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Abstract—The treatment of dye wastewater is
significant both due to its toxic constituents as well as the
considerable contribution of organic material. This
paper comparatively evaluates the three treatment
methods: Advanced Oxidation Processes (AOPs), Zero-
Valent Iron (ZVI) treatment, and Anaerobic Digestion
(AD) in order to determine which one would be most
appropriate in minimizing pollutants while recovering
energy. Since AOPs are researched for their
characteristic to degrade complex dye molecules, the
removal ability of residual contaminants by ZVI is
evaluated through chemical reduction. AD's biogas
production is considered as source of renewable energy.
Analysis of each process includes the effectiveness of the
treatment method, cost-effectiveness, and environmental
sustainability of the methods. The outcomes indicate that
even though AOPs diminish the intensity of color and
COD, improvement in post-AOP removal of
contaminant by ZVI increases synergism between
anaerobic digestion, AOPs, and ZVI through maximum
energy recovery. Results and discussion Anaerobic
digestion combined with AOPs and ZVI enhances the
recovery of energy to its maximum extent through the
biogas product. Conclusion Hybrid systems compounded
together provide the best possible performance, but each
method is not of equal merit due to specific treatment
targets. This comparison leads toward sustainable

wastewater management and renewable energy
generation.
Index  Terms—Advanced  Oxidation  Processes,

Anaerobic Digestion, biogas , , comparative analysis, Dye
wastewater, renewable energy ,Zero-Valent Iron.

I. INTRODUCTION

Dye wastes are mainly effluents produced in textile
industries, leather, and paper. It possesses
environmental challenges because of high organic
load and toxicity besides persistence of color in the
effluent. The traditional physical and biological
processes most of the time cannot handle the
degradation process in the complex synthetic dyes
where very high chances of environmental and health
risks are evident. This led to the need for more-
efficient and sustainable technologies for proper
treatment.

Among the most promising methods, three stand out:
Advanced Oxidation Processes, Zero-Valent Iron, and

Anaerobic Digestion. AOPs, such as ozonation and
Fenton's oxidation, eliminate organic molecules in
complex forms through strong oxidants, which leads
to a decrease in color intensity and COD. Nonetheless,
AOPs leave behind residue that requires further
treatment. Because this provides a secondary process,
the reduction reaction of ZVI also takes out the
residuals of pollutants in the system, which increases
the efficiency of the treatment. On its part, Anaerobic
Digestion treats the organic portion of the wastewater
while it generates biogas, thus enjoying two benefits
from the treatment of wastewater and producing
renewable energy.

This paper aims to present a comparative analysis of
these three methods: AOPs, ZVI treatment, and
Anaerobic Digestion to determine which one is more
effective and sustainable for dye wastewater
treatment. Analysis: The analysis will assess each
method in terms of its efficiency in pollutant removal,
energy consumption and recovery, cost, and its
probable environmental impact. The paper aims at
providing the best recommendation for an optimal
treatment strategy to manage dye wastewater
sustainably for energy generation while identifying the
strengths and weaknesses of each approach.

Il. METHODOLOGY

For judgment of their individual and combined
efficiencies in treating dye wastewater, this study has
conducted a comparative analysis of AOPs, ZVI
treatment, and AD. The experiment design is divided
into three phases: (1) Degradation through AOPs as an
initial step, (2) ZVI as a secondary treatment process,
and (3) Anaerobic Digestion for renewable energy
productions. Hence, the work was analyzed
individually and together to comment on its
efficiencies related to various parameters.

A. ADVANCED OXIDATION PROCESSES (AOPS)
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i. Selection and Pre-treatment of AOPs

Two AOPs were chosen for this experiment:
Ozonation and Fenton's Oxidation. From past
experiences, these were noted to be potent in the
degradation of complicated molecules of dyes. The
AOPs were used on simulated wastewater prepared by
the synthetic dye Methylene Blue at 100 mg/L
concentration levels that mimic industrial sewage.

ii. Experimental Configuration

A 1-liter glass batch reactor that offered a stirring
mechanism was used for carrying out the experiments
of AOP. The reactor ensured uniform mixing of
wastewater with the oxidizing agent.

iii . Ozonation Treatment Process

Ozone was generated using an ozone generator. The
dye wastewater was subjected to various
concentrations of ozone for specific periods. Samples
were withdrawn from different time intervals to
measure color intensity and COD.

iv. Fenton's Oxidation Treatment Process

A fixed ratio of hydrogen peroxide and ferrous sulfate
was prepared as Fenton's reagent. The pH for
treatment with the reagent was maintained at an
optimum value, which was adjusted using sulfuric acid
or sodium hydroxide. Removal of color and COD was
monitored versus time.

B. ZERO-VALENT IRON TREATMENT
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i. Preparation of ZVI and Their Characterizations

Commercial ZVI powder was used in this experiment.
SEM characterization was done on its surface
morphology to ensure the appropriateness of the
powder for use in the reduction of pollutants.

ii. Treatment Procedure

After AOP treatment, the treated wastewater was
subjected to ZVI treatment through the addition of
different dosages of ZVI. The residual concentration
of the dye and COD were measured at different time

intervals to check the extent to which ZVI could
remove the remaining contaminants.

C. ANAEROBIC DIGESTION (AD)
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i. Inoculum and Reactor Setup

The experiment involved two identical batch reactors-
one with ZVI-prepared wastewater that was treated
using and another left untreated as a control. The
reactors were then inoculated with local anaerobic
sludge obtained from a wastewater treatment facility

ii. Biogas Measurement

The reactors were sealed to maintain the anaerobic
atmosphere, and biogas production was checked
regularly for a day. A gas collection system was
adopted for estimating the volume produced, whereas
gas chromatography was adapted to check methane
concentration.

D. ANALYTICAL TECHNIQUES
i. Color and COD Estimation

Color intensity is monitored by UV-Vis
spectrophotometer, whereas COD estimations are
carried out according to the standard procedure,
following the calculation of decreased organic
pollutants.

ii. Biogas Composition Estimation

Biogas methane content was determined by the gas
chromatography procedure. The yield of methane was
thereby used to estimate the potential for energy
recovery.

I1l. RESULTS

A. ADVANCED OXIDATION PROCESSES
(AOPS)

i. Ozonation Results

Ozonation led to significant color removal and COD
removal from the dye wastewater
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Colour removal: Color intensity was decreased by
85% within 30 minutes of treatment. UV-Vis
spectrophotometer showed the absorbance was
reduced from 1.2 to 0.7 units at 254 nm.

COD removal: The content of COD went low from an
initial value of 800 mg/L to 250 mg/L, hence reflecting
a reduction of 68.75%.

ii. Fenton's oxidation Results

Fenton's oxidation was proved to be more efficient in
the breakdown of the dye molecules:

Color Removal: Color removal improved; absorbance
reduced from 1.0 to 0.2 units

COD removal: COD content was reduced from 300
mg/L to 100 mg/L, hence with a reduction of 66.67%.

B. ZERO-VALENT IRON (ZVI) TREATMENT

Removal Efficiency of Residual Contaminants by ZVI
Treatment Stage

The residual contaminants remaining after the AOPs
were significantly and highly removed at the treatment
stage of ZVI:Removal of Residual Dye through
Residual Color Removal by ZVI1 Treatment: After the
addition of the ZVI treatment stage, the treated
effluent had an 80% lower concentration of residual
dye in it. It reduced the concentration of dye from 100
mg/L to 20 mg/L.

Reduction in Remaining COD: The COD level further
reduced to 50 mg/L. This thus indicates the ability of
ZV1to augment the entire process of pollutant removal
along with the AOPs.

C. ANAEROBIC DIGESTION (AD) RESULTS

Integration of Anaerobic Digestion after AOPs and
ZVI treatment permitted additional treatment along
with recovery of energy as described below:

Biogas Production: The total biogas production during
the 10-day period was 500 L with an average value of
50 L/day.

Methane Content: Gas chromatography analysis
revealed a methane content of around 65% that makes
it suitable for renewable energy applications.

Nutrient Recovery: Analyses of the nutrient content of
the digestate showed nitrogen and phosphorus, thus
the residue was available for fertiliser application.

D. HYBRID SYSTEM PERFORMANCE

A hybrid system integrating AOPs with ZVI and AD
attained the following performances:

Total Colour Removal: In total, the hybrid system
removed 95% of the dye colour. Primarily, AOPs
degraded the primary process, but ZVI managed to
remove the remaining residues of the pollutant.

COD Removal: The last COD was reduced to an
average of 75% removal, thus putting the treated
wastewater within the discharge standards.

Biogas Production: The treatment produced on
average 0.60 L of biogas per gram of COD removed
with a methane content of 65%.

E. COMPARATIVE SUMMARY

AOPs successfully broke the complexly combined dye
molecules; large color and COD removals occurred,
but additional treatment was necessary to attain
satisfactory effluent quality.

ZV1 increased the overall removal of pollutants due to
removal of leftover contaminants that remain after
AOPs, while it was not energy-generating.

Anaerobic Digestion succeeded in reducing the
remaining organic matter to be converted to biogas,
which has the added benefit of renewable energy
generation.

IV. CONCLUSION

Comparative study of Advanced Oxidation Processes,
Zero-Valent Iron treatment and Anaerobic Digestion
gives critical insight into the effectiveness, cost-
effectiveness and sustainability associated with each
method with respect to the dye wastewater treatment.
AOPs, such as ozonation and Fenton's oxidation, are
highly effective for breaking down complex dye
molecules, especially highly reducing coloring
intensity and COD. However, there was a residue of
contaminants remaining which requires further
treatment.

Overall, ZVI treatment proved to be the most potent
secondary treatment since it was shown to completely
remove remaining pollutant species in the effluent
solution after AOP treatment. Although ZVI does not
produce energy recovery, the fact that it succeeds in
the total removal of pollutants gave it a significant role
in improving wastewater quality.
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Anaerobic Digestion was special because it degraded
organic matter in the presence of liquid,
simultaneously generating biogas to satisfy two needs:
wastewater purification and renewable energy
production. The reason why biogas generated by AD
is considered important makes it an attractive fuel
source for sustainable industries in providing
opportunities for energy reclamation.

AOPs, ZVI, and AD thus proved the hybrid system as
the best approach that attained 95% decolorization
with a concomitant COD decrease of up to 75% and
with a supplementary renewable energy output. Such
a hybrid approach gives a holistic solution for the
management of wastewater bearing on dyeing sites in
that it will remove pollutants and generate or recover
resources at the same time. It has been
environmentally friendly and economical for
industries, not only for lowering environmental
impacts but also to economize on operations

Hybrid AOPs/ZVI/AD system might be considered
the best solution for overall treatment efficiency and
the transformation of wastewaters into a resource in
agreement with global principles for sustainable
industrial and renewable energy production.
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