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Abstract 

Air purifiers are essential for mitigating indoor air pollution, which poses significant health risks. The efficiency of these 

devices largely depends on the filter technology employed. This review examines the latest advancements in air purifier filters, 

including High-Efficiency Particulate Air (HEPA) filters, activated carbon filters, electrostatic precipitators, and emerging 

technologies such as photocatalytic oxidation and nanofiber-based filters. We evaluate their performance in capturing 

particulate matter (PM), volatile organic compounds (VOCs), and microbial contaminants, while considering factors like 

energy consumption, longevity, and cost-effectiveness. The study highlights innovations that enhance filtration efficiency, 

such as hybrid systems and smart filtration technologies, and identifies challenges for future research, including scalability and 

environmental impact. This review serves as a resource for researchers and manufacturers aiming to optimize air purification 

systems for diverse applications. 
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Introduction 

Indoor air pollution is a growing global concern, with 

pollutants such as PM₂.₅, VOCs, and airborne pathogens 

linked to respiratory diseases, cardiovascular conditions, 

and reduced cognitive function (WHO, 2021). Air purifiers 

have become a critical tool in addressing this issue, with 

filter technology playing a pivotal role in their effectiveness. 

Traditional air purifiers rely on mechanical filtration, 

primarily HEPA filters, which capture 99.97% of particles 

≥0.3 µm but struggle with ultrafine particles and gaseous 

pollutants. Activated carbon filters adsorb VOCs and odors 

but require frequent replacement. Meanwhile, electrostatic 

precipitators use charged plates to trap particles, offering 

low resistance but producing ozone as a byproduct. Recent 

advancements focus on overcoming these limitations 

through novel materials (e.g., graphene-enhanced filters) 

and multifunctional designs (e.g., UV-photocatalytic 

hybrids). 

This review explores the evolution of air purifier filters, 

comparing their efficiency, operational constraints, and 

suitability for different environments (e.g., residential vs. 

industrial). We also discuss the role of smart technologies, 

such as IoT-enabled sensors, in optimizing filter 

performance. By synthesizing current research, we aim to 

guide future innovations toward sustainable, high-efficiency 

air purification solutions. 

 

Methods 

This review systematically evaluates air purifier filter 

technologies by analyzing peer-reviewed journal articles, 

industry reports, and technical standards published between 

2000 and 2024. The methodology includes: 

 

1. Literature Search & Selection Criteria 

▪ Databases: Scopus, Web of Science, IEEE Xplore, and 

PubMed were searched using keywords such as "air 

purifier filters," "HEPA efficiency," "activated carbon 

adsorption," "electrostatic precipitation," and 

"nanofiber filtration." 

▪ Inclusion Criteria: Studies focusing on filtration 

efficiency (PM, VOCs, microorganisms), pressure drop, 

energy consumption, and durability were prioritized. 

 

▪ Exclusion Criteria: Non-English papers, non-peer-

reviewed sources, and studies without experimental 

validation were excluded. 

 

2. Classification of Filter Technologies 

Filters were categorized into: 

 

▪ Mechanical Filters (HEPA, ULPA) – Evaluated based 

on particle capture efficiency (0.3–10 µm), airflow 

resistance, and dust-holding capacity. 

 

▪ Adsorptive Filters (Activated Carbon, Zeolites) – 

Assessed for VOC removal efficiency (e.g., 

formaldehyde, benzene) and regeneration potential. 

 

▪ Electrostatic Filters (ESP, Ionizers) – Analyzed for 

PM removal, ozone emission levels, and maintenance 

requirements. 

 

▪ Hybrid & Emerging Technologies (Photocatalytic 

Oxidation, Nanofiber Filters, Plasma-Based 

Systems) – Examined for multifunctional performance 

(e.g., antimicrobial effects) and scalability. 

 

3. Performance Metrics 

▪ Filtration Efficiency: Measured via CADR (Clean Air 

Delivery Rate) and single-pass efficiency tests (e.g., EN 

1822 for HEPA). 

 

▪ Energy Consumption: Compared wattage per unit 

airflow (m³/h). 
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▪ Lifespan & Maintenance: Reviewed replacement 

sssfrequency and washability. 

▪ Cost-Effectiveness: Initial cost vs. long-term 

operational expenses. 

 

4. Data Synthesis 

Findings were tabulated for cross-comparison, and trends 

were identified through meta-analysis where applicable. 

 

Results 

1. Mechanical Filtration (HEPA/ULPA) 

▪ Efficiency: Captures 99.97% of PM ≥0.3 µm (HEPA) 

and 99.999% ≥0.12 µm (ULPA). 

 

▪ Limitations: High pressure drop (~50–300 Pa) 

increases energy use; ineffective against VOCs. 

 

▪ Innovations: 

 

▪ Graded-density HEPA: Improves dust-holding 

capacity by 30% (Zhang et al., 2022) [6]. 

 

▪ Nanofiber-coated HEPA: Reduces pressure drop by 

20% while maintaining efficiency (Li et al., 2023). 

 

2. Adsorptive Filters (Activated Carbon, Zeolites) 

▪ VOC Removal: 60–90% efficiency for formaldehyde, 

but saturation occurs within weeks in high-pollution 

environments. 

 

▪ Enhancements: 

 

▪ Metal-Organic Frameworks (MOFs): Increase 

adsorption capacity by 5x for benzene (Wang et al., 

2021) [5]. 

 

▪ Photoregeneration: UV-activated carbon extends 

lifespan by 40% (Chen et al., 2020) [1]. 

 

3. Electrostatic Precipitation (ESP) 

▪ Pros: Low pressure drop (~10 Pa), reusable. 

 

▪ Cons: Ozone emissions (up to 50 ppb, exceeding WHO 

guidelines). 

 

▪ Advances: 

 

▪ Pulsed ESP: Reduces ozone by 80% while maintaining 

95% PM₂. ₅ capture (Kim et al., 2023) [2]. 

 

4. Hybrid & Emerging Technologies 

• Photocatalytic Oxidation (PCO): Breaks down VOCs 

into CO₂/H₂O but may produce harmful byproducts 

(e.g., formaldehyde). 

 

• TiO₂-Graphene composites: improve reaction rates by 

70% (Park et al., 2022) [4]. 

 

• Plasma-Assisted Filtration: Inactivates 99.9% of 

airborne viruses but requires high voltage (10–20 kV). 

 

• Smart Filters: IoT-enabled sensors adjust fan speed 

based on real-time PM/VOC levels, reducing energy 

use by 25%. ss 

5. Comparative Analysis 

Filter Type 
PM 

Efficiency 

VOC 

Efficiency 
Energy Use Lifespan 

HEPA 99.97% None High 6–12 months 

Activated Carbon None 60–90% Low 1–3 months 

ESP 90–95% None Medium Washable 

Hybrid (HEPA+AC) 99.9% 70–85% Medium-High 6–9 months 

 

6. Challenges & Future Directions 

▪ Trade-offs: High-efficiency filters often increase 

energy consumption. 

 

▪ Sustainability: Disposable filters contribute to e-waste; 

biodegradable nanofibers are under development. 

 

▪ Smart Integration: AI-driven predictive maintenance 

could optimize filter replacement schedules. 

 

Discussion 

The findings of this review highlight significant 

advancements in air purifier filter technologies, each with 

distinct advantages and limitations. The discussion 

contextualizes these results, identifies key trends, and 

addresses challenges for future development. 

 

1. Performance Trade-offs and Optimization 

▪ Mechanical vs. Electrostatic Filtration: While HEPA 

filters provide superior particulate capture, their high 

pressure drops increases energy consumption. 

Electrostatic precipitators (ESPs) offer lower resistance 

but face criticism for ozone emissions. Recent 

innovations, such as pulsed ESPs, mitigate ozone 

production while maintaining efficiency, suggesting a 

viable middle ground for energy-conscious consumers. 

 

▪ Adsorptive Limitations: Activated carbon excels in 

VOC removal but suffers from rapid saturation. The 

integration of metal-organic frameworks (MOFs) and 

photocatalytic regeneration demonstrates promise in 

extending filter lifespans, though cost remains a barrier 

for widespread adoption. 

 

2. Hybrid Systems: The Future of Air Purification? 

Hybrid filters (e.g., HEPA + activated carbon + UV-PCO) 

address multiple pollutant types simultaneously but 

introduce complexity. For instance: 
 

▪ Photocatalytic Oxidation (PCO): While effective in 

breaking down VOCs, incomplete reactions can 

produce harmful intermediates like formaldehyde. 

Modified catalysts (e.g., TiO₂-graphene) show potential 

to minimize byproducts. 
 

▪ Nanofiber Enhancements: Electrospun nanofiber 

layers on HEPA filters reduce airflow resistance 

without compromising efficiency, offering a scalable 

solution for energy-efficient designs. 
 

3. Smart and Sustainable Innovations 

▪ IoT Integration: Real-time sensor data enables 

dynamic adjustments, optimizing filtration efficiency 
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and energy use. For example, smart purifiers can lower 

fan speeds during clean periods, reducing power 

consumption by ~25%. 

▪ Eco-Friendly Materials: Biodegradable nanofibers 

(e.g., cellulose-based) and recyclable filter components 

are emerging to reduce environmental impact. 

However, durability and cost-effectiveness require 

further research. 

 

4. Practical Considerations for End Users 

▪ Residential vs. Industrial Needs: HEPA filters 

dominate home use due to their simplicity, while 

industrial settings may prioritize ESPs or hybrid 

systems for large-volume air handling. 

 

▪ Maintenance Awareness: Consumer education is 

critical—neglecting filter replacement (e.g., saturated 

carbon filters) can lead to pollutant re-release. 

Washable ESP plates offer a maintenance advantage 

but require regular cleaning. 

 

5. Research Gaps and Future Directions 

▪ Standardized Testing: Current metrics (e.g., CADR) 

don’t fully account for ultrafine particles (<0.1 µm) or 

long-term VOC removal. New standards should address 

real-world conditions (e.g., humidity, continuous 

operation). 

 

▪ Scalability of Advanced Materials: MOFs and 

nanofibers face production bottlenecks; scaling these 

technologies cost-effectively is essential. 

 

▪ Health Impact Studies: Few studies evaluate how 

filter byproducts (e.g., ozone, nanoparticles) affect 

long-term health, warranting further investigation. 
 

Conclusion 

Air purifier filter technologies have evolved significantly, 

with mechanical, adsorptive, and electrostatic systems each 

playing critical roles in addressing particulate and gaseous 

pollutants. Hybrid designs and smart technologies represent 

the next frontier, balancing efficiency, energy use, and 

sustainability. However, challenges persist in scalability, 

cost, and environmental impact. Future research should 

prioritize eco-friendly materials, standardized performance 

metrics, and health safety evaluations to guide the 

development of next-generation air purification systems. By 

addressing these gaps, the industry can deliver solutions that 

are not only high-performing but also accessible and 

sustainable for global adoption. 
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