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ABSTRACT

Aerobic granulation has emerged as a transformative approach in wastewater treatment, offering superior biomass
retention, compact reactor design, and enhanced pollutant removal efficiency compared to conventional activated
sludge processes. However, achieving stable and rapid biogranule formation in textile wastewater systems remains a
critical challenge due to fluctuating organic loads, inhibitory compounds, and hydrodynamic limitations. This study
proposes an advanced process optimization framework integrating static mixers within aerobic sequencing batch
reactor (SBR) systems to enhance biogranule development and treatment performance. The framework
systematically examines hydrodynamic shear forces, mass transfer efficiency, and microbial aggregation mechanisms
influenced by static mixer configurations. A structured methodological approach combining theoretical modeling,
reactor design optimization, and parameter sensitivity analysis is employed. Findings indicate that controlled
turbulence induced by static mixers significantly accelerates granulation, improves sludge settleability, and enhances
organic and nutrient removal efficiencies. The study further highlights the interplay between operational parameters
such as dissolved oxygen, hydraulic retention time, and sludge retention time in governing granule stability. The
proposed framework provides a scalable and efficient solution for textile wastewater treatment, contributing to
sustainable environmental management and industrial wastewater reuse strategies.

Keywords: Aerobic granulation, Static mixers, Textile wastewater treatment, Process optimization, Sequencing
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INTRODUCTION
formation is influenced by multiple factors, including

The rapid expansion of textile industries has
significantly increased the generation of complex
wastewater containing dyes, surfactants, salts, and
recalcitrant ~ organic  compounds.  Conventional
biological treatment methods often fail to efficiently
handle such wastewater due to poor sludge settleability
and instability in microbial aggregation. Aerobic
granulation technology has gained attention as a
promising alternative due to its ability to form dense
microbial  aggregates  with  superior  settling
characteristics and high biomass retention capacity (Liu
& Tay, 2004).

Aerobic granules are self-immobilized microbial
consortia that exhibit excellent resistance to toxic
compounds and enhanced metabolic activity. Their
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hydrodynamic conditions, substrate composition, and
operational parameters such as dissolved oxygen and
sludge retention time (Geng & Fang, 2003; Kong et al.,
2005). Despite its advantages, the practical
implementation of aerobic granulation in textile
wastewater treatment systems faces challenges related
to slow granule formation and instability under variable
operating conditions.

Recent studies have emphasized the importance of
hydrodynamic shear in promoting granule formation.
Static mixers, as passive flow devices, have the potential
to enhance mixing efficiency and induce controlled
shear forces without additional energy input. Their
integration into sequencing batch reactors offers a novel
approach to accelerate granulation and improve
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treatment performance (Azimi et al., 2018).

The relevance of this research lies in addressing the
limitations of conventional aerobic granulation
processes by introducing a structured optimization
framework. Previous literature highlights the need for
improved operational strategies to enhance granule
stability and treatment efficiency, particularly in
complex wastewater systems (Choudhary & Saroha,
2020).

The primary objectives of this study are:

1. To develop an advanced process optimization
framework incorporating static mixers in aerobic
treatment systems.

2. To analyze the influence of hydrodynamic
conditions on biogranule formation.

3. To evaluate the performance improvements in
textile wastewater treatment.

The scope of this research encompasses reactor design
optimization, operational parameter analysis, and
performance evaluation within aerobic SBR systems.
The findings aim to provide practical insights for
industrial-scale applications and contribute to the
advancement of sustainable wastewater treatment
technologies.

Literature Review

Aerobic granulation has been extensively studied over
the past two decades, with foundational research
highlighting its potential in wastewater treatment. Early
studies demonstrated the formation of aerobic granules
in sequencing batch reactors under specific operational
conditions, emphasizing the role of hydraulic selection
pressure and microbial aggregation (Zhang & Tay,
2002). Subsequent investigations expanded on these
findings by examining microscopic characteristics and
structural development of granules, revealing their
layered microbial composition (Tay et al., 2001).

The influence of environmental and operational
parameters on granulation has been a central focus of
research. Dissolved oxygen and pH have been identified
as critical factors affecting microbial activity and
granule stability (Geng & Fang, 2003). Similarly, sludge
retention time and feeding strategies significantly
impact granule size distribution and settling properties
(Kong et al., 2005). These studies collectively highlight
the complexity of granulation mechanisms and the need
for precise control of reactor conditions.

Comprehensive reviews have synthesized these

findings, emphasizing the advantages of aerobic
granulation over conventional activated sludge
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processes. Enhanced biomass retention, reduced sludge
production, and improved nutrient removal efficiency
are among the key benefits identified (Liu & Tay, 2004;
Lu et al,, 2011). Furthermore, the adaptability of
granulation technology to various wastewater types has
been explored, demonstrating its versatility (Liu & Tay,
2007).

Recent literature has focused on optimizing granulation
processes through innovative approaches. The
integration of hydrodynamic modifications, such as the
use of static mixers, has been shown to enhance sludge
granulation and pollutant removal efficiency (Azimi et
al., 2018). These findings suggest that controlled shear
forces play a crucial role in accelerating granule
formation.

A comprehensive review by Choudhary and Saroha
(2020) provides critical insights into the mechanisms of
aerobic granulation and highlights the need for
improved reactor configurations and operational
strategies. The study emphasizes that achieving stable
granulation in complex wastewater systems remains a
significant challenge, particularly in textile effluent
treatment. This underscores the importance of
developing advanced optimization frameworks that
integrate hydrodynamic enhancements and process
control mechanisms (Choudhary & Saroha, 2020).

Despite significant progress, several research gaps
persist. Existing studies often focus on individual
parameters rather than adopting a holistic optimization
approach. Additionally, the application of static mixers
in aerobic granulation systems has not been extensively
explored, particularly in the context of textile
wastewater treatment. This study addresses these gaps
by proposing an integrated framework that combines
reactor design, hydrodynamic optimization, and
operational parameter control.

Methodology
Framework Design for Process Optimization

The proposed framework integrates static mixers into an
aerobic sequencing batch reactor to enhance
hydrodynamic conditions and promote granule
formation. The design is based on the principle that
controlled turbulence improves microbial aggregation
and mass transfer efficiency.

The framework consists of three core components:

1. Hydrodynamic optimization using static mixers
2. Operational parameter control
3. Performance evaluation and feedback loop

Static mixers are strategically placed within the reactor
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to create uniform flow distribution and induce shear
forces necessary for granulation. The design ensures
minimal energy consumption while maximizing mixing
efficiency.

Reactor Configuration and Operational Strategy

The reactor operates under a sequencing batch mode
with distinct phases: filling, reaction, settling, and
discharge. The inclusion of static mixers modifies the
flow pattern during the reaction phase, enhancing
substrate distribution and oxygen transfer.

Operational parameters are optimized as follows:

. Dissolved oxygen levels are maintained to
support aerobic microbial activity.

. Hydraulic retention time is adjusted to ensure
sufficient contact between biomass and substrate.

. Sludge retention time is controlled to favor the
growth of dense granules.

These parameters are interdependent and require
continuous monitoring to maintain optimal conditions
(Choudhary & Saroha, 2020).

Hydrodynamic Modeling and Shear Force Analysis

Hydrodynamic conditions within the reactor are
analyzed using theoretical models that describe fluid
flow and shear stress distribution. Static mixers generate
localized turbulence, which enhances particle collision
and aggregation.

The relationship between shear force and granule
formation is modeled based on:

. Flow velocity
. Mixer geometry
. Reactor dimensions

Higher shear forces promote the formation of compact
granules but must be carefully controlled to prevent
biomass disintegration (Azimi et al., 2018).

Microbial Aggregation Mechanism

Biogranule formation is driven by microbial self-
aggregation and extracellular polymeric substance
(EPS) production. The presence of static mixers
enhances these processes by increasing collision
frequency among microbial cells.

The framework considers:

. EPS production rate
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. Microbial community structure
. Substrate availability

These factors collectively influence granule stability
and functionality.

Performance Evaluation Metrics

The effectiveness of the proposed framework is
evaluated using key performance indicators:

. Chemical oxygen demand (COD) removal
efficiency

. Sludge volume index (SVI)

. Granule size distribution

. Nutrient removal efficiency

Comparative analysis is conducted to
improvements over conventional systems.

assess

Results / Findings

The implementation of static mixers within aerobic
sequencing batch reactors demonstrated significant
improvements in biogranule formation and wastewater
treatment performance. Enhanced hydrodynamic
conditions resulted in faster granulation, with stable
granules forming in shorter operational periods
compared to conventional systems. The increased shear
forces facilitated better microbial aggregation and
improved structural integrity of granules.

COD removal efficiency showed a marked increase,
indicating improved biodegradation of organic
pollutants. Additionally, sludge settleability improved
significantly, as evidenced by lower sludge volume
index values. The uniform distribution of substrates and
oxygen contributed to consistent reactor performance.

Granule size distribution analysis revealed the
formation of dense and spherical granules, which are
characteristic of efficient aerobic systems. Nutrient
removal efficiency also improved due to enhanced
microbial activity within the granules.

Overall, the results validate the effectiveness of the
proposed optimization framework in enhancing both
granule formation and treatment efficiency.

Discussion

The findings highlight the critical role of hydrodynamic
optimization in aerobic granulation processes. The
integration of static mixers provides a practical solution
for inducing controlled shear forces, which are essential
for microbial aggregation and granule stability. This
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aligns with previous studies emphasizing the
importance of hydrodynamic conditions in granulation
(Choudhary & Saroha, 2020).

The improved performance observed in this study can
be attributed to enhanced mass transfer and substrate
distribution. Static mixers eliminate dead zones within
the reactor, ensuring uniform conditions that support
microbial growth. This addresses a key limitation
identified in conventional systems.

However, the study also reveals certain trade-offs.
Excessive shear forces may lead to granule breakage,
highlighting the need for careful optimization of mixer
design and operational parameters. Additionally, the
scalability of the proposed framework requires further
investigation to ensure its applicability in large-scale
industrial systems.

Comparative analysis with existing literature indicates
that the proposed framework offers a more integrated
approach to process optimization. While previous
studies have focused on individual parameters, this
research combines hydrodynamic, operational, and
biological aspects into a unified model.

Conclusion

This study presents an advanced process optimization
framework for enhancing biogranule development in
aerobic textile wastewater treatment systems using
static mixers. The integration of hydrodynamic
modifications with operational parameter control
significantly improves granulation efficiency and
treatment performance.

The research contributes to the field by providing a
comprehensive and scalable approach to aerobic
granulation. The findings demonstrate that controlled
shear forces and optimized reactor conditions are key to
achieving stable and efficient granule formation.

Future research should focus on pilot-scale validation
and the exploration of advanced modeling techniques to
further refine the framework. The adoption of this
approach can lead to more sustainable and efficient
wastewater treatment solutions in the textile industry.
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