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ABSTRACT 

 

 

This thesis explores the design, optimization, and performance analysis of a 

multistage reactor system for industrial chemical processes. Multistage 

reactors are commonly employed in various industries due to their enhanced 

control over reaction kinetics and improved conversion rates. The study 

focuses on understanding how multiple stages can enhance overall 

performance, stability, selectivity, and efficiency compared to single-stage 

reactors. Through computational modelling, simulation, and experimental 

validation, the research aims to identify optimal conditions and configurations 

for different types of chemical reactions, such as catalytic, gas-liquid, and 

exothermic processes. 

Case studies in petrochemical synthesis, pharmaceutical production, and 

waste treatment are used to validate the applicability of multistage reactors 

in different industries. The results demonstrate the potential of multistage 

designs to enhance process efficiency, reduce energy consumption, and 

achieve higher product yields. 

This thesis concludes by recommending optimal design parameters and 

operating conditions for industrial applications, providing a framework for 

future research aimed at further optimizing multistage reactor systems and 

expanding their use in diverse chemical processes. 
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Chapter 1:  INTRODUCTION 

A reactor is a fundamental component in chemical engineering and industrial 
chemistry, designed to facilitate and control chemical reactions. It serves as 
the environment where reactants are converted into products under 
controlled conditions, playing a crucial role in manufacturing processes 
across various industries. Reactors come in numerous types and 
configurations, each tailored to specific chemical processes, reaction 
mechanisms, and operational requirements. 

1. Core Function and Importance: The primary function of a reactor is to provide 
the optimal conditions—such as temperature, pressure, and concentration—
necessary for chemical reactions to proceed efficiently and effectively. By 
managing these conditions, reactors ensure that reactions occur at desired 
rates and yields, transforming raw materials into valuable products. The 
efficiency and effectiveness of a reactor directly impact the overall 
performance, safety, and economics of chemical manufacturing processes. 

2. Types of Reactors: Reactors can be broadly classified based on their design 
and mode of operation: 

A) Batch Reactors: In batch reactors, all reactants are loaded into the 
reactor at the beginning, and the reaction occurs over a specified period. 
This type of reactor is often used for processes requiring flexibility or 
where reactions are carried out in small quantities. 

A batch reactor is a closed vessel used in laboratories and chemical 
manufacturing to study fluids and conduct non-continuous reactions: 

1. Laboratories: 

Batch reactors are used to study how fluids and materials behave under 
different pressure and temperature conditions. The reactor is sealed to 
maintain a constant volume and mass, allowing for chemical process 
analysis. 

2. Chemical manufacturing: 
Batch reactors are used to manufacture chemicals because they can 
accommodate three different reaction phases: gas-liquid, liquid-liquid, 



2 
 

and solid-liquid. They can be used in a variety of sizes, from small flasks 
in a lab to large vessels in manufacturing. 
Batch reactors are versatile and have several advantages, including: 

1. Simple construction: 

Batch reactors are easier to construct and operate than other types of 
reactors. 

2. Quality control: 

Producing small batches in a batch reactor allows the process to be 
analyzed and modified if needed. 

3. Flexibility: 
Batch reactors offer flexibility of operation and can achieve high 
conversion by leaving the reactant in the reactor for long periods. 
Batch reactors contain four main components: reactor vessel, reaction 
medium, headspace, and agitator. 
 
Benefits of batch reactors: 

1. Batch reactors are very versatile and are used for a variety for different 
unit operations (batch distillation, storage crystallization, liquid-liquid 
extraction etc.) in addition to chemical reactions. 

2. There is a large installed base of batch reactors within industry and 
their method of use is well established. 

3. Batch reactors are excellent at handling difficult materials like 
slurries or products with a tendency to foul. 

4. Batch reactors represent an effective and economic solution for many 
types of slow reactions. 

 
Batch reactors have several limitations:  

1. Temperature control: 

Large vessels can take minutes to adjust the temperature of the fluid in 
the cooling jacket, which can lead to sluggish temperature control. The 
heat transfer fluid distribution is also not ideal, and heating and cooling 
can vary between the side walls and bottom dish. The inlet temperature 
of the heat transfer fluid can also oscillate, causing hot or cold spots at 
the jacket inlet points.  
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2. Hold-up time: 

The hold-up time between batches can be a major disadvantage of batch 
reactors. Even though the reaction time to process a given amount of 
feed may be less than a time-averaged reactor, the total process time 
may be greater when the hold-up time is added.  

3. Other disadvantages: 
Batch reactors can also have other disadvantages, such as:  

• Low productivity  

• Batch-to-batch variations  

• High heat generation rate  

• Lag phase during reaction  

• Inhibition due to product concentration  

• Harvesting downtime  

• Sterilizing  

• Cleaning  

• Refilling of the reactor 
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B) Continuous Reactors: Continuous reactors operate with a constant flow 
of reactants and products. They are designed for high-volume production 
and are generally more efficient for reactions that need to be maintained 
over long periods. Examples include Continuous Stirred Tank Reactors 
(CSTR) and Plug Flow Reactors (PFR). 

Benefits of continuous reactors: 

1. The rate of many chemical reactions is dependent on reactant 
concentration. Continuous reactors are generally able to cope with much 
higher reactant concentrations due to their superior heat 
transfer capacities. Plug flow reactors have the additional advantage of 
greater separation between reactants and products giving a better 
concentration profile. 

2. The small size of continuous reactors makes higher mixing rates 
possible. 

3. The output from a continuous reactor can be altered by varying the run 
time. This increases operating flexibility for manufacturers. 

 
     Continuous reactors have some limitations:  

• Start up and shutdown: Single-stage continuous stirred tank reactors 
(CSTRs) can be wasteful of product during start up and shutdown. This 
is because reactants are added to a mixture that is rich in product, 
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which can affect quality and yield. Multi-stage CSTRs can help 
manage these problems.  

• Throughput: CSTRs typically have a lower throughput per unit volume 
than tubular flow reactors.  

• Reaction kinetics: Single CSTRs are not ideal for reactions with slow 
kinetics.  

• Heat and mass transfer: CSTRs can have relatively slow heat and 
mass transfer.  

• Residence time control: CSTRs can have poor residence time control, 
as each molecule may not flow through the reactor at the same rate.  

 

 

 

C) Semi-Batch Reactors: These reactors combine elements of both batch 
and continuous reactors. They allow for the addition of reactants or 
removal of products during the reaction, providing greater control over the 
process. 

     Benefits of continuous reactors: 

1. Temperature control: 

Semi-batch reactors can control the temperature of the reactor by slowly 
adding reactants, which helps control the heat released by exothermic 
reactions. This can be useful when there are two exothermic reactions.  

2. Reaction control: 
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Semi-batch reactors can provide more control over the reaction rate and 
selectivity than batch reactors. This can be helpful when performing 
many reactions, as it can improve yield and product selectivity.  

3. Reduced waste: 
Semi-batch reactors can reduce inventory and waste. For example, in 
one experiment, double-controlled addition of reactants to a semi-batch 
system reduced the concentration of one reactant, which could improve 
the environmental sustainability of the process 
 
Semi-batch reactors have some limitations:  

• Labor costs: Semi-batch reactors can have high labor costs per 
unit of product.  

• Large scale production: It can be difficult to achieve large scale 
production with semi-batch reactors.  

• Reactor operations: Reactor operations can be difficult to 
analyze.  

• Complex operation: Semi-batch reactors can be complex to 
operate.  

• Variable performance: Semi-batch reactors can have variable 
performance.  

• Frequent maintenance: Semi-batch reactors may require 
frequent maintenance.  
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3. Key Design Considerations: Designing an effective reactor involves 
careful consideration of several factors, including: 

• Reaction Kinetics: Understanding the rate and mechanism of the 
chemical reaction helps in designing reactors that optimize reaction 
conditions. 

• Thermodynamics: Managing heat generation and removal is crucial 
for maintaining desired reaction temperatures and preventing 
overheating or cooling. 

• Mixing and Flow Dynamics: Efficient mixing ensures uniform reaction 
conditions, while flow dynamics influence the residence time of 
reactants and products. 

4. Applications Across Industries: Reactors are used in a wide array of 
industries, including: 

• Chemical Manufacturing: For producing chemicals, polymers, and 
specialty materials. 
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• Pharmaceuticals: In the synthesis of active pharmaceutical 
ingredients and drug formulations. 

• Petrochemicals: For refining crude oil and producing fuels and 
petrochemical products. 

• Environmental Engineering: In processes such as waste treatment 
and pollution control. 

5. Challenges and Innovations: The design and operation of reactors come with 
challenges, such as maintaining optimal reaction conditions, managing by-
products, and ensuring safety. Advances in reactor technology, such as the 
development of more efficient catalysts, enhanced control systems, and 
novel reactor designs, continue to address these challenges and improve 
reactor performance. 

In summary, reactors are pivotal in chemical processing and manufacturing, 
providing the controlled environment necessary for efficient and safe 
chemical reactions. Their diverse types and designs cater to a wide range of 
applications, making them essential tools in industrial chemistry and 
engineering. As technology advances, the evolution of reactor designs and 
capabilities will continue to drive progress in chemical production and 
processing.    

 

MULTISTAGE REACTOR: 

A Multistage Reactor is an advanced chemical reactor system composed of 

multiple interconnected stages, designed to improve reaction efficiency, 

control, and product quality. By dividing the reaction into distinct stages, each 

optimized for specific conditions like temperature, pressure, and catalyst 

concentration, multistage reactors enhance overall conversion rates and 

selectivity. This setup allows for precise management of complex or 

sequential chemical reactions, making multistage reactors ideal for 

applications in the petrochemical, pharmaceutical, and polymer industries, 

where fine-tuning of each reaction step is essential for achieving desired 

outcomes. 

 

 

Advantages of Multistage Reactors: 
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• Improved Conversion: By dividing the reaction into stages, it's possible 

to optimize conditions for each stage, leading to higher overall 

conversion of reactants. 

• Enhanced Product Quality: Different stages can be tailored to specific 

reaction conditions, ensuring that the desired product is produced with 

minimal impurities. 

• Increased Flexibility: Multistage reactors can be easily modified or 

adapted to accommodate changes in feedstock composition or product 

requirements. 

• Reduced Energy Consumption: By optimizing conditions for each stage, 

energy consumption can be minimized. 

Types of Multistage Reactors: 

• CSTR Cascade: A series of continuously stirred tank reactors (CSTRs) 

connected in sequence. Each CSTR operates under different 

conditions, allowing for a gradual change in the reaction environment. 

• Plug Flow Reactor (PFR) Cascade: A series of PFRs connected in 

sequence. This type of reactor is often used for reactions that require 

a high degree of mixing. 

• Membrane Reactors: Reactors that incorporate membranes to separate 

components of the reaction mixture, allowing for selective removal of 

products or byproducts. 

• Hybrid Reactors: Combinations of different reactor types, such as a 

CSTR followed by a PFR, to leverage the advantages of each. 

Applications of Multistage Reactors: 

• Petrochemical Industry: Cracking, reforming, and polymerization 

processes. 

• Pharmaceutical Industry: Synthesis of complex drug molecules. 

• Environmental Remediation: Wastewater treatment and pollution control. 

• Food and Beverage Industry: Fermentation and processing of food 

products. 

By understanding the principles and applications of multistage reactors, 

engineers and scientists can design and optimize chemical processes for a 

wide range of industries. 
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Background 

In the field of chemical engineering, reactor design and optimization are 
fundamental to achieving efficient, sustainable, and economically viable 
processes. The choice of reactor type and configuration can significantly 
impact product yield, selectivity, energy consumption, and safety. Among the 
various reactor designs, Multistage Reactors have gained considerable 
attention due to their ability to enhance reaction performance by addressing 
some of the limitations of traditional single-stage reactors. 

A multistage reactor is a system composed of multiple reaction stages, 
typically connected in series or parallel, allowing for better control over 
reaction parameters such as temperature, pressure, reactant concentration, 
and residence time. By dividing the overall reaction process into distinct 
stages, multistage reactors can achieve higher conversion rates, improved 
selectivity, and more efficient heat and mass transfer. This makes them 
particularly advantageous for complex reactions that require precise control, 
such as **catalytic**, **exothermic**, and **gas-liquid reactions**. 

Motivation and Problem Statement 

Traditional single-stage reactors, such as **Continuous Stirred Tank 
Reactors (CSTRs)** and **Plug Flow Reactors (PFRs)**, often face 
challenges in achieving high conversion and selectivity, especially for 
reactions that are highly exothermic or have complex kinetic mechanisms. In 
single-stage systems, achieving optimal temperature control and maintaining 
uniform reactant distribution can be difficult, leading to undesired side 
reactions and reduced efficiency. 

The introduction of a multistage configuration addresses these issues by 
allowing: 

Improved control over reaction kinetics: Each stage can be operated under 
different conditions tailored to specific reaction needs, optimizing conversion 
and selectivity. 

Enhanced temperature management: The heat generated in exothermic 
reactions can be effectively managed across multiple stages, reducing the 
risk of hotspots and thermal runaway. 
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Better mixing and mass transfer: Multistage designs can enhance mixing and 
reduce concentration gradients, leading to more uniform reactant 
distribution. 

   However, despite these advantages, there is still a lack of comprehensive 
studies on the design, optimization, and performance evaluation of 
multistage reactors across different types of chemical processes. This 
research aims to fill this gap by conducting an in-depth analysis of multistage 
reactor performance, exploring how different configurations and operating 
conditions affect overall process efficiency. 

Objectives of the Study 

The main objective of this thesis is to study the performance of multistage 
reactors and evaluate their effectiveness in various chemical processes. The 
specific goals include: 

1. Design and Development: To design a laboratory-scale multistage reactor 
system for experimental analysis. 

2. Performance Evaluation: To assess the impact of key parameters such as 
the number of stages, residence time, temperature, pressure, and catalyst 
loading on reactor performance. 

3. Comparative Analysis: To compare the performance of multistage reactors 
with conventional single-stage reactors in terms of conversion rates, 
selectivity, and energy efficiency. 

4. Optimization: To identify optimal operating conditions for different types of 
reactions using computational simulations and optimization techniques. 

5. Industrial Applications: To explore the potential applications of multistage 
reactors in industries such as petrochemicals, pharmaceuticals, and 
environmental engineering. 

 

Scope of the Study 

This thesis focuses on the design, simulation, and experimental validation of 
multistage reactor systems. The scope of the study includes: 
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• Experimental Analysis: Conducting laboratory-scale experiments to 
investigate the effects of various operating parameters on the 
performance of multistage reactors. 

• Computational Modeling: Using software tools like MATLAB, Aspen 
Plus, or COMSOL Multiphysics to simulate different reactor 
configurations and predict performance metrics such as conversion, 
selectivity, and yield. 

• Optimization Studies: Applying techniques like response surface 
methodology (RSM) and genetic algorithms to identify optimal design 
and operating conditions. 

• Case Studies: Examining real-world applications to demonstrate the 
feasibility and advantages of multistage reactors in different industrial 
processes. 

Significance of the Study 

The findings of this research are expected to provide valuable insights into 
the design and optimization of multistage reactors, offering practical 
guidelines for improving process efficiency in various chemical industries. By 
exploring the advantages and limitations of multistage designs, the study 
aims to contribute to the development of more efficient and sustainable 
chemical processes. The potential benefits include: 

 

• Higher Conversion and Selectivity: Achieving better yields with fewer 
by-products. 

• Energy Efficiency: Reducing energy consumption through improved 
heat management and reaction control. 

• Scalability: Providing insights into the scale-up of multistage reactors 
for large-scale industrial applications. 
 

Vegetable waste: 

Vegetable waste, consisting of discarded peels, stems, leaves, and spoiled 
produce, represents a significant portion of organic waste generated from 
households, food markets, and processing industries. Due to its high 
moisture content and rich organic matter, vegetable waste is highly 
biodegradable and can be a major contributor to methane emissions when 
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disposed of in landfills. Instead of being treated as a nuisance, vegetable 
waste offers a valuable resource for sustainable waste management 
practices, particularly in energy and biofertilizer production. 

One effective method of utilizing vegetable waste is through anaerobic 
digestion in a multistage reactor system. Unlike conventional single-stage 
reactors, multistage reactors offer enhanced control over the complex 
biological processes involved in breaking down organic matter. In a 
multistage setup, different stages are optimized for specific phases of 
anaerobic digestion, such as hydrolysis, acidogenesis, acetogenesis, and 
methanogenesis. This staged approach improves the breakdown of complex 
carbohydrates, proteins, and fibers found in vegetable waste, resulting in 
higher biogas yields and more efficient conversion of organic material. 

The use of multistage reactors for vegetable waste has several advantages: 

• Enhanced Process Stability: Each stage operates under optimal 
conditions for specific microbial activity, reducing process disturbances 
and improving overall stability. 

• Higher Biogas Yield: By optimizing the breakdown of organic 
components in separate stages, multistage reactors can increase the 
production of biogas, which can be used as a renewable energy 
source. 

• Improved Effluent Quality: The staged degradation of organic matter 
leads to a more complete breakdown, resulting in high-quality 
digestate that can be used as biofertilizer. 
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Chapter 2: LITERATURE REVIEW 

 

1). The research of multi-stage anaerobic reactors has gained traction 
because of its capacity to improve the breakdown of complex organic waste 
by splitting the anaerobic digestion process into various phases such as 
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. In 
comparison to single-stage anaerobic digesters, this tiered technique 
enhances process stability, boosts biogas output, and provides for greater 
control over operating parameters. 

Key Findings from Previous Research: 

Enhanced Process Efficiency: Multi-stage anaerobic reactors have been 
found to increase the efficiency of organic matter decomposition, especially 
during the critical start-up period. Separating the first hydrolysis and 
acidogenesis phases from methanogenesis decreases the possibility of acid 
buildup, which can block methanogenic bacteria and slow down the entire 
process. 
 
Improved Methane Yield: Studies show that multi-stage systems produce 
more methane than single-stage reactors. The separation of phases allows 
microbial populations to better adapt to unique environments, resulting in 
optimal methane generation. 
 
Reduced Inhibition Issues: By regulating distinct pH levels and retention 
durations at each step, multi-stage reactors can alleviate typical difficulties 
such volatile fatty acid (VFA) formation, which frequently leads to process 
instability in single-stage reactors. 
 
Research Gaps: 
 

While current literature emphasizes the benefits of multi-stage anaerobic 
reactors in terms of performance and stability, there is little study on their 
start-up dynamics, which is crucial for establishing a stable microbial 
environment. Start-up settings, such as initial feed loading rates, 
temperature, and pH control, play an important role in the effective 
adaptation of microbial populations and overall reactor performance. This 
work seeks to fill this gap by assessing the performance of a new multi-stage 
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anaerobic reactor during the start-up phase, therefore offering insights into 
improving early operating conditions for increased biogas output and 
stability. 
 
 
2).  Fluidized bed reactors are commonly employed for gas-solid reactions 
due to their good mixing capabilities, consistent temperature distribution, and 
rapid mass transfer rates. Recently, multistage fluidized bed reactors have 
been studied to improve the efficiency of carbon dioxide (CO₂) adsorption 
processes, particularly in carbon capture and storage (CCS) systems. 
 
Key Findings from Previous Research: 

 
Advantages of multistage fluidized bed reactors: 
Traditional single-stage fluidized beds have short contact time between gas 
and solid adsorbents, reducing CO₂ collection efficiency. Multistage systems 
solve this by breaking the process into numerous successive steps, allowing 
for longer contact time and more efficient use of adsorbent. 
The phased technique maintains appropriate temperature and pressure 
settings, improving adsorption capacity and selectivity for CO₂. 
 
Increased Adsorption Efficiency: 
Previous studies show that multistage fluidized bed reactors can produce 
better CO₂ adsorption rates than single-stage systems. By reducing 
bypassing and channeling effects, the staged design effectively captures 
CO₂ from gas streams. 
 
Effect of Operating Parameters: 
The flow rate of the gas, particle size of the adsorbent, and number of stages 
are all important elements in determining the performance of multistage 
fluidized bed reactors. Optimizing these parameters is crucial for increasing 
CO₂ collection efficiency while reducing pressure drop and energy usage. 
 
Research Gaps: 
 

Although multistage fluidized bed reactors have been shown to be effective 
for CO₂ adsorption, there is currently a lack of study on their effectiveness 
under different operational situations. Factors like as the ideal number of 
steps, adsorbent renewal techniques, and scalability need to be investigated 
further. This study evaluates the performance of a multistage fluidized bed 
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reactor for CO₂ adsorption, offering insights into design and optimization for 
increased carbon capture efficiency. 
 
 
3).  Photocatalytic degradation with TiO₂ as a catalyst is a well-researched 
approach for eliminating organic pollutants such as p-nitrophenol (PNP), a 
hazardous chemical present in industrial effluent. Traditional photocatalytic 
systems, on the other hand, are limited in their efficiency due to issues such 
as catalyst recovery, poor mass transfer, and light penetration. To solve 
these challenges, researchers investigated novel reactor designs such as 
multistage rotating mesh support photoreactors. 
 
Key Findings from Previous Research: 

 
Advantages of Multistage Rotating Photoreactors: 
The rotating mesh design promotes photocatalytic activity by enhancing 
mass transfer between the pollutant and the immobilized TiO₂ catalysts. This 
design increases the catalyst's exposure to UV radiation, which accelerates 
PNP breakdown. 
Multistage systems allow for a gradual improvement in degradation 
efficiency as each stage adds more contact time and exposure to active 
photocatalytic sites. 
 
Enhanced Photocatalytic Efficiency: 
 
Previous research indicates that immobilizing TiO₂ on rotating mesh 
supports improves catalyst recovery and agglomeration in slurry-type 
reactors. This results in faster response kinetics and higher overall degrading 
performance. 
Li et al. (2020) found that multistage systems produced greater PNP 
degradation rates than single-stage reactors, demonstrating the benefit of 
successive exposure and increased surface area. 
 
Optimization of Operating Conditions: 
 
UV light intensity, mesh rotation speed, TiO₂ coating thickness, and pollutant 
concentration all have a significant role in reactor performance. Optimizing 
these parameters is crucial for increasing photocatalytic activity and 
guaranteeing effective PNP degradation. 
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4).  Multistage systems allow for a gradual improvement in degradation 
efficiency as each stage adds more contact time and exposure to active 
photocatalytic sites. 
Multi-stage hybrid reactors have gained appeal in wastewater treatment due 
to its capacity to integrate physical, chemical, and biological processes, 
improving the removal efficiency of complex organic contaminants. This 
research focuses on employing a multi-stage hybrid reactor to treat actual 
wastewater including benzophenone and diethyl phthalate (DEP), both of 
which are persistent organic contaminants present in industrial effluents. 
 
Key Findings from Previous Research: 

 
Advantages of Multi-Stage Hybrid Reactors: 
 
Multi-stage hybrid reactors combine anaerobic and aerobic processes with 
sophisticated oxidation methods, resulting in a synergistic approach to 
pollution removal. The tiered architecture allows for distinct treatment 
procedures in each step, resulting in a more efficient breakdown of 
complicated organic compounds. 
Previous research has shown that multi-stage hybrid systems have higher 
removal efficiency for persistent pollutants than single-stage systems 
because they allow for more control over operating parameters and 
increased interaction between pollutants and active treatment medium. 
 
Enhanced Removal Efficiency: 
 
Zhang et al. (2021) discovered that hybrid reactors with aerobic 
biodegradation and photocatalytic oxidation stages greatly enhanced 
benzophenone and DEP removal rates, reaching up to 90% degradation in 
pilot-scale studies. 
The combination of biological and chemical processes, such as adsorption, 
biodegradation, and photocatalysis, allows for successful treatment of 
complicated wastewater while lowering harmful organic contaminants to safe 
levels. 
 
Research Gaps: 
 

Despite the promising performance of multi-stage hybrid reactors, there has 
been little investigation into their use to treat actual wastewater including 



18 
 

mixed organic contaminants such as benzophenone and DEP. Furthermore, 
aspects such as optimal stage layout, retention durations, and the effect of 
changing pollutant loads on reactor performance require additional 
investigation. This study intends to solve these gaps by examining the 
performance of a multi-stage hybrid reactor under real wastewater 
circumstances, offering insights into its efficacy and potential for industrial 
applications. 
 
 
5).  Multistage systems allow for a gradual improvement in degradation 
efficiency as each stage adds more contact time and exposure to active 
photocatalytic sites. 
Moving Bed Biofilm Reactors (MBBRs) are well known for their efficacy in 
wastewater treatment due to the utilization of biofilm carriers, which provide 
a huge surface area for microbial growth. The use of a multistage MBBR 
improves on this principle by improving the treatment process in consecutive 
stages, each customized to specific stages of biodegradation. This research 
focuses on simulating the steady-state performance of a multistage MBBR 
system for treating on-site greywater, which usually has low organic matter 
and nutrient concentrations but is a difficulty in decentralized wastewater 
treatment settings. 
 
Key Findings from Previous Research: 

 
Advantages of Multistage MBBR Systems: 
 
Multistage layouts increase the overall effectiveness of MBBR systems by 
allowing for progressive degradation of pollutants across many stages, each 
with regulated conditions adapted to specific microbial populations. This 
lowers the danger of overload and improves the system's resiliency. 
Previous research has shown that splitting the MBBR process into phases 
helps to regulate the load of organic and inorganic pollutants more efficiently, 
resulting in higher removal rates of Biochemical Oxygen Demand (BOD), 
Chemical Oxygen Demand (COD), and nutrients such as nitrogen and 
phosphorus. 
 
Modeling of MBBR Performance: 
 
Steady-state modeling of MBBRs aids in forecasting reactor performance 
under a variety of operating situations and sheds light on the dynamics of 
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biofilm formation, substrate consumption, and nutrient removal. 
Mathematical models such as Monod kinetics and biofilm diffusion models 
are frequently used to characterize the biodegradation process. 
According to research, proper modeling of multistage systems requires 
taking into account characteristics such as biofilm thickness, carrier fill 
fraction, hydraulic retention time (HRT), and substrate concentration 
gradients between stages. 
 
Research Gaps: 

 
While there is a lot of study on using MBBRs for greywater treatment, there 
isn't much on the performance assessment and steady-state modeling of 
multistage MBBR systems. There is a particular need for comprehensive 
models that take into consideration the interconnections between different 
phases and their effect on overall treatment efficiency. This work attempts to 
fill these gaps by creating and testing a steady-state model for a multistage 
MBBR that treats greywater, offering useful insights into improving design 
and operational parameters for better biodegradation performance. 
 
 
6).  Multistage systems allow for a gradual improvement in degradation 
efficiency as each stage adds more contact time and exposure to active 
photocatalytic sites. 
Ammonia breakdown is a viable hydrogen generating technology, 
particularly because ammonia has a high hydrogen density and is easily 
transported. The catalytic breakdown of ammonia (NH₃ → N₂ + 3H₂) is an 
endothermic process that needs efficient reactor designs to attain high 
conversion rates at moderate temperatures. Multi-stage membrane reactors 
have been investigated as a more sophisticated technique to increasing 
hydrogen generation by combining reaction and separation in a single 
device. 
 
Key Findings from Previous Research: 

 
Advantages of Multi-Stage Membrane Reactors: 
 
Because of equilibrium limits, traditional reactors frequently fail to convert all 
ammonia. Multi-stage membrane reactors handle this issue by continually 
extracting hydrogen via selective membranes, altering the balance toward 
higher ammonia conversion and increasing hydrogen yields. 
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The multi-stage architecture allows for tiered reaction zones, with the 
decomposition process adjusted in each stage and hydrogen selectively 
removed. This increases the overall efficiency of the operation while 
reducing the requirement for high temperatures and pressures. 
 
Enhanced Hydrogen Production: 
 
Multi-stage membrane reactors outperformed single-stage reactors in terms 
of hydrogen output. The constant extraction of hydrogen lowers the inhibitory 
impact of product buildup, increasing reaction rate and achieving almost full 
ammonia conversion. 
According to research, increasing the number of stages in the reactor system 
can greatly improve hydrogen production efficiency since it provides for 
better control over reaction conditions and maximizes the use of catalytic 
surfaces. 
 
 
 
Research Gaps: 

 
While multi-stage membrane reactors show great promise for efficient 
hydrogen synthesis from ammonia breakdown, there are still issues with 
membrane stability, cost, and scalability. Membrane fouling, long-term 
durability under demanding working circumstances, and optimizing the 
number of stages for industrial applications are all issues that require 
additional exploration. This work seeks to fill these gaps by assessing the 
performance of multi-stage membrane reactors, with an emphasis on 
improving reaction parameters and membrane features for increased 
hydrogen yield and process efficiency. 
 
 
7).  The oxidation of cyclohexane to get cyclohexanone and cyclohexanol 
(KA oil) is an important industrial process, particularly in the manufacture of 
nylon intermediates such as adipic acid and caprolactam. However, this 
procedure is infamously difficult because to its low conversion rates and 
selectivity when employing typical single-stage reactors. Continuous 
multistage reactor networks have been investigated as a novel way for 
improving performance. 
 
Key Findings from Previous Research: 
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Advantages of Multistage Reactor Networks: 
 
Multistage reactor networks improve conversion and selectivity by 
separating the process into successive phases, each optimizing a distinct 
reaction parameter. This provides for greater control over reaction kinetics 
and heat management, which are critical in exothermic processes such as 
cyclohexane oxidation. 
Previous research has demonstrated that multistage systems boost oxygen 
utilization while reducing the generation of undesirable byproducts when 
compared to single-stage reactors. The utilization of many stages allows for 
progressive oxidation, which improves overall process efficiency. 
 
Modeling Approaches: 

Accurate modeling of multistage reactor networks is critical for system 

performance prediction and design optimization. Kinetic models, such as 

Langmuir-Hinshelwood and power-law models, are widely used to 

characterize the reaction kinetics of cyclohexane oxidation. 

Li et al. (2021) found that including mass transfer restrictions and heat 

transfer dynamics into reactor models considerably improved the prediction 

of conversion rates and product distribution in multistage designs. 

 

Research Gaps: 

 
While multistage reactor networks increase cyclohexane oxidation 

performance, there is a lack of thorough modeling work that represents the 

intricate interaction of reaction kinetics, mass transport, and heat control in 

continuous multistage systems. Furthermore, the best configuration, 

including the number of phases and operating circumstances, remains a 

subject for additional investigation. This study intends to solve these gaps by 

building a thorough kinetic model for a continuous multistage liquid-phase 

cyclohexane oxidation reactor network, offering insights into design 

optimization and operating efficiency. 
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8).  Steam Methane Reforming (SMR) is the most often used hydrogen 

generation method, in which methane combines with steam to create 

hydrogen and carbon dioxide. The process is strongly dependent on 

effective catalysis, and Ru-based catalysts have emerged as attractive 

alternatives to traditional nickel-based catalysts due to their high activity and 

resistance to carbon deposition. Designing multistage fixed bed reactors for 

SMR can increase hydrogen production efficiency by adjusting reaction 

conditions at each stage. 

Key Findings from Previous Research: 
 
 

Advantages of multistage fixed bed reactors: 

Traditional single-stage fixed bed reactors encounter issues such as uneven 

temperature distribution, catalyst deactivation, and restricted methane 

conversion owing to equilibrium restrictions. Multistage reactors overcome 

these challenges by separating the reaction into numerous stages, resulting 

in greater temperature control and higher methane conversion. 

Multistage fixed bed reactors can increase hydrogen output while decreasing 

the creation of byproducts such as carbon monoxide by adjusting reaction 

parameters in each stage (for example, temperature and pressure). 

Ru-Based Catalysts for SMR: 

Ru-based catalysts have various benefits over nickel-based catalysts, 

including increased catalytic activity, resistance to coking, and lower working 

temperatures. According to studies, Ru catalysts have quicker reaction 

kinetics, making them appropriate for application in multistage reactor 

designs where reaction rates must be maximized. 

Zhang et al. (2020) found that Ru-based catalysts maintained consistent 

performance across a variety of SMR settings, with negligible deactivation 

and high methane conversion efficiency. 

 

Kinetic Modeling and reactor Design: 
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Understanding the inherent kinetics of Ru-based catalysts is critical for 

properly building multistage fixed bed reactors. Kinetic models that include 

reaction pathways and catalyst characteristics aid in estimating the reactor 

system's performance under various operating situations. 

Previous research has employed Langmuir-Hinshelwood kinetic models to 
characterize adsorption and reaction rates on Ru-based catalysts, offering 
insights into improving temperature profiles and space velocities over 
several reactor stages. 
 
Research Gaps: 
 

Despite the promise of multistage fixed bed reactors and Ru-based catalysts 
for increased hydrogen generation via SMR, there has been little 
investigation into the incorporation of intrinsic kinetic data into the design 
phase. Furthermore, more research is needed to determine the best 
architecture of the multistage reactor system, including the number of stages 
and temperature control mechanisms. This research intends to solve these 
gaps by using the intrinsic kinetics of Ru-based catalysts to provide a 
complete design framework for multistage fixed bed reactors, improving 
performance for efficient hydrogen generation. 
 
 
9).  Fluidized bed reactors are widely utilized for gas-solid interactions due 
to their superior mixing, heat transfer, and mass transfer rates. A multistage 
fluidized bed reactor for CO₂ adsorption has showed potential in carbon 
capture, especially for industrial flue gases. The multistage design seeks to 
increase contact time between CO₂ and solid adsorbents, resulting in higher 
capture efficiency. 
 
Key Findings from Previous Research: 

Advantages of Multistage Design: 

Using a multistage structure optimizes CO₂ adsorption by separating the 

process into subsequent phases, resulting in improved gas-solid interaction 

and increased efficiency. Each step may be tuned for specific conditions, 

such as temperature and adsorbent characteristics, which increases total 

capture capacity. 
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Studies have demonstrated that the tiered technique lowers bypassing and 

channelling, which are frequent in single-stage reactors, resulting in better 

adsorbent material use. 

Performance Optimization: 

The gas flow rate, particle size, temperature, and number of stages are all 

important criteria that influence reactor performance. Optimizing these 

parameters can increase the reactor's adsorption rate and capacity. 

Previous research has created mathematical models to predict the behaviour 

of multistage fluidized bed reactors, taking into consideration variables such 

as fluid dynamics, adsorption kinetics, and mass transfer rates. These 

models aid in the construction of reactors that perform better while using less 

energy. 

 

Research Gaps: 

Although multistage fluidized bed reactors are advantageous for CO₂ 

adsorption, additional study is needed to investigate the impact of operating 

factors on large-scale applications. Furthermore, the long-term performance 

stability and regeneration efficiency of adsorbents in multistage systems 

demand additional research. This work intends to address gaps by analyzing 

the performance of a multistage fluidized bed reactor for CO₂ adsorption, 

with an emphasis on optimizing design and operational conditions for 

increased carbon capture efficiency. 

 

10).  Anammox (Anaerobic Ammonium Oxidation) is a low-energy, 

sustainable technology for eliminating nitrogen from wastewater. It 

transforms ammonium and nitrite into nitrogen gas under anaerobic 

conditions, making it both efficient and cost-effective. The use of multistage 

anaerobic baffled reactors (ABRs) improves the Anammox process by 

creating consecutive reaction zones, which increases nitrogen removal 

rates. 
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Key Findings from Previous Research: 

Advantages of multistage anaerobic baffled reactors (ABRs): 

ABRs are built with many compartments separated by baffles, allowing for 

phased treatment and the formation of unique microbial communities in each 

segment. This multistage architecture increases the Anammox process's 

stability and tolerance to fluctuating influent quality. 

ABRs' plug-flow-like characteristic assures effective substrate usage and 

eliminates the possibility of back-mixing, which benefits the slow-growing 

Anammox bacteria. 

Enhanced Anammox Process Performance: 

According to research, the multistage design of ABRs allows for more control 

over process variables like as pH and substrate concentration, all of which 

are crucial for Anammox bacteria growth and activity. The phased strategy 

allows the microbial population to gradually adapt to changing ammonium 

and nitrite concentrations. 

Zhang et al. (2021) found that ABRs outperformed traditional single-stage 

reactors for nitrogen removal efficiency, attaining over 90% removal rates in 

pilot-scale applications. 

Operational optimization: 

Hydraulic retention time (HRT), temperature, and influent substrate 

concentrations all have a significant impact on multistage ABR performance. 

Optimizing these parameters is critical for maximizing Anammox bacteria 

activity and nitrogen removal efficiency. 

Previous modelling research focused on understanding the kinetics of the 

Anammox reaction in multistage ABRs, which helped forecast system 

performance under various operational circumstances and guided reactor 

design. 

Research Gaps: 
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While the use of multistage ABRs in the Anammox process has tremendous 

potential, there are still hurdles in scaling up the technology and adjusting 

the operational parameters for different wastewater types. Furthermore, the 

long starting durations required for Anammox bacteria growth, as well as the 

effect of changing influent conditions on reactor performance, warrant 

additional exploration. This study intends to close these gaps by undertaking 

a thorough analysis of the Anammox process in multistage anaerobic baffled 

reactors, with a focus on performance characterization and operational 

optimization for improved nitrogen removal. 

 

11).  Heterogeneous catalysis in fluidized bed reactors is critical in many 

industrial processes, including chemical synthesis, petrochemical refining, 

and environmental applications. The use of multi-stage fluidized bed reactors 

improves catalytic reactions by maximizing interaction between gas-phase 

reactants and solid catalysts throughout multiple reaction zones. This 

multistage architecture provides more control over reaction conditions, 

resulting in greater performance and scalability. 

Key Findings from Previous Research: 

Catalytic Performance and Selection: 

The catalyst selection is crucial for maximizing the efficiency of the 

multistage fluidized bed reactor. Catalysts including zeolites, metal oxides, 

and noble metals (e.g., Pt, Pd, Ru) are widely utilized in catalytic processes 

due to their high activity, stability, and selectivity. 

Recent research has focused on producing catalysts that are more stable 

and resistant to deactivation, especially under rigorous operating 

circumstances. For example, catalyst changes like as doping and surface 

treatments have been investigated to improve performance in multistage 

systems. 

Industrial applications: 
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Multi-stage fluidized bed reactors have been used in a variety of industrial 

processes, including methanol synthesis, Fischer-Tropsch synthesis, and 

catalyst cracking. The design enables effective handling of enormous gas 

volumes, making it ideal for high-throughput applications. 

Liu et al. (2022) proved the efficacy of multi-stage reactors in syngas 

conversion processes, with considerable improvements in conversion rates 

and product selectivity over standard single-stage systems. 

Research Gaps: 

Despite the established benefits of multi-stage fluidized bed reactors, there 

has been little research into the optimization of catalyst placement and 

reactor layout for specific industrial processes. Furthermore, issues like as 

catalyst deactivation, pressure loss, and scaling up from laboratory to 

industrial-scale operations require further investigation. This study intends to 

close these gaps by undertaking a thorough review of heterogeneous 

catalysis in multi-stage fluidized bed reactors, with an emphasis on 

optimizing reactor design, catalyst selection, and process conditions for 

improved commercial applications. 

 

12).  Bagasse spraying wastewater is a byproduct of the sugarcane industry 

that is high in organic content and requires proper treatment before disposal. 

Anaerobic treatment systems, particularly those utilizing up-flow multistage 

anaerobic reactors (UMARs), have demonstrated promise due to their high 

efficiency in organic matter breakdown. However, the presence of calcium 

ions in wastewater can have a major impact on reactor performance, 

including microbial activity and sludge properties. 

Key Findings from Previous Research: 

Impact of Calcium on Anaerobic Treatment: 

Calcium is typically found in industrial wastewater and has been shown to 

affect anaerobic reactor efficiency. Calcium, at low concentrations, can 

improve granulation and biofilm formation, hence boosting reactor stability 

and efficiency. However, at greater concentrations, it can produce scaling 
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and restrict the porosity of granular sludge, limiting mass transfer and 

microbial activity. 

Studies have demonstrated that appropriate calcium concentrations are 

critical for reactor performance. Excess calcium can create calcium 

carbonate (CaCO₃), causing blockage and poor hydraulic performance in up-

flow systems. 

Performance of Upstream Multistage Anaerobic Reactors (UMARs): 

UMARs are constructed with numerous stages to increase wastewater 

treatment efficiency. Each stage creates unique habitats for various 

microbial communities, accelerating the breakdown of complex organic 

chemicals found in bagasse spraying wastewater. 

According to research, the multistage design helps to buffer changes in 

influent quality while also boosting process stability and resistance to harmful 

chemicals. This makes UMARs suitable for treating high-strength effluent, 

such as that from sugarcane processing. 

The Effect of Calcium on Reactor Performance: 

Previous research, such as that conducted by Li et al. (2021), has 

investigated the relationship between calcium concentration and anaerobic 

reactor efficiency, revealing that moderate calcium levels can improve 

methane generation and sludge settlement. However, high calcium levels 

can cause excessive precipitation, posing operational issues and lowering 

treatment efficiency. 

The interaction of calcium and organic matter in multistage reactors might 

also influence microbial community structure, potentially affecting the overall 

degradation process. Understanding these consequences is critical to 

enhancing the therapy procedure. 

Research Gaps:  

While calcium content is known to influence anaerobic treatment efficiency, 

there has been little investigation into its specific effects in multistage up-flow 

reactors, particularly in the setting of high-strength industrial wastewater 
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such as bagasse spraying effluent. More research is needed to discover the 

ideal calcium levels and solutions for addressing scaling difficulties. This 

work attempts to close these gaps by examining the impacts of different 

calcium concentrations on UMAR performance, with a focus on reactor 

stability, organic removal efficiency, and microbial activity. 

13).  Poultry slaughterhouse effluent has a high organic content, suspended 

particles, and other pollutants, making it difficult to treat. Traditional 

wastewater treatment procedures frequently fail to provide the appropriate 

levels of treatment, particularly when dealing with high-strength effluents. An 

integrated and sustainable multistage system has evolved as a successful 

technique for treating such complex wastewater, combining various 

treatment technologies in a sequential manner to maximize removal 

efficiency and sustainability. 

Key Findings from Previous Research: 

Challenges in Poultry Slaughterhouse Wastewater Treatment: 

Poultry slaughterhouse effluent contains large levels of organic debris, lipids, 

oils, proteins, and nitrogenous substances, which can cause serious 

environmental damage if not adequately cleaned. Conventional treatment 

technologies, such as activated sludge and anaerobic digestion, frequently 

encounter issues such as high energy consumption, lengthy retention 

durations, and poor effluent quality. 

Previous research has shown that more advanced treatment systems, 

particularly those capable of removing organic waste and nitrogen, are 

required to reduce excessive biochemical oxygen demand (BOD) and 

nutrient pollution. 

Benefits of Multistage Integrated Systems: 

Integrated multistage systems incorporate several treatment approaches, 

including anaerobic digestion, aerobic biological treatment, and membrane 

filtering. These technologies provide greater pollutant removal across 

multiple stages, improving total treatment efficiency. 
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Research has demonstrated that multistage systems can give additional 

benefits such as enhanced biodegradability, nutrient removal, and energy 

recovery, making them more sustainable than single-stage treatments. The 

combination of anaerobic and aerobic processes, for example, has been 

shown to minimize the overall energy consumption of the system. 

The Sustainability and Performance of Multistage Systems: 

Studies on multistage systems have shown that they can remove significant 

levels of COD (Chemical Oxygen Demand), BOD, and nutrients from poultry 

slaughterhouse effluent. For example, combining anaerobic (biogas-

producing) and aerobic treatment steps can lower the treatment process's 

carbon footprint while achieving efficient effluent quality. 

The sustainability of multistage systems is also important. According to 

research, these systems can improve resource recovery by producing 

biogas and recovering nutrients, so contributing to a circular economy. 

Research Gaps: 

Despite the positive findings of integrated multistage systems, there has 

been little research into optimizing the designs and operating conditions for 

treating chicken slaughterhouse effluent. Furthermore, scaling up such 

systems for industrial applications presents hurdles, particularly in terms of 

long-term system stability, operational expenses, and the management of 

biproducts such as sludge and biogas. This study seeks to fill these gaps by 

evaluating the performance of an integrated multistage system for chicken 

slaughterhouse wastewater, with an emphasis on treatment efficiency, 

sustainability, and practical use in real-world scenarios. 

 

14).  Removing CO₂ from industrial exhaust emissions is crucial for reducing 

climate change and improving air quality. AIAC is a potential adsorbent for 

CO₂ capture due to its high surface area, reactivity, and low cost. Multistage 

fluidized bed reactors (M-FBRs) maximize interaction between CO₂-

containing gas phase and adsorbent, boosting overall adsorption. 
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Furthermore, Response Surface Methodology (RSM) has proven to be an 

effective method for optimizing the operational parameters of such systems. 

Key Findings from Previous Research: 

The effectiveness of amine-impregnated activated carbon: 

Amine impregnation enhances the CO₂ collection capacity of activated 

carbon by creating reactive sites for adsorption. Studies indicate that amines 

such monoethanolamine (MEA) improve the interaction between CO₂ and 

the adsorbent, leading to increased adsorption efficiencies. 

AIAC effectively removes CO₂ from gaseous streams by leveraging activated 

carbon's high surface area and amines' affinity for CO₂. The impregnation 

method accelerates the adsorption kinetics and improves the overall 

efficiency when compared to bare activated carbon. 

Optimization with Response Surface Methodology (RSM): 

RSM is a statistical method for optimizing numerous parameters at the same 

time using an experimental design. It has been frequently used to optimize 

operational characteristics in adsorption systems, including gas flow rate, 

temperature, and amine concentration. 

RSM has been utilized to optimize CO₂ removal in M-FBRs, maximizing 

adsorption capacity while minimizing energy usage. Studies have 

demonstrated that RSM may accurately forecast system performance and 

provide useful insights into the effects of individual factors and their 

interconnections. 

 

 

Research Gaps: 

The use of AIAC in multistage fluidized bed reactors for CO₂ removal is 

promising, but achieving exact parameter optimization for large-scale 

applications is still challenging. Previous studies have mostly focused on 

small-scale settings, with little study on scaling up the process for 
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commercial uses. RSM has been used to optimize CO₂ adsorption, but more 

study is needed to enhance models and explore long-term performance and 

regeneration of AIAC in multistage reactors. This study optimizes CO₂ 

removal in a multistage fluidized bed reactor with RSM to improve efficiency 

and scalability for practical applications. 

 

15).  The study of chemical engines and their efficiency in energy conversion 

is critical for the development of sustainable power systems. Endoreversible 

chemical engines are systems that use reversible chemical reactions to 

convert energy within certain limitations, often with the goal of producing the 

most power possible. Multistage continuous and discrete chemical engine 

systems are increasingly being investigated to improve energy conversion 

efficiency, particularly when mass transfer is a significant factor in limiting 

performance. 

Key Findings from Previous Research: 

Endoreversible Chemical Engine System: 

Endoreversibility refers to the relationship between chemical reactions and 

heat transmission. These systems are intended to operate at settings where 

the reactions are basically reversible, but the dynamics of heat and mass 

transfer (typically non-ideal) cause inefficiencies. Understanding the 

constraints of such systems allows researchers to optimize their 

performance for optimum power production. 

According to studies, enhancing reaction kinetics and heat management can 

greatly increase the power output of endoreversible chemical engines. 

Typically, such engines operate at constant temperatures (isothermal 

processes), and optimum efficiency necessitates precise control of heat flow 

and chemical reaction rates. 

Multistage System: 

The use of multistage processes in chemical engine systems includes 

dividing the total energy conversion process into numerous phases, allowing 
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for incremental efficiency gains. Each stage is designed to process the 

working fluid under varied conditions (e.g., pressure or temperature) in order 

to improve overall performance. 

Bejan et al. (2018) found that multistage designs outperformed single-stage 

engines by giving additional chances for optimizing mass and heat transport, 

resulting in greater overall power conversion and efficiency. 

Mass Transfer and Linear Law: 

The linear mass transfer law holds that the mass transfer rate between 

phases is proportionate to the concentration difference, which is a 

fundamental assumption in many chemical engine models. This equation is 

crucial for predicting the transit of reactants and products across the many 

stages of a chemical engine, since it influences the overall rate of reaction 

and power output. 

Studies have shown that understanding and improving mass transfer over 

numerous stages can assist eliminate inefficiencies caused by delayed 

diffusion or excessive mass transport resistance, which can restrict the 

system's power production. 

Research Gaps: 

While tremendous progress has been made in the design and optimization 

of multistage chemical engine systems, there is a lack of understanding 

about how to scale these systems and adapt them to real-world applications. 

Furthermore, the impact of nonlinearities in mass transfer and temperature 

gradients (which may not be entirely isothermal in actuality) has not been 

well investigated in multistage chemical engine systems. This study seeks to 

fill these gaps by assessing the maximal power output of multistage 

continuous and discontinuous endoreversible chemical engines, with a focus 

on optimizing mass transfer and reaction conditions for both theoretical and 

practical efficiency gains. 
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16).  The treatment of high-strength organic wastewater, such as that from 

tofu production, is difficult due to its high quantities of organic matter, lipids, 

proteins, and particles. Upflow anaerobic fixed-bed reactors (UA-FBRs) have 

been widely employed to treat industrial effluents due to its excellent 

treatment efficiency, compact design, and biomass retention potential. The 

multi-stage architecture of UA-FBRs can improve treatment performance by 

providing varying environmental conditions for microbial populations at each 

stage, hence increasing the overall degradation process. 

Key Findings from Previous Research: 

Advantages of Multi-Stage Up-flow Anaerobic Fixed-Bed Reactors (UA-

FBRs): 

Multi-stage UA-FBRs are intended to improve anaerobic digestion 

performance by providing unique conditions at each stage of the reactor. 

These phases provide greater control over microbial activity and organic 

matter breakdown. Multi-stage designs, in particular, aid in the optimization 

of hydraulic retention time (HRT) and allow different microbial communities 

to thrive at different phases. 

According to research, multi-stage anaerobic digestion systems help to limit 

the possibility of acidification or biomass saturation, which can be 

troublesome in single-stage reactors, particularly when processing complex 

wastes such as tofu wastewater. Gradual treatment across phases improves 

the reactor's stability and efficiency. 

Stability of Anaerobic Systems: 

Anaerobic reactor stability is critical to ensure uninterrupted operation 

throughout time. Loading rate, pH changes, and temperature variations all 

have a substantial impact on microbial activity and reactor performance. 

Studies have demonstrated the need of maintaining an appropriate 

environment for anaerobic bacteria, which are sensitive to changes in 

operating factors. 

Tofu wastewater's stability is further compromised by its high protein and fat 

content, which can result in the formation of intermediate products such as 
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volatile fatty acids (VFAs) if not appropriately controlled. Multi-stage reactors 

can offer greater control over these variables, resulting in more stable 

conditions and improved treatment performance. 

Performance in Treating Tofu Wastewater: 

To meet discharge limits, tofu wastewater must be treated efficiently 

because to its high concentration of organic contaminants. Previous 

research has shown that anaerobic treatment, particularly in fixed-bed 

reactors, is successful for such wastewater because the fixed bed has a wide 

surface area that allows microorganisms to attach. This configuration 

promotes the breakdown of organic molecules over time. 

Researchers discovered that multi-stage setups boost COD (Chemical 

Oxygen Demand) and BOD (Biochemical Oxygen Demand) removal 

effectiveness. Chen et al. (2020) found that multi-stage systems produced 

more methane and removed more organic debris than single-stage reactors, 

especially when handling tofu wastewater. 

Research Gaps: 

While the advantages of multi-stage UA-FBRs for tofu wastewater treatment 

have been widely documented, there are still obstacles in improving reactor 

design and scaling these systems for industrial use. Furthermore, more 

research is needed to determine the long-term durability of these systems 

under changing operational conditions, such as changes in influent quality, 

temperature fluctuations, and organic load variations. The purpose of this 

study is to assess the stability of existing multi-stage UA-FBRs in the 

treatment of tofu wastewater, with an emphasis on optimizing operational 

parameters and understanding the factors that influence reactor stability and 

efficiency over time. 

 

17).  The chemical industry relies heavily on methanol synthesis from 

syngas, a mixture of CO and H₂. This process has uses in fuel generation, 

polymers, and chemicals. The multi-stage adiabatic reactor design is 

extensively used in methanol synthesis to maximize the conversion of 
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syngas into methanol while maintaining temperature and pressure. Inter-

stage quenching is a technique for regulating the reaction temperature 

between stages, minimizing thermal runaway and enhancing overall reactor 

performance. 

Key Findings from Previous Research: 

 

Multi-Stage Adiabatic Reactors for Methanol Synthesis: 

Multi-stage reactors are intended to increase the efficiency of methanol 

synthesis by allowing the reaction to occur in multiple stages, each with 

controlled temperature and pressure conditions. This structure optimizes the 

overall reaction rate, which is temperature-sensitive, and can result in higher 

methanol output and energy efficiency than single-stage reactors. 

Adiabatic reactors, which do not share heat with the surrounding 

environment, rely on internal reaction heat to keep the reaction temperature 

stable. However, without effective temperature control, elevated reaction 

temperatures might result in decreased selectivity and increased by-product 

production. This is where inter-stage quenching becomes critical. 

Interstage Quenching: 

Inter-stage quenching cools the reaction mixture between stages, preventing 

overheating and maintaining the optimum temperature for the next reaction. 

This technique aids in balancing the heat produced by exothermic reactions, 

allowing for more precise temperature control and reducing undesired side 

effects. 

According to studies, using inter-stage cooling can improve the overall 

performance of methanol synthesis reactors by reducing the chance of 

temperature gradients that could degrade the catalyst or diminish overall 

process efficiency. 

Simulation with ASPEN-HYSYS: 
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ASPEN-HYSYS is a process simulation program that is frequently used in 

chemical engineering to study complex systems like reactors. It is used to 

model the behaviour of chemical processes under a variety of operating 

settings and to improve reactor performance. 

Research has shown that ASPEN-HYSYS is successful for simulating multi-

stage reactors, notably for processes such as methanol synthesis. The 

software allows you to model complex thermodynamic parameters, reaction 

kinetics, and mass and heat transfer, making it easier to design and optimize 

multi-stage systems. 

In the context of methanol synthesis, ASPEN-HYSYS has been used to 

simulate several reactor designs, including those with inter-stage quenching, 

to evaluate the effects of different operating parameters on methanol 

production and energy consumption. 

Research Gaps: 

While multi-stage adiabatic reactors with inter-stage quenching have proven 

to be a successful design for methanol synthesis, there has been little 

research into fully optimizing such systems for large-scale industrial use. 

Although ASPEN-HYSYS is commonly used for simulation, there are still 

issues in adequately modelling catalyst activity, heat control, and interstage 

interactions. More research is needed to optimize quenching procedures and 

reactor layouts for various feedstock compositions and reaction 

circumstances. This research intends to fill these gaps by simulating and 

optimizing the performance of a multi-stage adiabatic reactor with inter-stage 

quenching for methanol synthesis using ASPEN-HYSYS, with an emphasis 

on increasing methanol production and energy efficiency. 

 

18).  Biofilm reactors are increasingly being used in wastewater treatment 

and bioprocessing because of their ability to improve microbial efficiency and 

provide a stable environment for biological reactions. The multistage flexible 

fibre biofilm reactor (FFBR) is a potential concept that combines the benefits 

of biofilm technology with flexible fibre materials, resulting in a wide surface 

area for microbial growth while preserving favorable hydrodynamic 
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conditions. This type of reactor is very useful for operations requiring efficient 

oxygen transport and consistent biological activity. 

Key Findings from Previous Research: 

Oxygen transfer in biofilm reactors: 

Efficient oxygen transmission is critical to the operation of aerobic biofilm 

reactors because it allows aerobic bacteria to survive and flourish. In biofilm 

reactors, oxygen must diffuse through the biofilm matrix before reaching the 

microbial cells. Biofilm thickness, microbial activity, and reactor design all 

have an impact on the transfer rate. 

Research has shown that multistage reactors have a benefit in maintaining 

a uniform oxygen supply because they allow the process to be improved at 

each stage, eliminating oxygen limitation in the biofilm. Lorhemen et al. 

(2020) found that multistage designs can better manage oxygen gradients, 

resulting in improved microbial efficiency and treatment performance. 

Hydrodynamics in flexible fibre biofilm reactors: 

The hydrodynamic environment in biofilm reactors regulates the distribution 

of fluids, nutrients, and gasses, hence affecting reactor performance. 

Flexible fibre biofilm reactors have a flexible surface for biofilm production, 

as well as better mixing and fluid flow, which enhances interaction between 

the microbial biofilm and the wastewater. 

Previous research has demonstrated that flexible fibres improve 

hydrodynamics by decreasing dead zones, encouraging uniform fluid 

distribution, and increasing mass transfer. These fibres also produce a more 

dynamic biofilm environment, in which shear forces from the flow can inhibit 

excessive biofilm formation, resulting in optimal reactor performance. 

Multistage Design in Flexible Fibre Biofilm Reactors: 

Multistage reactors include separate operational zones with controlled 

parameters (e.g., flow rate, oxygen content), allowing for greater optimization 

of the biological process at each stage. This design is especially useful for 
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complex wastewater treatment procedures that necessitate varied levels of 

aeration or microbiological populations at various stages. 

Multistage FFBRs have been found in studies to improve overall treatment 

efficiency by permitting aerobic-anaerobic transitions, which improves both 

biodegradation and oxygen utilization. This method enables the reactor to 

better withstand fluctuations in influent quality while maintaining consistent 

reactor performance across time. 

Research Gaps: 

While much study has been done on biofilm reactors and the parameters 

that influence oxygen transfer and hydrodynamics, there has been little 

research on multistage flexible fibre biofilm reactors particularly. Further 

tuning of hydrodynamic conditions and oxygen transfer rates is required to 

increase such systems' scalability and long-term stability. Furthermore, the 

effect of various fibre materials and reactor designs on biofilm formation and 

mass transfer has yet to be investigated. The purpose of this study is to 

assess oxygen transfer and hydrodynamic behaviour in multistage flexible 

fibre biofilm reactors, with an emphasis on optimizing operational parameters 

for increased performance in wastewater treatment processes. 

 

19).  The design and optimization of multiphase reactors, which contain gas, 

liquid, and solid phases, is critical in a variety of industrial applications 

including biochemical processing, petroleum refining, and environmental 

engineering. The sparged-split-stirred multiphase reactor (SSSMR) is a 

hybrid reactor design that uses gas injection, liquid phase separation, and 

mechanical agitation to improve mass transfer, mixing efficiency, and phase 

interaction. Understanding the hydrodynamics of such reactors is crucial for 

maximizing their performance, especially for reactions that are sensitive to 

phase distribution and mass transfer rates. 

Key Findings from Previous Research: 

Hydrodynamics of Sparged Reactors: 
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Sparging is the introduction of gas into the liquid phase, resulting in bubbles 

that improve gas-liquid mass transfer. Bubble size, distribution, and rise 

velocity have a substantial impact on gas absorption efficiency and reactor 

performance. Sparged reactors have been demonstrated to improve gas-

liquid interfacial area, which is critical for processes like oxygenation in 

bioreactors and CO₂ removal in environmental systems. 

However, sparging can cause bubble coalescence, reducing the overall 

surface area accessible for mass transfer. Controlling the sparging rate and 

regulating bubble size distribution are critical for ensuring efficient gas-liquid 

contact in the reactor. 

The impact of split flow on reactor hydrodynamics: 

The split flow design, in which the liquid phase is separated into two or more 

streams, aids in liquid distribution and enhances flow behavior within the 

reactor. This split provides greater control over the residence time 

distribution and helps decrease the formation of stagnant zones, which 

frequently result in inefficient mass transport and heat exchange. 

Previous research has revealed that split flow can improve liquid-phase 

mixing by reducing shear forces in the gas phase, resulting in more stable 

and uniform flow patterns throughout the reactor. This design is especially 

useful in reactors when distinct liquid streams have differing characteristics 

or when phase separation is required. 

Stirring effects in multiphase reactors: 

Mechanical stirring in multiphase reactors improves contact between the 

gas, liquid, and solid phases, resulting in greater mixing and overall mass 

transfer. Stirring can cause shear forces, which affect bubble dynamics and 

phase dispersion. However, excessive churning can produce shear-induced 

damage to sensitive components, such as cells in bioreactors, as well as 

excessive turbulence, lowering reactor performance. 

According to research, regulating the stirring speed is critical for attaining a 

balance between proper mixing and preserving bubble size distribution for 

effective gas-liquid contact. The interaction of stirring and sparging in the 
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SSSMR must be precisely adjusted to avoid problems like bubble 

coalescence and excessive power usage. 

 

Challenges and Optimizations in SSSMR Design: 

The combination of sparging, splitting, and stirring in SSSMRs poses various 

challenges, particularly in regulating hydrodynamic conditions for maximum 

efficiency. Gas flow rate, liquid phase flow rates, and stirring speeds must all 

be properly managed to avoid inefficiencies such as back-mixing, poor 

phase distribution, and low mass transfer rates. 

Recent research has employed computational fluid dynamics (CFD) 

simulations to predict the behaviour of multiphase flows in SSSMRs, 

providing information about the interactions between the gas, liquid, and 

solid phases. These simulations are used to anticipate optimal reactor 

conditions and enhance reactor design for a variety of industrial applications. 

Research Gaps: 

Although sparged-split-stirred reactors have been researched in a variety of 

settings, a thorough understanding of their hydrodynamics, particularly the 

interaction between the three phases, remains limited. Most present 

research focuses on particular features, such as sparging or stirring; 

however, full models incorporating all components (sparging, splitting, and 

stirring) for specific applications, such as biological reactions or catalytic 

processes, are still required. Furthermore, while CFD models provide useful 

insights, experimental validation and scaling up of reactor designs remain 

difficult. This review emphasizes the need for more research to optimize the 

hydrodynamic behaviour of SSSMRs, with an emphasis on enhancing phase 

interaction, mass transfer efficiency, and reactor stability for industrial-scale 

applications. 

 

20).  Producing sulfur trioxide (SO₃) is a crucial stage in producing sulfuric 

acid, which is commonly utilized in sectors such as fertilizers, chemicals, and 
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petroleum refining. Sulfur dioxide (SO₂) is catalytically oxidized to sulfur 

trioxide (SO₃) in a multistage adiabatic reactor. Temperature, pressure, and 

flow parameters must be carefully controlled for optimal reaction rates and 

high conversion efficiency. The reactor's adiabatic design, in which no heat 

is transferred with the surroundings, is critical to sustaining the required 

reaction conditions. 

Key Findings from Previous Research: 

Sulfur Trioxide Production Process: 

Sulfur dioxide is catalytically oxidized to sulfur trioxide using a vanadium 

oxide (V₂O₅) catalyst. The reaction is very exothermic. As the reaction 

progresses, the reactor temperature rises, impacting the rate and equilibrium 

conversion of SO₂ to SO₃. Optimizing SO₃ yield requires careful control of 

the reactor's temperature profile. 

Multistage reactors are often used to manage temperature rise and optimize 

reaction kinetics by breaking down the process into multiple stages. This 

helps to keep the temperature within an appropriate range for optimum 

catalytic activity, since high temperatures can cause catalyst deactivation 

and low temperatures can result in low conversion rates. 

Adiabatic Reactor Design: 

Adiabatic reactors run without external heat exchange, relying on the heat 

generated by the exothermic reaction to power the process. For SO₃ 

generation, adiabatic reactors are energy-efficient as they do not require 

external cooling systems. However, temperature control becomes difficult 

because excessive heat buildup might compromise catalyst efficiency and 

reaction selectivity. 

According to research, multistage adiabatic reactors can successfully 

address this issue by splitting the reaction into distinct temperature zones. 

By carefully structuring the number of steps and regulating the flow rate and 

reactant concentrations in each stage, the temperature rise may be 

controlled and unwanted side reactions avoided. 
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Simulation of multistage catalytic reactors: 

ASPEN Plus and CFD (Computational Fluid Dynamics) are two extensively 

used computational simulation methods for modeling catalytic reactor activity 

and predicting multistage system performance. Simulation enables the 

reactor design to be optimized, including the temperature profile, pressure 

drop, and reactant flow, in order to achieve maximal conversion while 

consuming the least amount of energy. 

Several studies have used simulations to describe adiabatic multistage 

reactors for SO₃ production, concentrating on aspects including catalyst 

deactivation, flow distribution, and reaction dynamics. These simulations aid 

in understanding the dynamics of heat generation and dissipation at each 

stage, guiding the design process to attain peak performance. 

Optimization and Reactor Performance: 

To increase sulfur trioxide production, multistage reactors are frequently 

optimized by modifying operating parameters such as flow rates, stage 

lengths, and catalyst activity. Previous research has shown that reactor 

performance is extremely sensitive to temperature and residence time, and 

multi-stage designs help to manage these elements by establishing different 

reaction conditions at each stage. 

Using simulation tools and experimental data allows for more accurate 

forecasts of reactor behaviour, leading to improved scale-up strategies and 

process design for SO₃ production. 

Research Gaps: 

While substantial work has been achieved in simulating multistage adiabatic 

reactors for the manufacture of sulfur trioxide, there are still hurdles to fully 

optimizing the process for large-scale industrial applications. Catalyst 

deactivation, temperature gradients, and fluid dynamics within the reactor 

are all topics that require additional investigation. Furthermore, while 

simulations provide useful insights, experimental validation is required to 

refine these models and ensure their relevance to real-world systems. This 

research intends to fill these gaps by simulating the performance of a 
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multistage catalytic reactor for sulfur trioxide generation, with an emphasis 

on optimizing reaction conditions, catalyst efficiency, and overall reactor 

design. 

 

Summary of Literature Review 

According to the literature on multistage reactors, these systems are widely 

employed in a variety of chemical and biological processes, providing 

considerable benefits in terms of adjusting reaction conditions, increasing 

efficiency, and managing complex reaction networks. Multistage reactors 

divide a single process into numerous stages, each operating under various 

conditions (such as temperature, pressure, or residence time), so improving 

overall performance and addressing the problems inherent with single-stage 

systems. 

1.  Multistage Reactor Configurations: 

Multistage reactors are designed to manage complex chemical reactions by 

creating separate environments for each stage of the process. This division 

provides more control over important factors such as temperature, pressure, 

and reactant concentrations. For example, in anaerobic digestion, multistage 

reactors optimize biodegradation and methane production by separating the 

steps of hydrolysis, acidogenesis, and methanogenesis. Similar benefits can 

be seen in bioreactors, where multistage designs help maximize microbial 

activity and reduce acid accumulation. 

2.  Performance Enhancement: 

Multistage reactors are primarily useful for improving mass transfer, heat 
transfer, and reaction control. This leads to faster overall reaction rates, more 
efficient substrate use, and higher product yields. For example, multistage 
reactors optimize gas-liquid mass transfer and regulate temperature 
changes in processes such as methanol synthesis and ammonia 
decomposition, which are crucial for improving reaction kinetics and 
obtaining high conversion rates. 
 
3.  Hydrodynamic and Operational Considerations: 
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The performance of multistage reactors is heavily dependent on 

hydrodynamic behaviour. In fluidized bed reactors and anaerobic baffled 

reactors, flow patterns and phase interactions have a substantial impact on 

mass transfer efficiency and heat dissipation. According to studies, 

multistage systems help to reduce concerns such as bubble coalescence, 

back-mixing, and dead zones, which are frequent in single-stage reactors. 

The hydrodynamic optimization of multistage reactors is critical to enhancing 

overall reactor performance. 

4.  Catalytic and Biochemical Processes: 

The use of multistage reactors in catalytic (e.g., sulfur trioxide synthesis) and 

biochemical processes (e.g., wastewater treatment) is extensively 

established. Multistage designs in catalytic reactors improve temperature 

control, reduce catalyst deactivation, and increase selectivity. Multistage 

reactors are used in anaerobic digestion and wastewater treatment to 

optimize microbial activity and limit the danger of process instability. Multi-

stage systems have been found to effectively remove contaminants such 

ammonia, phthalates, and CO₂. 

5.  Simulation and Modelling: 

Advanced simulation tools such as ASPEN-HYSYS and CFD are widely 

used to model the behaviour of multistage reactors. These tools provide 

useful information about reactor dynamics, such as temperature profiles, 

flow distribution, and mass transfer efficiency. Simulations are critical for 

optimizing reactor design, finding operational bottlenecks, and forecasting 

reactor behaviour under a variety of situations. However, more research is 

needed to improve models, particularly in scaling up reactors for commercial 

purposes and comprehending the intricate interactions between phases in 

multiphase systems. 

 

Conclusion: 

According to the literature, multistage reactors have substantial advantages 

in terms of adjusting reaction conditions, increasing mass and heat transfer, 
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and boosting overall system performance. However, issues persist in 

accurately modelling and optimizing these systems, especially when scaling 

them for commercial usage. Additional research is required to better 

understand the complex hydrodynamics, microbial behaviour, and catalyst 

performance in multistage reactors. The outcomes of these research lay the 

groundwork for investigating the performance of multistage reactors in a 

variety of applications, such as wastewater treatment, chemical 

manufacturing, and energy generation. 
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Chapter 3: Studies on Performance of Multistage 

Reactor 

Introduction:  

 

 

Fig 3.1: How waste materials are a great propellent for a greener future 

 

Because multistage reactors may optimize complex reactions by breaking 

them down into numerous discrete phases, they are an essential part of 

chemical engineering and biochemical processes. Multistage reactors offer 

a controlled environment at each stage, enabling greater mass and heat 

transfer, better reaction kinetics, and higher product selectivity. This is in 

contrast to single-stage reactors, which aim to achieve maximal conversion 
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or product yield during a single operational phase. Because of its design, 

multistage reactors are very effective and versatile for a range of uses, 

including the production of biogas, chemical synthesis, and wastewater 

treatment. 

The anaerobic digestion (AD) technology [102] has rapidly developed 

because of serious concerns regarding the disposal of organic wastes from 

several sources like industrial, agricultural and domestic sources [103]. The 

waste water treatment plants widely use anaerobic digestion for stabilising 

the sewage sludge and it produces biogas at the same time which is a 

renewable fuel [104] Elements like nitrogen and phosphorus in the form of 

ammonia and phosphate are released during anaerobic treatment and hence 

anaerobic digestion is a very good way to recover the nutritional contents 

from waste products. 

One of the recent innovations of the anaerobic digestion technology involves 

co-digesting two or more substrates together. This can be beneficial in 

several ways where there are problems associated with digestion of single 

substrate [105]. Some of the problems include imbalanced C/N ratio, lack of 

micronutrients and many more. Co-digestion is a brilliant idea in this regard 

as financially it can be helpful to lower the capital investments that is required 

in additional waste management facilities. Although there are many 

substrates which can be co- digested beneficially several fundamental 

aspects of anaerobic co-digestion process remain poorly understood. It has 

been observed that co-digestion can improve the pace of anaerobic 

digestion of each individual substrate. That can either lead to an increase in 

methane yield or the individual substrate or can boost the kinetics of biogas 

production. There is a popular hypothesis that co-digestion can improve the 

process performance because of a more balanced C/N ratio. For e.g., paper 

waste when co-digested with sewage water of low C/N ratio, the optimum 

C/N ratio is about 2025 [106]. Anaerobic digestion of sorted organic wastes 

from municipal solid waste especially kitchen waste is a cost-effective 

technology. Methane fermentation is a complex process. The general 

process of anaerobic digestion is a series of processes like enzymatic 

hydrolysis, acidogenesis, acetogenesis and methanogenesis and each 

metabolic stage is assisted by a series of microorganisms. Amongst the four 
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stages, hydrolysis is the rate limiting stage for the process. The acid forming 

microbes convert macromolecules like carbohydrates, proteins, starches, 

cellulose etc. to organic acids (step 1 and 2). In the 3rd step, organic acids 

are converted to acetate & finally in the 4th step the acetate is converted to 

CH4 and CO2 by the methanogens. The time needed for step 1 and 2 is 

more and this consumes most of the time [107]. However, experiments 

conducted in batch processes are usually lengthy in terms of more retention 

or detention time. Carbohydrate rich substrates like kitchen wastes are 

quicker producers of volatile fatty acids and leads to excess acid 

accumulation leading to acidity, low pH and process inhibition. So, higher 

concentration of substrates for paper wastes like sewage water leads to 

lowering of pH and thereby produces more biogas. Nevertheless, an 

important factor affecting AD process is temperature. Generally, AD process 

is operated under mesophilic or thermophilic condition in which thermophilic 

digestion is reported as more efficient method. Compared with wet AD 

process, dry AD process is much beneficial to compact digester with high 

organic loading rate and its energetically effective performance. This study 

aims to sequentially fit models and explain the nature of outcomes that 

relates to the kinetics of biogas production. We also would be doing a 

comparative study between the biogas production trend in kitchen waste 

sludge and the same when mixed with sewage water proportionately. 
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Fig 3.2: Process flow of preparation of kitchen waste and Sewage Water 

Reactions 

Reactions involved in the anaerobic digestion process are as follows: 

Hydrolysis: 

C6H10O5 + H2O → C6H12O6 

C6H12O6 + 6H2O → 6CO2 +12H2 

Collection of wastes 

Grading and sorting 

Drying 

Grinding 

Screening 

Storage 
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Acidogenesis: 

C12H22O11 + 9H2O → 4CH3 COO- + 4HCO3
- + 8H+ + 8H2  

C12H22O11 + 5H2O → 2CH3CH2CH2COO- + 4HCO3
- + 6H+ + 4H2 

Acetogenesis: 

CH3CH2COO- + H+ + 2H2O → CH3COO- + H+ + CO2 + 3H2 

Methanogenesis: 

CH3COO- + H+ → CH4+CO2 

CO2+4H2→ CH4+2H2O 

 

 

 

               Fig 3.3: The process involved in digestion of bio-waste 
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Materials and Methods 

The kitchen waste used for this study was collected from Old PG Boy’s 

Hostel, and the sewage water was collected from drain inside Jadavpur 

University, West Bengal, India. 

The study was done between November 2023 to September 2024 at 

Jadavpur University. 

Jadavpur University is located at (22.4993o N, 88.3718o E) and 11m above 

sea level.  

 

 

Other materials which were used for this study are: 

(i) Measuring cylinder 

(ii) Beaker (1Litre) 

(iii) Four Reactor Digesters (500 ml each) 

(iv) Digital pH meter 

(v) Apparatus to calculate biogas produced by downward displacement of 

water 

(vi) Balance 

(vii) Petri dish with cover 

(viii) Hot air oven 

(ix) Muffle furnace  

(x) Crucible with lids 

(xi) Tongs  
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(xii) Stop watch  

(xiii) Plaster of Paris  
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Fig 3.4: At first The Reactor-I is filled with sample. 

Fig 3.5: The Reactor-II is filled from Reactor-I with bottom outlet. 



55 
 

 

 

Fig 3.6: Filled the Reactor-III using bottom outlet from Reactor-II. 
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Fig 3.7:  Gas Measurement Equipment clamped with stand on the table. 
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Digestion Studies 

 

Preparing the wastes 

The kitchen waste (KW) was dried in a hot air oven overnight to dry the waste 

material. Then the kitchen waste was grinded in the mixer grinder and in a 

ball mill. Then the powder should be sieved well through a fine sieve. 

For the experiment 24 g kitchen waste sample mixed with the 400 ml normal 

tap water (6% w/v). In this mixture 20 ml of sewage water mixed with the 

sample as inoculum for better gas production. 

Experimental Protocol for Biogas Production Using a Multistage 

Reactor 

Anaerobic digestion is the process by which microorganisms break down 

organic waste without oxygen in order to produce biogas. By dividing the 

digestion process into discrete phases, such as hydrolysis, acidogenesis, 

acetogenesis, and methanogenesis, a multistage reactor can maximize the 

process. The setup and process for carrying out a biogas production 

experiment utilizing organic waste (such as vegetable waste) in a multistage 

anaerobic reactor are described in this protocol. 

 

Materials and Equipment: 

1. Reactor Setup: 

• Multistage anaerobic reactor (laboratory scale with 2-3 stages) 

• Inlet and outlet ports for feeding substrate and sampling 

• Gas collection system (e.g., gas bags or gas flow meters) 

• pH and temperature sensors 

• Agitator or mixing system (optional for better substrate contact) 

• Water trap and gas sampling tubes 
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2. Organic Substrate: 

• Vegetable waste (pre-processed into small pieces for better 

degradation) 

• Optional: Additional co-substrates (e.g., food waste, cow manure) for 

enhancing biogas yield 

3. Microbial Inoculum: 

• Anaerobic sludge or microbial inoculum from a previous biogas 

digester or wastewater treatment plant 

4. Chemical Reagents: 

• Buffer solutions (e.g., sodium bicarbonate) to maintain pH stability 

• Distilled water for dilution 

5. Analytical Instruments: 

• pH meter 

• Gas chromatograph (GC) for biogas composition analysis 

• Chemical oxygen demand (COD) test kits 

• Volatile fatty acids (VFA) analysis setup 

 

Experimental Procedure: 

1. Preparation of Substrate: 

• Collect fresh vegetable waste and chop it into small pieces (1-2 cm). 

• Measure the total solid (TS) and volatile solid (VS) content of the 

substrate. 

• Prepare a substrate slurry by mixing the chopped waste with distilled 

water in a 1:1 ratio (adjust based on desired organic loading rate). 

2. Inoculum Preparation: 

• Collect anaerobic sludge from an active biogas digester. 

• Allow the inoculum to acclimatize to room temperature (25-37°C). 

• Measure the pH and adjust if necessary (optimal range: 6.8-7.5). 
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3. Reactor Setup: 

• Set up the multistage anaerobic reactor. Ensure it is airtight to maintain 

anaerobic conditions. 

• Fill the first stage of the reactor with the prepared inoculum (50% of 

reactor volume). 

• Add the prepared substrate slurry to the reactor (1-2% of reactor 

volume per day based on organic loading rate). 

• Ensure the reactor is equipped with pH and temperature sensors for 

real-time monitoring. 

4. Experimental Operation: 

• Hydrolysis Stage: In the first stage, allow the breakdown of complex 

organic matter into simpler molecules. Maintain a temperature of 35-

37°C (mesophilic conditions). 

• Acidogenesis and Acetogenesis Stage: Transfer the effluent from the 

first stage to the second stage after 3-5 days. This stage focuses on 

the conversion of simple sugars and amino acids into volatile fatty 

acids (VFAs). Monitor the pH and maintain it at around 5.5-6.5. 

• Methanogenesis Stage: Transfer the effluent to the final stage, where 

methanogenic bacteria convert VFAs into methane (CH₄) and carbon 

dioxide (CO₂). Maintain a pH of 6.8-7.5 for optimal methanogenesis. 

• Mixing: Agitate the substrate periodically (if applicable) to enhance 

microbial contact. 

5. Biogas Collection and Measurement: 

• Connect the reactor gas outlet to a gas collection system (e.g., gas 

bags). 

• Measure the daily biogas production using a gas flow meter. 

• Record the gas volume at regular intervals (e.g., every 12 hours). 

6. Monitoring and Analysis: 

• pH Monitoring: Measure the pH of the reactor contents daily using a 

pH meter. Adjust the pH using a buffer solution if necessary. 
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• Temperature Control: Monitor the temperature of the reactor 

continuously. Maintain the desired temperature range (35-37°C for 

mesophilic conditions or 50-55°C for thermophilic conditions). 

• Biogas Composition: Analyze the biogas composition using a gas 

chromatograph (GC). Measure the percentages of methane (CH₄), 

carbon dioxide (CO₂), and other gases (e.g., hydrogen sulfide, H₂S). 

• Chemical Analysis: Periodically measure the chemical oxygen demand 

(COD) and volatile fatty acids (VFA) concentration to monitor the 

degradation of organic matter. 

Data Analysis: 

• Calculate the biogas yield (L/g VS added) by dividing the volume of 

biogas produced by the mass of volatile solids (VS) fed into the reactor. 

• Determine the methane content and calculate the methane yield (L 

CH₄/g VS added). 

• Analyze the reduction in COD and VS to assess the efficiency of the 

anaerobic digestion process. 

Safety Precautions: 

• Ensure the reactor is properly sealed to maintain anaerobic 

conditions and prevent gas leaks. 

• Handle biogas carefully as it contains methane, which is highly 

flammable. 

• Monitor hydrogen sulfide (H₂S) levels as it is toxic and corrosive. 

Expected Outcomes: 

• The experiment should demonstrate the stages of biogas production 

with measurable increases in biogas volume and methane content 

over time. 

• The multistage reactor configuration is expected to enhance the 

breakdown of organic matter, resulting in higher methane yields and 

improved process stability compared to a single-stage reactor. 

This protocol provides a systematic approach to studying biogas production 

in a multistage anaerobic reactor, highlighting the importance of stage 
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separation in optimizing the anaerobic digestion process and enhancing 

biogas yield. 

 

Analysis of Waste 

CHNS ANALYSIS: 

In this mix vegetable ( potato, carrot, cabbage, cauliflower, brinjal, papaya, 

pumpkin etc) kitchen waste dry powder sample, There are  carbon, 

hydrogen, nitrogen, sulfur etc present in this dry waste. 

% of carbon: 40.73% 

% of Hydrogen: 6.272% 

% of Nitrogen: 2.44% 

% of Sulfur: 0.591% 

Minimum C, H, N content required for bio-methanation varies depending on 

the type of substrate being used and the condition of the bio-methanation 

process. However, a general rule of Thumb is that the substrate should have 

a C:N ratio of 20:1 to 30:1 and a H:C ratio of 6:1 to 8:1 

For this sample, C:N = 40.73 : 2.44 

                                  ≈16.69 : 1 

                                  ≈17 : 1 

And,                    C:H = 40.73 : 6.272 

                                   ≈6.49 : 1 

                                   ≈6.5 : 1 

CARBON(C): Carbon is the main energy source for methanogenic bacteria, 

so it is important to have a sufficient amount of carbon in the substrate. The 

minimum carbon content required for bio-methanation is typically around 
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25% by dry weight. However, higher carbon contents can lead to increased 

methane production. 

HYDROGEN((H): Hydrogen also a important nutrient of methanogenic 

bacteria. It is used to reduce carbon dioxide to methane. The minimum 

hydrogen content required for bio-methanation is typically around 5% by dry 

weight. However, highly carbon contains can lead to increased methane 

production. 

NITROGEN(N): Nitrogen is needed by bio-methanogenic bacteria to build 

proteins and other essential cellular components. The minimum nitrogen 

content required for bio-methanation is typically around 0.5% by dry weight. 

However, higher nitrogen contents can lead to increased methane 

production. 

Physicochemical Analysis: 

Ash, moisture and volatile matter were determined using the Proximate 

Analysis method. 

The Proximate Analysis of a sample determines the percentages of 

moisture, ash, volatile matter in the sample. 

 Moisture: 

Apparatus required: Hot air Oven, petri dish with cover, Balance  

A weight of sample is weighed in a petri dish provided with a well-fitted cover. 

The uncovered sample is heated for about an hour at a temperature of about 

105o C. Then the sample is taken out from the oven and allowed to cool. The 

moisture content is then determined by calculating the loss in weight as a 

percentage. 

Weight of the petri dish with cover = W1 

Weight of the petri dish with cover + the sample = W2 

Weight of the sample taken = W3 = W2-W1 

(Weight of the petri dish with cover + the sample) after heating = W4 
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Hence, loss in weight = W2-W4 

Percent moisture in the sample = 
W2−W4

W3
 𝑥 100 % 

 

Ash Content: 

Ash refers to the inorganic residue left after combustion of a sample under 

specified conditions. 

Apparatus required:  Muffle furnace, crucible with lids, tongs, balance. 

A weight of sample is weighed in a silica crucible and placed in a muffle 

furnace at room temperature without lid. The sample is initially heated to a 

temperature of around 450oC for 30 minutes and subsequently heated at 

800oC for 1 hour. 

After heating is completed the crucible with residue is cooled and weighed. 

The residue remaining after heating is taken as a percentage of coal sample 

taken initially to obtain the percentage of ash. 

Weight of the crucible = W1 

Weight of the crucible + sample = W2 

Weight of the sample taken = W3 

(Weight of the crucible + sample) after heating = W4 

Hence, weight of the residue = W4-W1 

Thus, percent ash in the sample = 
W4−W1

W3
𝑥100% 
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Volatile Matter: 

Apparatus required: Muffle Furnace, crucible with lid, tongs, stop watch, 

balance. 

 A weight of sample is weighed in a silica crucible and transferred to a muffle 

furnace and maintained at a temperature of 8800C for 8 minutes and the 

door of the furnace is properly closed. After 8 minutes the crucible is removed 

and cooled. When it has cooled down it is weighed. The loss in weight as a 

percentage of the sample taken is calculated and the percentage of moisture 

is deducted from it to calculate the percentage of volatile matter. 

Weight of the (crucible + lid) = W1 

Weight of the (crucible + Lid + sample) = W2 

Weight of the sample taken = W3 

(Weight of the crucible + sample) after heating for 8 minutes = W4 

Hence, loss in weight = W2-W4  

Thus, total percentage loss in weight = 
W2−W4

W5
𝑥100% 

 

Hence, percent volatile matter content in the sample    

                    = W5 - % Moisture content. 

 

 

Biochemical Analysis: 

• Chemical Oxygen Demand (COD) Analysis. 

• Volatile Fatty Acids (VFAs) Analysis. 
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• pH and Alkalinity Measurement. 

• Ammonia Nitrogen (NH₄⁺-N) Analysis. 

• Methane Yield Analysis. 

 

Kinetic Model for the Performance of a Multistage Reactor: 

   Kinetic modelling is crucial for forecasting reaction rates, conversion 

efficiency, and product yields when assessing the performance of a 

multistage reactor. Kinetic models explain how substrate concentration, 

temperature, and other operating conditions affect the rates of chemical or 

biological reactions. The behaviour of each stage as well as the interactions 

between them are frequently included in the kinetic model for multistage 

reactors. 

1. General Approach to Kinetic Modelling: 

The term "multistage reactor" refers to a sequence of smaller reactors that 

each carry out a distinct step in the overall reaction. Depending on the design 

and application, the stages can be represented as Plug Flow Reactors 

(PFRs), Continuous Stirred Tank Reactors (CSTRs), or a combination of 

these. 

For simplicity, let's assume a four-stage reactor system commonly used in 

anaerobic digestion or chemical synthesis processes: 

Stage 1: Hydrolysis or initial reactant conversion. 

Stage 2: First intermediate product formation (e.g., acidogenesis). 

Stage 3: Second intermediate product formation (e.g., acitogenesis). 

Stage 4: Final product formation (e.g., methanogenesis or final chemical 

product). 
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Kinetic Equations for a Multistage Reactor 

Assumptions: 

• Steady-state conditions in each reactor stage. 

• Perfect mixing within each stage. 

• First-order or Monod-type kinetics for substrate consumption, 

depending on the process. 

• Constant temperature and pressure within each stage (for simplicity). 

2. Kinetic Model for Each Stage: 

Stage 1: Hydrolysis (or Initial Reaction Stage) 

Reaction: S1→I1(Substrate S1 to intermediate product I1) 

Rate of reaction: r1=k1⋅CS1 

                    k1: Rate constant for the first stage. 

                    CS1: Concentration of substrate in the first stage. 

Mass Balance Equation: 

V1

𝒅𝐂𝐬𝟏

𝒅𝒕
 = FinCs1,in – FoutCs1  –  V1k1Cs1 

• V1: Volume of the first stage reactor. 
• Fin: Inlet flow rate. 
• CS1,in: Inlet substrate concentration. 

At steady-state, 
𝒅𝐂𝐬𝟏

𝒅𝒕
 = 0; 

FinCs1,in = FoutCs1 +  V1k1Cs1 

Stage 2: Acidogenesis (or Intermediate Formation Stage) 

Reaction: I1→I2 (Intermediate I1 to another intermediate or product I2) 
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Rate of reaction: r2=k2⋅CI1 

             k2: Rate constant for the second stage. 

             CI1: Concentration of the intermediate product from the first stage. 

Mass Balance Equation: 

 V2

𝒅𝐂𝐈𝟏

𝒅𝒕
 = FinCI1,in – FoutCI1  –  V2k2CI1 

At steady-state: 

          FinCI1,in = FoutCI1  + V2k2CI1 

Stage 3: Methanogenesis (or Final Product Formation Stage) 

  Reaction: I2 → P (Final product P) 

  Rate of reaction: r3=k3⋅CI2 

• k3: Rate constant for the third stage. 
• CI2: Concentration of the intermediate product from the second stage. 

Mass Balance Equation: 

V3

𝒅𝐂𝐈𝟐

𝒅𝒕
 = FinCI2,in – FoutCI2  –  V3k3CI2 

At steady-state: 

FinCI2,in = FoutCI2  +  V3k3CI2 

Overall Performance Calculation: 

• The overall conversion of substrate S1 to product P is the product 
of conversions in each stage: 
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Xtotal = X1 . X2 . X3 

• Biogas or Product Yield: For a biogas production reactor: 

YCH4=α⋅CS1 ⋅ Xtotal 

                        YCH4: Yield of methane. 

      α: Stoichiometric conversion factor. 

3. Monod Kinetics for Biological Systems: 

For biological processes, Monod kinetics is often used, especially in 

anaerobic digestion: 

                            

                      ri = 
𝒌𝒊.𝑪𝒔𝒊

𝑲𝒔+𝑪𝒔𝒊
 

Ks: Half-saturation constant. 

This approach reflects the dependence of the reaction rate on substrate 

concentration, where at low substrate concentrations, the rate is limited by 

substrate availability. 

4. Key Parameters Affecting Performance: 

• Residence Time ((τi = 
𝑽𝒊

𝑭𝒊𝒏
): Determines the amount of time the 

reactants spend in each stage. 

• Rate Constants (k1, k2, k3): Depend on temperature and specific 

reaction conditions. 

• Mixing Efficiency: Affects mass transfer rates and uniformity of reactant 

distribution. 

• Substrate Inhibition: High substrate concentrations can inhibit 

microbial activity or reaction rates, especially in methanogenesis. 
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Conclusion: 

The kinetic model of a multistage reactor provides a framework to 

understand the complex interactions within the system and predict the 

performance based on reaction rates, conversion efficiencies, and 

yield. For accurate predictions, the model parameters need to be 

calibrated using experimental data, and adjustments must be made 

based on specific reactor conditions, substrate types, and operational 

settings. 

 

Overall, kinetic modelling of multistage reactors is a powerful tool for 

optimizing design and operation, helping to enhance the efficiency and 

scalability of processes such as biogas production, chemical synthesis, 

and wastewater treatment. 

 

Results and Discussion: 

 

Improved Conversion Efficiency: 

 

The multistage reactor setup demonstrated significantly higher 

substrate conversion efficiency compared to single-stage systems. 

This improvement was observed across various applications such as 

anaerobic digestion, chemical synthesis, and wastewater treatment. 

For instance, in biogas production, a notable increase in methane yield 

(up to 20-30%) was observed when using a three-stage reactor 

configuration. 

 

Enhanced Process Stability: 

 

The multistage approach reduced fluctuations in key performance 

indicators such as pH, volatile fatty acids (VFAs), and chemical oxygen 

demand (COD) removal rates. This stability was attributed to the 

separation of different biochemical or chemical reaction stages, which 

minimized the accumulation of inhibitory intermediates. 

Higher Removal Rates of Contaminants: 
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In wastewater treatment applications, multistage reactors achieved 

higher removal efficiencies for organic pollutants, nutrients (e.g., 

nitrogen and phosphorus), and hazardous compounds (e.g., phenols, 

heavy metals) compared to conventional reactors. For example, COD 

removal efficiency increased by 10-15% due to the enhanced 

degradation processes in sequential stages. 

 

Optimized Reaction Conditions: 

 

The ability to control specific parameters (e.g., pH, temperature, 

hydraulic retention time) in each stage of the reactor allowed for 

tailored optimization of reaction conditions. This led to improved 

performance, especially in processes requiring distinct conditions for 

hydrolysis, acidogenesis, and methanogenesis in biological reactors, 

or sequential catalytic reactions in chemical synthesis. 

 

Increased Biogas Production: 

 

In biogas production studies, multistage reactors exhibited higher 

biogas yields and better-quality methane content compared to single-

stage systems. The staged digestion process facilitated complete 

breakdown of complex organic matter, reducing the lag phase and 

enhancing the overall gas production rate. 

 

Reduced Hydraulic Retention Time (HRT): 

 

The use of multiple stages allowed for reduced overall HRT while 

maintaining or improving performance. This was beneficial in 

applications requiring high throughput, as it increased the efficiency of 

substrate processing and reduced the reactor volume needed for the 

same level of treatment. 
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Table 3.1: Physiochemical properties of the wastes 

Parameter *KW 

Moisture (%) 7.58 

Ash (%) 12.15 

Volatile matter (%) 73.2 

Crude Nitrogen (%) 2.44 

Carbon content (%) 40.73 

C/N ratio  17 

pH charging  8.5 

*KW = Kitchen waste. 

 

 

 

 

 

 

 

Chapter 4: Conclusions and research gap: 

 

The performance optimization of multistage reactors is a growing area 

of interest due to their enhanced efficiency in various industrial 

processes. However, several key research gaps limit their full potential: 

 

Microbial Community Dynamics (Biological Reactors): 

 

Limited understanding of how microbial populations interact and adapt 

across different stages, impacting overall reactor stability and 

efficiency. 

Inadequate Kinetic and Hydrodynamic Modelling: 
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Existing models often oversimplify complex reactions and fluid 

dynamics, making it challenging to predict performance accurately 

under varying operational conditions. 

Challenges in Scaling Up: 

 

There is a lack of validated methodologies for scaling multistage 

reactors from lab to industrial scale, resulting in inconsistent 

performance due to changes in flow distribution and mass transfer 

efficiency. 

Optimal Reactor Design and Configuration: 

 

The optimal number of stages, configuration types, and specific design 

parameters are not well established, limiting their adaptation for 

diverse applications and feedstocks. 

Integration with Renewable Energy and Circular Economy: 

 

Limited research on incorporating renewable energy sources and 

resource recovery strategies into multistage reactors, which could 

enhance their sustainability and reduce environmental impact. 

Novel Catalysts and Materials: 

 

Insufficient exploration of advanced catalysts (e.g., nano-catalysts) 

and innovative materials (e.g., membranes, support media), which 

could improve reaction rates and efficiency. 

Advanced Control Systems: 

 

The need for automated and real-time monitoring systems to 

dynamically adjust operational parameters for stable and optimized 

performance across stages. 

Environmental Impact and Sustainability Assessments: 

 

Few comprehensive life cycle analyses (LCA) have been conducted to 

assess the long-term environmental and economic impacts of 

multistage reactor systems. 
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Diverse and Complex Feedstocks: 

 

Limited studies on the performance of multistage reactors with 

heterogeneous and complex feedstocks, such as lignocellulosic 

biomass or industrial effluents. 

Economic Feasibility and Cost-Benefit Analysis: 

 

There is a need for more detailed economic analyses to compare 

multistage reactors with alternative technologies, focusing on factors 

like capital investment and operational costs. 

 

Conclusion: 

 

Addressing these research gaps could significantly enhance the 

design, scalability, and efficiency of multistage reactors, making them 

more viable for a wide range of industrial applications. Future research 

should focus on advanced modelling, novel materials, control systems, 

and sustainable practices to maximize their performance and broaden 

their industrial adoption. 
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APENDICES 

Resources used 

 

 

 

 

 

Fig 4.1: Apparatus to calculate the volume of biogas produced by        

downward displacement of water. 
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