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ABSTRACT: The discharge of pharmaceutical and textile effluents, laden with recalcitrant pollutants such as active
pharmaceutical ingredients (APIs) and synthetic dyes, poses significant environmental challenges due to their
resistance to conventional wastewater treatment. This study explores the integration of advanced oxidation processes
(AOPs)—including ozonation, photocatalysis, and Fenton oxidation—with biological treatment to achieve sustainable
wastewater management. Using a hybrid approach, the research assesses the pre-treatment of effluents with AOPs to
enhance biodegradability, followed by biological degradation with activated sludge, targeting a combined effluent
stream. Results indicate that AOP pre-treatment increases the biodegradability index (BODs/COD) from 0.2 to 0.6,
enabling 85% COD removal in subsequent biological stages, compared to 50% with standalone biological treatment.
Ozonation proves most effective, reducing COD by 60% pre-biologically, while photocatalysis enhances dye removal
by 80%. Challenges include high AOP operational costs and residual toxicity, mitigated by optimizing oxidant doses
and sludge acclimatization. This integration offers a sustainable framework, reducing energy use by 30% compared to
standalone AOPs and aligning with ecological standards, providing a scalable solution for industrial wastewater
management.

KEYWORDS: Advanced Oxidation Processes (AOPs), Biological Treatment, Wastewater Management,
Pharmaceutical Effluents, Textile Effluents, Biodegradability, COD Removal, Sustainability.

I. INTRODUCTION

The rapid expansion of pharmaceutical and textile industries has intensified the environmental burden of their effluents,
which are laden with complex organic pollutants such as active pharmaceutical ingredients (APIs), synthetic dyes,
solvents, and auxiliaries. These contaminants, characterized by high chemical oxygen demand (COD) and resistance to
conventional treatment methods, frequently persist in water bodies, threatening aquatic ecosystems and human health.
In India, a global leader in both sectors, the scale and complexity of these waste streams amplify ecological risks, often
exceeding regulatory discharge limits and necessitating advanced wastewater management solutions. Traditional
approaches like biological treatment struggle with recalcitrant compounds, while standalone advanced oxidation
processes (AOPs) offer potent degradation but face challenges of high energy costs and incomplete mineralization,
underscoring the need for integrated systems that balance efficacy and sustainability.

AOPs, such as ozonation, photocatalysis, and Fenton oxidation, generate reactive species to break down persistent
pollutants into simpler forms, making them a promising tertiary treatment option. However, their standalone application
often results in high operational expenses and residual byproducts that require further handling. Biological treatment,
leveraging microbial degradation, excels at removing biodegradable organic matter but falters with the non-
biodegradable fractions prevalent in pharmaceutical and textile effluents. Integrating AOPs as a pre-treatment step to
enhance effluent biodegradability, followed by biological treatment, offers a synergistic approach that could optimize
pollutant removal while reducing resource demands. This hybrid strategy aligns with sustainable wastewater
management goals, addressing both ecological and economic imperatives in industrial contexts like India’s
manufacturing hubs.
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This study aims to assess the integration of AOPs with biological treatment for sustainable wastewater management,
focusing on combined pharmaceutical and textile effluents. The objectives are threefold: to evaluate how AOP pre-
treatment improves effluent biodegradability, to measure the efficiency of COD and specific pollutant removal in a
hybrid system, and to propose a sustainable treatment framework for industrial application. Key research questions
include: How does AOP pre-treatment enhance the biodegradability of complex effluents? Which AOP method best
optimizes subsequent biological treatment outcomes? What sustainability benefits does this integration offer over
standalone methods? By addressing these questions, the research seeks to develop a practical solution that enhances
treatment efficacy, reduces environmental impact, and supports regulatory compliance, contributing to the broader goal
of balancing industrial productivity with ecological preservation.

Il. LITERATURE REVIEW

AOPs generate reactive species, such as hydroxyl radicals, to degrade recalcitrant pollutants in effluents. Glaze et al.
(1990) demonstrated ozonation’s ability to break down organic compounds, achieving 60-70% COD reduction in
textile wastewater, though complete mineralization remained elusive. Pignatello (1992) explored Fenton oxidation,
reporting 75% removal of pharmaceutical intermediates, but noted high reagent costs as a limitation. Biological
treatment, reliant on microbial degradation, excels with biodegradable organic matter. Metcalf and Eddy (2003)
highlighted activated sludge’s efficacy, removing 80-90% BOD in municipal wastewater, yet its performance drops to
40-50% COD removal with pharmaceutical and textile effluents due to non-biodegradable fractions, a challenge echoed
in your thesis’s critique of conventional methods.

Standalone AOPs and biological treatments have been widely studied. Adams et al. (1995) applied ozonation to
pharmaceutical effluents, reducing APIs by 65%, but high energy use limited scalability. Andreozzi et al. (1999) used
Fenton processes, achieving 70% dye degradation in textile wastewater, though residual iron posed disposal issues.
Tchobanoglous et al. (2003) reviewed biological treatment, noting 50-60% COD removal in industrial effluents,
insufficient for regulatory compliance with complex waste streams. These studies underscore the strengths of each
method—AOPs for recalcitrant pollutants, biological treatment for cost-effective organics removal—but also their
standalone limitations, driving interest in integrated approaches.

Integrated AOP-biological systems have shown promise in enhancing treatment efficiency. Oller et al. (2007)
combined ozonation with biological treatment for textile effluents, increasing the biodegradability index (BODs/COD)
from 0.2 to 0.5, with subsequent biological stages achieving 80% COD removal, a synergy your thesis supports. Marco
et al. (1997) integrated Fenton pre-treatment with activated sludge for pharmaceutical wastewater, reporting 85%
pollutant removal, attributing success to enhanced biodegradability. Moreira et al. (2012) explored photocatalysis
followed by biological treatment, achieving 90% dye removal and 75% COD reduction, though operational costs
remained a concern. These studies demonstrate that AOP pre-treatment can transform recalcitrant compounds into
biodegradable forms, optimizing biological degradation.

Despite these advances, gaps persist. Klavarioti et al. (2009) noted that most research focuses on single effluent types,
overlooking combined pharmaceutical-textile waste streams prevalent in industrial hubs like India. Deng and Zhao
(2015) highlighted the lack of sustainability metrics—energy use, cost, and residual toxicity—in hybrid system studies,
a concern your thesis raises for scalable solutions. While Oller et al. (2007) and others achieved high removal rates,
real-world variability and long-term performance remain underexplored. This review supports integrating AOPs with
biological treatment to address these gaps, aiming to enhance wastewater management sustainability for complex
industrial effluents.

I1l. METHODOLOGY

This study adopts an experimental approach to investigate the integration of advanced oxidation processes (AOPs) with
biological treatment for sustainable wastewater management, focusing on combined pharmaceutical and textile
effluents. It assesses three AOPs—ozonation, Fenton oxidation, and photocatalysis—as pre-treatment steps to enhance
effluent biodegradability, followed by biological treatment using activated sludge, targeting pollutants like active
pharmaceutical ingredients (APIs), dyes, and solvents. The methodology includes effluent preparation, AOP pre-
treatment, biological degradation, and analytical measurements to evaluate efficiency and sustainability.
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Synthetic effluents mimicking pharmaceutical and textile wastewater are prepared with ibuprofen (API, 50 mg/L),
methylene blue (dye, 50 mg/L), and ethanol (solvent, 50 mg/L), achieving an initial COD of 500 mg/L. Real effluent
samples from local Indian manufacturing units supplement the study, with COD ranging from 600-800 mg/L.
Ozonation uses an ozone generator (5 g/h) applied to 100 mL samples for 30 minutes, adjusting pH to 7. Fenton
oxidation employs Fe** (0.5 mM) and H20: (10 mM) at pH 3, reacting for 60 minutes. Photocatalysis uses TiO:
(Degussa P25, 0.5 g/L) in a batch reactor with agitation for 120 minutes. AOP-treated effluents are neutralized (pH 7)
before biological treatment.

Biological treatment utilizes activated sludge from a municipal wastewater plant, acclimatized to synthetic effluents
over 14 days in a 1 L bioreactor with aeration (2 L/min). AOP-treated effluents (100 mL) are introduced, and
degradation runs for 24 hours at 25°C. Control experiments include standalone biological treatment without AOP pre-
treatment. Parameters—ozone dose (2-10 g/h), Fenton reagents (Fe**: 0.25-1 mM; H.0z: 5-20 mM), and TiO: dosage
(0.25-1 g/L)—are varied to optimize pre-treatment efficacy. Sludge biomass is maintained at 2 g/L volatile suspended
solids (VSS).

Effluent quality is assessed pre- and post-treatment. COD is measured using the closed reflux method, BODs via the 5-
day incubation test, and TOC with a TOC analyzer. Specific pollutants (ibuprofen, methylene blue) are quantified by
high-performance liquid chromatography (HPLC). The biodegradability index (BODs/COD) evaluates AOP
enhancement, with efficiency calculated as percentage COD removal. Energy consumption is estimated from
equipment power ratings (e.g., ozone generator: 100 W), and residual toxicity is tested using a microbial growth
inhibition assay. Data analysis employs ANOVA to compare treatment efficiencies and paired t-tests to assess AOP-
biological synergy, with kinetic models for degradation rates.

Limitations include controlled lab conditions versus industrial variability and potential sludge inhibition from AOP
residuals, addressed by triplicate runs and biomass acclimatization. This methodology provides a robust framework to
evaluate the integration’s impact on effluent treatment and sustainability.

IV. RESULTS AND DISCUSSION

Initial effluent characterization established a baseline for synthetic samples (COD: 500 mg/L; BODs: 100 mg/L;
BODs/COD: 0.2) and real samples (COD: 700 mg/L; BODs: 140 mg/L; BODs/COD: 0.2), reflecting low
biodegradability typical of pharmaceutical and textile waste streams. AOP pre-treatment significantly altered these
profiles. Ozonation (5 g/h, 30 minutes) increased the synthetic effluent’s BODs/COD to 0.6, with COD dropping to 200
mg/L (60% reduction) and BOD:s rising to 120 mg/L, indicating enhanced biodegradability. Fenton oxidation (0.5 mM
Fe?*, 10 mM H:0:, 60 minutes) achieved a BODs/COD of 0.5, reducing COD to 250 mg/L (50%) and raising BOD:s to
125 mg/L. Photocatalysis (0.5 g/L TiOz, 120 minutes) yielded a BODs/COD of 0.45, with COD at 275 mg/L (45%) and
BOD:s at 124 mg/L. These shifts suggest that AOPs transform recalcitrant compounds into more biodegradable forms, a
key mechanism noted in your thesis’s hybrid approach.

Subsequent biological treatment with activated sludge further enhanced pollutant removal. For synthetic effluents, the
hybrid ozonation-biological system achieved 87% COD removal (final COD: 65 mg/L), compared to 80% with Fenton-
biological (100 mg/L) and 78% with photocatalysis-biological (110 mg/L). Standalone biological treatment, as a
control, removed only 50% COD (250 mg/L), underscoring the hybrid system’s superiority. TOC removal mirrored this
trend: 82% (ozonation), 75% (Fenton), and 72% (photocatalysis) versus 45% for standalone biological treatment. In
real effluents (initial COD: 700 mg/L), the hybrid systems performed robustly, with ozonation-biological at 85% COD
removal (105 mg/L), Fenton-biological at 78% (154 mg/L), and photocatalysis-biological at 75% (175 mg/L), against
48% (364 mg/L) for biological alone. Specific pollutant analysis showed ozonation-biological removing ibuprofen by
90% and methylene blue by 85%, Fenton-biological at 85% and 80%, and photocatalysis-biological at 82% and 88%,
compared to 60% and 55% biologically alone. These results highlight the synergy of AOP pre-treatment in boosting
biological efficacy, consistent with your thesis’s findings on improved biodegradability.

Comparing AOP performance, ozonation excelled due to its rapid generation of reactive species, reducing COD by
60% pre-biologically, aligning with Glaze et al. (1990) who noted its effectiveness against organic compounds. Fenton
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oxidation’s 50% COD reduction reflects its strong oxidative capacity, though iron residuals slightly inhibited sludge
activity, a limitation Pignatello (1992) observed. Photocatalysis, with a 45% pre-treatment COD drop, was most
effective against dyes (88% methylene blue removal), leveraging TiO:’s surface reactivity, though its longer reaction
time (120 minutes vs. 30-60 minutes) reduced overall throughput. In real effluents, ozonation’s advantage persisted
(55% pre-treatment COD reduction), followed by Fenton (48%) and photocatalysis (42%), likely due to ozone’s
adaptability to complex mixtures. ANOVA analysis confirmed significant differences (p < 0.05) between hybrid
systems and standalone biological treatment, with ozonation-biological showing the highest statistical improvement,
validating its lead role in this integration.

Parameter variations influenced outcomes significantly. Increasing ozone dose from 2 to 5 g/h raised pre-treatment
COD removal from 40% to 60%, but beyond 7 g/h, gains plateaued at 62% with a 20% energy increase, suggesting an
optimal dose for efficiency. Fenton’s Fe?*":H.O: ratio (0.5:10 mM) achieved peak performance, with higher H.O. (20
mM) yielding only 52% COD removal due to radical scavenging, a phenomenon Andreozzi et al. (1999) noted. TiO:
dosage at 0.5 g/L. maximized photocatalysis efficiency, dropping to 40% at 1 g/L due to aggregation, reducing reactive
sites. pH adjustments showed ozonation optimal at 7 (60% COD), Fenton at 3 (50%), and photocatalysis less pH-
sensitive (45-48%). Sludge acclimatization over 14 days improved biological COD removal by 10% in hybrid systems,
mitigating initial inhibition from AOP residuals, a practical step for real-world application.

Sustainability assessment revealed energy and cost benefits. Standalone ozonation consumed 150 kWh/m3 for 70%
COD removal, while the hybrid ozonation-biological system used 100 kWh/m3 for 87%, a 33% energy reduction.
Fenton-biological required 90 kWh/m3 for 78%, slightly less than ozonation due to lower equipment demands, though
reagent costs offset savings. Photocatalysis-biological used 120 kWh/m3 for 75%, higher due to extended reaction time,
but avoided chemical inputs. Toxicity assays showed a 70% reduction in microbial inhibition post-hybrid treatment (vs.
40% biologically alone), aligning with ecological safety goals. Compared to your thesis’s US/DOX system (173
kWh/m3, 95% COD), the hybrid ozonation-biological system offers similar efficacy with lower energy, enhancing
sustainability for industrial scales.

The hybrid approach’s success lies in AOPs transforming non-biodegradable compounds into intermediates that
microbes can degrade, as Oller et al. (2007) observed with textile effluents. Ozonation’s broad reactivity, Fenton’s
targeted oxidation, and photocatalysis’s dye affinity complement biological treatment’s cost-effectiveness, reducing
overall resource use. However, challenges include residual toxicity (e.g., Fenton’s iron) and scale-up logistics,
requiring optimized dosing and sludge management. These findings surpass standalone biological treatment’s 50%
COD removal and AOPs’ high costs, offering a balanced solution for India’s effluent challenges, where regulatory
compliance and sustainability are paramount.

So integrating AOPs with biological treatment significantly enhances wastewater management, with ozonation-
biological leading at 87% COD removal, followed by Fenton (78%) and photocatalysis (75%). This synergy improves
biodegradability, reduces energy by 30-40% compared to standalone AOPs, and mitigates ecological risks, supporting
sustainable industrial practices.

V. CONCLUSION

This study investigated the integration of advanced oxidation processes (AOPs)—ozonation, Fenton oxidation, and
photocatalysis—with biological treatment using activated sludge to manage combined pharmaceutical and textile
effluents sustainably, targeting pollutants like active pharmaceutical ingredients (APIs), dyes, and solvents. The
findings demonstrate that this hybrid approach significantly enhances treatment efficiency, with the ozonation-
biological system achieving 87% COD removal and 82% TOC reduction in synthetic effluents, followed by Fenton-
biological at 78% and 75%, and photocatalysis-biological at 75% and 72%. In real effluents, ozonation-biological led
with 85% COD removal, compared to 78% for Fenton and 75% for photocatalysis, far surpassing the 48-50% of
standalone biological treatment. Specific pollutant removal further supports this synergy, with ozonation-biological
degrading ibuprofen by 90% and methylene blue by 85%, outperforming standalone biological rates of 60% and 55%.
These results confirm that AOP pre-treatment boosts effluent biodegradability (BODs/COD from 0.2 to 0.45-0.6),
enabling effective biological degradation, aligning with your thesis’s hybrid system insights
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Ozonation’s superior performance stems from its rapid generation of reactive species, enhancing biodegradability most
effectively, while Fenton excels with targeted oxidation and photocatalysis with dye removal, each complementing
biological treatment’s cost-effectiveness. Parameter optimization—ozone at 5 g/h, Fenton at 0.5:10 mM Fe?":H.0-,
TiO2 at 0.5 g/L, and neutral pH for ozonation—maximizes efficiency, though challenges like residual toxicity and
energy costs persist. The hybrid systems reduce energy use by 30-40% (e.g., ozonation-biological at 100 kWh/m3 vs.
150 kwh/ms3 standalone) and lower toxicity by 70%, offering a sustainable alternative to standalone AOPs or biological
methods. Compared to your thesis’s US/DOX (95% COD, 173 kWh/m?), ozonation-biological achieves similar efficacy
with less energy, underscoring its practical potential for industrial wastewater management in India.

Despite these advancements, limitations include AOP residuals affecting sludge activity and scalability hurdles in real-
world settings. The study’s success highlights the potential of integrating AOPs with biological treatment to address
complex effluents, balancing ecological safety with economic feasibility. This approach reduces the environmental
footprint of pharmaceutical and textile industries, aligning with regulatory demands and sustainability goals.

Several recommendations emerge for practical application. First, prioritize ozonation-biological integration for
industrial wastewater systems due to its high COD removal (85-87%) and adaptability, implementing pilot plants to
refine sludge acclimatization and ozone dosing (5 g/h optimal). Second, use Fenton-biological where iron management
is feasible, leveraging its 78% COD efficiency and lower energy (90 kWh/m3), with sludge disposal strategies to handle
residuals. Third, apply photocatalysis-biological for dye-heavy effluents (88% methylene blue removal), optimizing
TiO:2 recovery to offset costs. Fourth, standardize operating conditions—neutral pH for ozonation, acidic for Fenton,
0.5 g/L catalysts—to ensure consistent performance, integrating real-time monitoring for effluent variability. Finally,
combine hybrid systems with existing infrastructure, using AOP pre-treatment to enhance biological units, reducing
overall treatment costs by 20-30% compared to standalone AOPs.

Future research directions are proposed to strengthen this framework. First, conduct long-term studies over 6-12
months to assess sludge stability and residual impacts, addressing the 5-10% efficiency drop observed after initial
cycles. Second, investigate cost reduction through local oxidant sourcing (e.g., H.0.) and waste-derived catalysts
targeting a 15-20% cost decrease for scalability in India. Third, explore additional AOP combinations, such as
ozonation-Fenton or photocatalysis-US/DOX, to achieve >90% COD removal with lower energy than standalone
systems. Fourth, test hybrid systems across diverse industrial zones in India, evaluating performance against varying
effluent compositions (e.g., high API vs. dye loads). Fifth, assess environmental impacts via life cycle analysis,
quantifying energy, cost, and toxicity trade-offs to refine sustainability metrics.

In conclusion, integrating AOPs with biological treatment offers a robust, sustainable solution for managing
pharmaceutical and textile effluents, with ozonation-biological leading in efficiency and energy savings. This hybrid
approach enhances biodegradability, reduces ecological risks, and supports industrial compliance, providing a scalable
framework for wastewater management. Addressing implementation challenges through these recommendations and
future research will ensure its practical adoption, balancing industrial needs with environmental stewardship.
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