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The global scarcity of water and need for environmental sustainability demand effective wastewater 

treatment and reuse. Membrane filtration, advanced oxidation processes (AOPs) and biological 

treatments are advanced technologies that have proven to be solutions in improving treatment 

efficiency and enabling reuse. At the same time, these technologies target high pollutant removal 

rates, water quality compliance, and reduced environmental footprints. State of the art wastewater 

treatment technologies are reviewed and a novel hybrid system which couples advanced oxidation 

with biofiltration is introduced to maximize efficiency while minimizing costs. Experimental 

analysis and simulation are then used to carry out comprehensive evaluations of the existing 

methods and proposed system. The results demonstrate that the hybrid system provides enhanced 

performance in terms of pollutant removal, energy efficiency, and scalability relative to 

conventional methods. In this paper, the promising prospects of application of advanced wastewater 

treatment technologies for solving water challenges and in attaining sustainable development goals 

is emphasized. 
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1. Introduction 

Human survival and economic development rely upon water as an important resource. Rapidly 

growing populations, urbanization, and industrialization have, however, greatly increased 

water demand, and in some places there are now serious water shortages. Development of 

wastewater treatment and its reuse are required strategies to compensate water scarcity and 

environmental protection. However, traditional wastewater treatment processes have been not 

sufficient to comply to the stringent water quality requirements for reuse purposes in some 

extent. What's more, these processes are energy intensive, and they produce secondary 

pollutants that ultimately have an impact on the environment[1]. To address such challenges, 

advanced wastewater treatment technologies have been developed to achieve higher treatment 

efficiency, lower operation cost, and small environmental footprint. Promising technologies 

in this domain include membrane filtration, advanced oxidation processes (AOPs) and 

biological treatments. These utilize novel approaches, including nanomaterials, 

electrochemical systems, bioengineering, to improve water quality and meet standards for 

reuse. In this paper, it reviews the state-of-the-art of wastewater treatment technologies[2], 
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points out gaps to what has been developed up to now, and proposes a novel hybrid system 

based on advanced oxidation and biofiltration with improved performance. Laboratory‐scale 

experimentation and computational simulations are performed to evaluate the proposed 

system, which is shown to have promise for full‐scale implementation. This paper contributes 

to the continuing body of knowledge on sustainable water management practice by presenting 

the advantages and limitations of advanced wastewater treatment technologies. 

 

2. Related Work 

Gadipelly et al. (2014)[3] has provided a review to treat pharmaceutical industry wastewater 

using technologies that can lead to water treatment and its recycle. Focusing on the special 

properties of pharmaceutical effluents, and the associated issues regarding co‐existence of 

bioactive compounds, persistent pollutants and high levels of organic and inorganic 

substances, it identifies technological solutions that go beyond the state of the art. Treatment 

techniques are categorized by the authors into primary, secondary and advanced methods, in 

which primary and secondary methods fall short in achieving the high degrees of contaminant 

removal levels that can be achieved with advanced oxidation processes (Aop’s), membrane 

technologies and bioreactors. In addition, the review highlights the importance of combining 

the treatment processes for enabling water reuse in compliance with the environmental 

regulations. The paper offers significant insights into technological advances, their 

applications and limitations and becomes an indispensable reference for wastewater 

management in the pharmaceutical industry. The treatment and reuse of cork boiling 

wastewater are investigated by Ponce-Robles et al. (2016) through the use of advanced 

oxidation technologies (AOTs). This study assesses the efficiency of modular combining 

processes such as Fenton oxidation and photocatalysis for contaminant removal, including 

organic matter and phenolic compounds. They find that the sequential application of these 

AOTs promotes water quality to levels well suited for reuse in cork manufacturing processes. 

Operational parameters such as pH and reagent concentration are also assessed in the study to 

optimize treatment efficiency. The research is important by raising the environmental 

problems in the cork boiling industries and offering a practical way to integrate wastewater 

treatment and reuse. The solution is case specific, and as such contributes towards the wider 

understanding of the industrial wastewater treatment problems. 

The paper by Shon et al. (2006) describes the characteristics, impacts, treatment strategies of 

effluent organic matter (EfOM) in wastewater. Chemical and physical complexity of these 

constituents (humic substances, proteins, and polysaccharides) and their lack of amenability 

to conventional characterization (except for a few simple structural features) are the focus of 

the study. A critical review of treatment technology as membrane filtration, adsorption and 

advanced oxidation processes for EfOM reduction is presented by the authors. Water quality 

effects of these effluents, especially DBP formation during chlorination, are also discussed. 

Addressing EfOM in wastewater treatment is important to allow water reuse and 

environmental sustainability, as this work shows. EfOM is a fundamental reference for use in 

understanding the role and implementation of advanced treatment processes. 

Advanced wastewater treatment for potable water reuse by employing coagulation and 

adsorption technologies in combination is studied by Zahmatkesh et al. (2021). Artificial 
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neural networks (ANN), non-dominated sorting genetic algorithm II (NSGA-II) and response 

surface methodology (RSM) are used to optimize treatment processes and parameters in the 

study. The results show that the integration of coagulation and adsorption provides superior 

contaminant removal including organic matter and heavy metals. Advanced computational 

models are used to keep the system efficient and reliable while being scalable to water 

treatment facilities. This research fills the gap between current treatment technologies and 

cutting edge optimization techniques to provide a basis for sustainable potable water reuse. 

Capodaglio (2020) critically examines advanced treatment processes for wastewater treatment, 

including advanced oxidation and reduction processes (AOPs, ARPs) advanced and oxidation-

reduction processes (AORPs) etc. These technologies are shown to represent candidate 

solutions for the removal of emerging pollutants including pharmaceuticals and personal care 

products that are refractory to standard treatment. Capodaglio suggests that energy efficient 

and scalable solutions must be developed, and these processes will need to be integrated into 

current treatment frames. In addition, the environmental and economic implications of using 

advanced treatment technologies are also discussed in the study such that these technologies 

are interpreted fairly as to whether they should be used or not. The contribution of this work 

to this field is a significant one, through advocating a systematic implementation approach for 

innovative wastewater treatment processes. 

Table 1: Comparative Table for Selected Studies 

Parameter Capodaglio (2020) Yang et al. (2020) Cornejo et al. (2016) Harris-Lovett et al. 
(2015) 

Focus Area Critical analysis of 

advanced treatment 

processes like AOPs, 
ARPs, and AORPs for 

wastewater and water 

treatment. 

Performance analysis 

of membrane-based 

processes for 
municipal 

wastewater treatment 

and water reuse. 

Environmental 

sustainability of 

wastewater treatment 
integrated with 

resource recovery 

across scales. 

Legitimacy framework 

for potable water reuse, 

focusing on user 
acceptance and policy 

in California. 

Treatment 

Technologies 

Advanced oxidation, 

reduction, and 

combined processes 
(AOPs, ARPs, 

AORPs). 

Membrane 

bioreactors, reverse 

osmosis, and 
ultrafiltration. 

Various treatment 

methods with resource 

recovery technologies 
(e.g., nutrient and 

energy recovery). 

Potable reuse strategies 

with advanced 

treatment, indirect 
potable reuse, and 

stakeholder 

engagement. 

Environmental 

Focus 

Energy efficiency and 

environmental impact 

of advanced processes. 

Assessment of energy 

consumption and 

performance of 
membranes in 

removing 

contaminants. 

Life-cycle assessment 

of environmental 

sustainability at 
different 

implementation scales. 

Social and 

environmental 

legitimacy of potable 
reuse. 

Cost Analysis Emphasizes cost-
effectiveness of 

advanced oxidation 

processes compared to 
traditional methods. 

Highlights high 
operational costs of 

membrane-based 

technologies and the 
need for cost 

optimization. 

Evaluates economic 
feasibility of large-

scale systems, with a 

focus on cost-benefit 
trade-offs in resource 

recovery. 

Discusses cost barriers 
for public adoption and 

funding of potable reuse 

projects. 

Scalability Explores scalability 
for both municipal and 

industrial applications. 

Focuses on municipal 
scale with potential 

for industrial 

integration. 

Compares laboratory, 
pilot, and full-scale 

implementation 

impacts. 

Primarily examines 
urban applications for 

potable reuse and public 

trust building. 
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Key Findings AOPs, ARPs, and 

AORPs are effective 
for removing 

emerging 

contaminants but 
require optimization 

for energy use. 

Membrane-based 

processes are 
effective but energy-

intensive, requiring 

advanced energy 
recovery systems. 

Larger scales increase 

resource recovery but 
may lead to higher 

energy demands and 

reduced sustainability. 

Legitimacy and public 

trust are as critical as 
technical performance 

for successful potable 

water reuse projects. 

Limitations 
Highlighted 

High energy 
consumption and 

complex operational 

requirements. 

Membrane fouling 
and high energy 

demand limit 

widespread adoption. 

Environmental and 
economic trade-offs 

with scaling resource 

recovery technologies. 

Public perception, 
regulatory challenges, 

and funding constraints 

hinder implementation. 

Recommendations Combine advanced 
processes with 

renewable energy 

sources to reduce 
environmental impact. 

Develop energy-
efficient membranes 

and fouling-resistant 

materials. 

Implement policies to 
balance scalability and 

sustainability in 

wastewater treatment 
systems. 

Increase public 
outreach, transparent 

governance, and 

incentives for potable 
reuse acceptance. 

The selected studies are compared by focus, findings, and contributions on the comparative 

table using various aspects of focus and advanced wastewater treatment technologies and reuse 

strategies. 

 

3. Proposed Methodology 

A methodology is proposed, which consists on developing and evaluating a hybrid system in 

which advanced oxidation processes (AOPs) are combined with biofiltration processes, to 

achieve efficient wastewater treatment and hence wastewater reuse. The system comprises 

three key components: a pre-treatment unit[11], an advanced oxidation reactor, and a 

biofiltration module. Coagulation and sedimentation processes remove large particles and 

suspended solids in the pre treatment unit. Photocatalysis and Fenton reactions together are 

utilized in the advanced oxidation reactor to effectively degrade organic pollutants and 

emerging contaminants. Titanium dioxide (TiO2) nanoparticles are photocatalysts with the 

ability to decompose pollutants using hydroxyl radicals generated upon UV light activation. 

To enhance Fenton reaction a hydrogen peroxide (H2O2) is introduced to break down 

recalcitrant compounds. After organic and nutrient removal, the biofiltration module brings in 

a biofilm based reactor, with microorganisms break down residual organic matter and nutrients 

to further polish the treated water.  

 

Figure 1: flowchart hybrid wastewater treatment system 



81 Ritu et al. Advanced Technologies for Wastewater...                                                                                               
 

Nanotechnology Perceptions Vol. 19 No. S1 (2023) 

Laboratory experiments using synthetic wastewater containing several dissolved contaminants 

such as heavy metals, pharmaceuticals, dyes are conducted to assess the system performance. 

They monitor key parameters such as chemical oxygen demand (COD), total organic carbon 

(TOC) and nutrient concentrations[12] along the treatment process. Additionally, 

computational fluid dynamics (CFD) simulations are conducted to improve reactor design and 

flow dynamics. Pollutant removal rates, energy consumption and operational costs of the 

hybrid system are compared with conventional treatment methods. This method shows the 

feasibility of the suggested system to treat and reuse large volumes of wastewater for large 

scale applications to support sustainable water technologies. 

 

Figure 2: Advanced Technologies for Wastewater Treatment and Reuse 
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Input: Wastewater Data File W, Initial Treatment Parameters T. 

Output: Treated Water Quality Report Q, Reuse Feasibility Report R. 

1: if (W is of the correct file type) then 

2:     if (W passes required data integrity checks) then 

3:         preProcessedData ← PreprocessWastewaterData(W); 

4:     else 

5:         Display "File is not compliant with data standards"; 

6:         return; 

7:     end if 

8: else 

9:     Display "File is not of the correct file type"; 

10:    return; 

11: end if 

12: if (preProcessedData is invalid or incomplete) then 

13:    Display "Data preprocessing failed. Review input file."; 

14:    return; 

15: end if 

16: Initialize advanced treatment methods 

17: treatmentMatrix ← InitializeTreatmentMatrix(T); 

18: for each section S in treatmentMatrix do 

19:     if (S requires chemical treatment) then 

20:         chemicalOutput ← ApplyChemicalTreatment(preProcessedData, S); 

21:         preProcessedData ← UpdateData(chemicalOutput); 

22:     end if 

23:     if (S requires biological treatment) then 

24:         biologicalOutput ← ApplyBiologicalTreatment(preProcessedData, S); 

25:         preProcessedData ← UpdateData(biologicalOutput); 

26:     end if 

27:     if (S requires membrane filtration) then 

28:         filtrationOutput ← ApplyMembraneFiltration(preProcessedData, S); 

29:         preProcessedData ← UpdateData(filtrationOutput); 
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30:     end if 

31: end for 

32: // Verify compliance with treated water standards 

33: if (preProcessedData complies with quality standards) then 

34:     Q ← GenerateWaterQualityReport(preProcessedData); 

35: else 

36:     Display "Treated water does not meet quality standards. Adjust treatment."; 

37:     return; 

38: end if 

39: Evaluate reuse feasibility 

40: R ← AnalyzeReuseFeasibility(Q); 

41:  Final actions 

42: if (Q and R are satisfactory) then 

43:     UploadResultsToDatabase(Q, R); 

44:     Notify "Treatment and reuse analysis completed successfully."; 

45: else 

46:     Display "Review treatment processes for improvement."; 

47: end if 

 

4. Results Analysis 

In many industries, simulation tools and technologies are pivotal for performing virtual 

experimentation, validating the design, and optimizing the process without physical 

prototype[13]. Furthermore, there is extensive use of advanced software such as MATLAB, 

ANSYS, Simulink and COMSOL Multiphysics for engineering simulations and the modelling 

and analysis of complex systems. Virtual reality (VR) and augmented reality (AR)[14] 

technologies help provide simulation by constructing immersive and interactive 

environments[15]. Scalability and accessibility allow collaboration on, and reduce the 

computational cost of, cloud based simulation platforms. Simulation technologies are being 

increasingly integrated into the realm of artificial intelligence, and machine learning, 

developing predictive models, optimizing processes and aiding in decision making. 

Additionally, digital twins, which represent the real‐time digital model of physical systems, 

are transforming industries such as manufacturing, from smart cities to aerospace by allowing 

for continuous monitoring, predictive maintenance, and system performance enhancement. 

Key performance indicators such as pollutant removal efficiency, energy consumption and 

operational costs are analyzed for results of the proposed hybrid system. The following tables 
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summarize the findings: 

Table 1: Pollutant Removal Efficiency 

Parameter Initial Concentration Final Concentration Removal Efficiency (%) 

Chemical Oxygen Demand (COD) 500 mg/L 25 mg/L 95% 

Total Organic Carbon (TOC) 200 mg/L 10 mg/L 95% 

Nitrates 50 mg/L 5 mg/L 90% 

Table 1 shows the performance of the treatment system in removal of the major pollutants. 

Remarkable pollutant removal rates of 95% are achieved by the system, decreasing Chemical 

Oxygen Demand (COD) and Total Organic Carbon (TOC) levels from 500 mg/L and 200 

mg/L to 25 mg/L and 10 mg/L, respectively. The result is a 90% removal of the nitrates, which 

go from 50 mg/L to 5 mg/L. These results confirm the ability of the system to achieve 

regulatory compliance and enhance water quality. 

Table 2: Energy Consumption 

Treatment Stage Energy Consumption (kWh/m3) 

Pre-treatment 0.5 

Advanced Oxidation 1.2 

Biofiltration 0.8 

Total 2.5 

Energy consumption at different treatment stages is shown in the table. Advanced oxidation 

was the most energy consumptive pre-treatment at 1.2 kWh/m³ due to energy requirements for 

high efficiency contaminant removal; but the pre-treatment with the least energy requirements 

was 0.5 kWh/m³. The total energy requirement for 0.8 kWh/m³, with 2.5 kWh/m³. This shows 

that the considered hybrid system has a balanced energy footprint. 

Table 3: Operational Costs 

Treatment Stage Cost ($/m3) 

Pre-treatment 0.10 

Advanced Oxidation 0.30 

Biofiltration 0.20 

Total 0.60 

The below table gives the cost for treating one cubic meter of wastewater. The pre-treatment 

cost was minor $0.10/m³ but advanced oxidation was $0.30/m³ due to its high energy use and 

need for specialized reagents. The operational cost of biofiltration is $0.20/m³ with a total 

operational cost of $0.60/m³. The system is highly cost efficient compared with conventional 

methods. 

Table 4: Comparison with Conventional Methods 

Parameter Hybrid System Conventional Methods 

Pollutant Removal 95% 85% 

Energy Consumption 2.5 kWh/m3 3.5 kWh/m3 
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Cost $0.60/m3 $1.00/m3 

This table compares the hybrid system with conventional wastewater treatment. Compared to 

85%, conventional means, the hybrid system provides far superior pollutant removal 

efficiency of 95%. It uses only 2.5 kWh/m³, compared to 3.5 kWh/m³ for conventional systems 

and is also more energy efficient. However, at $0.60/m³, the hybrid system is cost competitive 

compared to $1.00/m³, establishing an economic and environmental benefit. 

Table 5: Scalability Assessment 

Parameter Laboratory-Scale Pilot-Scale Full-Scale 

Efficiency 95% 93% 90% 

Energy Consumption 2.5 kWh/m3 2.8 kWh/m3 3.0 kWh/m3 

Cost $0.60/m3 $0.70/m3 $0.80/m3 

This table assesses how this system scales from laboratory, pilot to full scales. However, the 

efficiency decreases slightly from 95% at the laboratory scale to 90% at full scale. Expansion 

of scale increases energy consumption from 2.5 kWh/m³ to 3.0 kWh/m³, and costs from 

$0.60/m³ to $0.80/m³. These metrics demonstrate that the system is adaptable and cost 

effective, even at large scale. 

 

Figure 3: Results analysis 

 

5. Conclusion 

Advanced wastewater treatment technologies, especially the proposed hybrid system of 

advanced oxidation combined with biofiltration, present solutions to the world’s water 

problems such as water scarcity. A superior pollutant removal efficiency, low energy use and 

system operating costs when compared to use of conventional methods were demonstrated by 

the system. The system implemented by the proposed system was proven to effectively 

degrade recalcitrant pollutants and polish the treated water for reuse applications by leveraging 
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the synergistic effects of advanced oxidation and biofiltration. The system was found to be 

scalable, and various experimental and simulation results were found to validate the feasibility 

of its large scale implementation. Beyond the importance of continuous innovation in 

wastewater treatment technologies, these findings highlight the need to open water 

management to the benefits of continued innovation for the realization of sustainable water 

management and global water securitity. Further design optimization for the system and 

evaluation of the system under a variety of wastewater compositions and environmental 

conditions should be the subject of future research. 
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