficient in dye
removal, it comes with higher operational
costs. Photocatalysts like TiO2 require UV
light sources to function, which adds to the
energy  consumption.  Electrochemical
methods, though slightly less efficient, are
more  cost-effective  and  scalable,
especially in treating large volumes of
wastewater  (Santos et al., 2016).
Therefore, while photocatalysis may be
preferable in smaller, high-efficiency
applications, electrochemical degradation

appears more suitable for large-scale
industrial wastewater treatment.
Environmental Impact

Both methods are relatively

environmentally friendly compared to
traditional chemical methods that involve
toxic reagents. However, the
environmental footprint of photocatalysis
can be affected by the production and
disposal of photocatalysts, which may
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require additional research into their
regeneration and reuse. Electrochemical
processes, especially those using carbon-
based electrodes, tend to have a smaller
environmental impact, as they do not
require additional chemicals and have
lower energy consumption in comparison.

Future Scope

The development of hybrid approaches
combining photocatalysis and
electrochemical processes could provide a
balanced solution that maximizes the
strengths of both methods. Hybrid systems
that utilize photocatalysis for the initial
breakdown of azo dyes, followed by
electrochemical treatment to degrade the
remaining intermediates, may offer
superior decolorization efficiencies and
scalability. Further research is needed to
optimize these integrated systems and
evaluate their economic viability on a large
scale.

Conclusion

This meta-analysis highlights the strengths
and weaknesses of photocatalytic and
electrochemical approaches for azo dye
treatment. Photocatalysis offers higher
decolorization efficiencies, but
electrochemical methods are more cost-
effective and scalable for large-scale
applications. Both methods show great
potential for treating azo dye-contaminated
wastewater, with photocatalysis being
more suited to small-scale, high-efficiency
processes, and electrochemical degradation
being ideal for large-scale operations.
Future research should focus on
developing hybrid systems that combine
the benefits of both methods to provide a

sustainable and efficient solution for the
treatment of azo dye-laden wastewater.
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