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Abstract 

 

 Article Info 
 

Background: Recent years have seen many attempts to increase the efficiency and 

reduce the pressure drop of High-Efficiency Particulate Air Filter (HEPA) filters in 

removing microorganisms through shape change and the use of photocatalysts. This 

study is the first scoping review of the effects of photocatalysts on increasing the 

efficiency of HEPA filters in the elimination of airborne microorganisms.  

Materials and Methods: PubMed, Scopus, Irandoc, and Magiran databases were 

searched for relevant articles. Based on select keywords and the study objectives and 

applying the inclusion and exclusion criteria, eight from a total of 315 articles were 

identified, two of which were typical in the review of efficiency and pressure drop. These 

articles investigated the effect of photocatalyst and filter shape on the efficiency and 

pressure drop of HEPA filters.  

Results: These studies were released from 2000 to 2021. TiO2, with its long-term 

interactions with microorganisms, the attack of superoxide radicals (O2•−), and the 

release of K+, RNA, proteins, and other essential components will cause their 

destruction. Ultraviolet rays at a wavelength of 254 nm remove bacteria on the surface of 

the filter. The synergy of the inherent ability of UV radiation with TiO2 through nucleic 

acid and protein damage in microorganisms and the generation of oxidative radicals 

increases the efficiency of HEPA filters compared to either one alone.  

Conclusion: The photocatalysts with ultra-violet rays on the HEPA filter can reduce the 

problem of microorganism growth and increase indoor air quality.  
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Introduction 

The development of the filtration industry has been 

attributed to the years after World War I (1915) and 

the start of using masks and respirators to control 

chemical pollutants, especially in miners and 

firemen. Since 1946 and along with the official 

entry of HEPA filters on the market under the 

abbreviation "High-Efficiency Particulate Air Filter" 

(HEPA), this industry has seen significant growth. 
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The first HEPA filters were developed in the 1940s 

by the Arthur D. Little Research and Development 

Company under government contract and through 

the Manhattan Project [1]. At the beginning, HEPA 

filters, similar to paper-making, used borosilicate 

fine fiber media in a flat and pleated form to 

increase the total surface area and baffles to 

separate pleats for better air flow transmission [2]. 

As defined by the United States Department of 

Energy (DOE) standard adopted by most American 

industries, HEPA filters remove at least 99.97% of 

aerosols 0.3 micrometers (μm) in diameter [2]. 

Some microorganisms, such as Aspergillus Niger, 

Penicillium citrinum, Staphylococcus epidermidis, 

and Bacillus subtilis, were captured using 

photocatalytic oxidative (PCO) HEPA filters. A 

HEPA filter can also capture some viruses and 

bacteria which are ≤0.3 μm [3] as well as floor dust 

containing bacteria, clostridia, and bacilli [4]. 

 HEPA-Type (Grade E): About 99% efficiency. 

 True HEPA (Grade H): 99.97% efficiency. 

 Absolute HEPA (Grade A): 99.99% efficiency 

or more. 

 Ultra-HEPA (Grade U): More than 99.999% 

efficiency. 

According to the 2009 European standard EN, 

HEPA filters are classified based on E, H, and U 

labels; E and H filters have the lowest and high 

rates of efficiency(99% and 99.97%), respectively, 

and U17 has highest efficiency, greater than 

99.9999% [5]. Since the development of HEPA 

filters and their use in air purification systems and 

equipment, efforts have been made to improve the 

efficiency of these filters and reduce their pressure 

drop. Although various studies in this field have 

used strategies such as changing the shape, size, 

and material of fibers [6], the approach that has 

received the most attention in recent years is the 

photocatalyst technique with layers of 

nanoparticles or metal coatings for improving the 

retention and removal of aerosols and 

microorganisms on HEPA filters. 

Photocatalysts are semiconductors that absorb 

light, reach a higher energy level, and initiate a 

chemical reaction by transferring energy to the 

reactant. Photocatalysts break down various 

chemicals (organic, petrochemical, 

pharmaceutical, etc.) and disinfect a variety of 

pathogens (bacteria, viruses, fungi, and protozoa 

cells). The process of photocatalytic inactivation is 

a function of the nature, morphology, and 

concentration of the catalyst. Metallic oxide 

nanoparticles like zinc oxide (ZnO), titanium 

(TiO2), zinc acetate (Zn2SnO4), and tungsten 

oxide (WO3) based semiconductor materials have 

antibacterial activities. Luna et al. initiated studies 

on developing and increasing the efficiency of 

HEPA filters in 2008 by adding photocatalysts and 

ultraviolet radiation [3]. Studies continued in the 

following years by other researchers such as 

Chuaybamroong (2010). Goswami et al. used a 

system containing P25 TiO2 and UV-A with an 

intensity of 10 mW/cm2 (at a wavelength of 350 

nm) and a relative humidity of 50% to inactivate 

the gram-negative bacteria Serratiamarcescens. 

After 8 hours of photocatalysis with a velocity of 

0.376 m/s, 82% of bacteria were inactivated. Keller 

et al. first reported 99.1-99.8% removal of non-

pathogenic E. coli in air using UV-A (380 nm 

wavelength) and TiO2 [3, 7, 8]. Pal et al. 

demonstrated that TiO2 photocatalysis could be 

used to deactivate bioaerosols. Vohra et al. used 

an advanced TiO2 catalyst with silver ion 

combined with UV-A (10 mW/cm2) and succeeded 

in inactivating various microbes such as Bacillus 

cereus, Staphylococcus aureus, E.coli, Aspergillus 

niger, and bacteriophage MS2 in the air [9].  

Candiani et al. (2011) modified the HEPA filter by 

impregnating it with isopropyl alcohol, and Lakshmi 

and Muthukumaran added a coating of copper on 

the surface of the filter in 2017. Its modification has 

continued, but few studies were conducted with 

such approaches until 2021. Given the fact that to 

date, no comprehensive research has been 

conducted on the methods of improving the 

performance of HEPA filters in removing 

microorganisms, the current systematic review 

investigated the impact of structural changes, the 

use of photocatalysts and nanoparticles, and types 

of metal coatings, radiation, etc., on the 

performance of the HEPA filler (efficiency and 

pressure drop) in controlling and removing 

microorganisms from polluted airflow. 

 

Materials and Methods 

This scoping review is underpinned by Arksey and 

O'Malley's [10] five-stage framework, which adopts 

a rigorous process of transparency, enabling 

replication of the search strategy and increasing 

the reliability of the study findings. The five stages 

of Arksey and O'Malley's framework are (1) 

identifying the initial research questions, (2) 

identifying relevant studies, (3) study selection, (4) 

charting the data, and (5) collating, summarizing, 

and reporting the results.   

Identifying the initial research questions: The 

current review focused on exploring critical aspects 

of the HEPA filter that influence its efficacy and 

contribute to the effectiveness of microorganism 

capture. To ensure that a wide variety of 

documents relevant to the topic of interest are 
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included, the following initial research questions 

were asked: 

What effect can TiO2 have on filter performance? 

What is the combined performance of UV and TiO2 

in reducing microorganisms? 

What effect does copper coating have on reducing 

microorganisms? 

How does isopropyl alcohol affect the efficiency of 

HEPA filters? 

How does the filter work in reducing 

microorganisms? 

How do microorganisms affect the efficiency of 

HEPA filters? 

What effect do photocatalysts have on HEPA filter 

pressure drop and efficiency? 

Key concepts and theories of a particular research 

topic and research into the types of available 

evidence can be considered a scoping review. A 

scoping review can particularly be implemented 

when investigating issues that have not been 

comprehensively reviewed or have been less 

thoroughly investigated. Scoping studies are 

performed instead of systematic reviews in cases 

that aim to identify knowledge gaps, scope a body 

of literature, clarify concepts, or investigate 

research conduct. Scoping reviews may also be 

helpful precursors to systematic reviews and can 

be used to confirm the relevance of inclusion 

criteria and potential questions [11]. The current 

study was conducted to investigate the 

development process of HEPA filter efficiency in 

the removal of microorganisms from the years 

2000 to the end of 2022. The search strategy and 

selection of studies were based on PRISMA, a 

guide that develops and enhances structured 

reports and meta-analysis reviews. Searches were 

performed in PubMed, SCOPUS, Irandoc, and 

Magiran databases. Different mesh combinations 

were used to search for studies that include: 

((microorganism [MeSHTerms] OR "Organisms 

"[Title/Abstract] OR Bacteria"[Title/Abstract]) AND 

(filter ("HEPA"[MeSH Terms] OR " HEPA 

"[Title/Abstract] OR" pressure "[MeSH Terms] OR " 

pressure drop [Title/Abstract]) AND (" Efficiency 

"[MeSH Terms] OR " Efficiency "[Title/Abstract]) 

AND (" Photocatalyst "[Title/Abstract] OR " TIO2 

"[Title/Abstract]) AND ("UV "[Title/Abstract])) 

Identifying relevant studies: To find more 

studies, Google Scholar was searched using the 

references mentioned in the relevant articles, and 

those found were reviewed. 

Inclusion and Exclusion Criteria: Articles from 

2000 to 2021 were reviewed. Original full-text 

articles in Persian or English with at least one of 

the desired keywords in the title, abstract, and 

keywords section and that examined HEPA filter 

performance and effectiveness in removing 

microorganisms were included in the current 

research. Also included were articles investigating 

factors affecting the performance of these filters 

(such as efficiency and pressure drop) and 

combined systems, such as photooxidation or 

ultraviolet disinfection systems, in reducing 

microbial load and microorganism particles. 

Articles of which the full text was unavailable, 

those that focused only on the use of HEPA filters 

and its development goals, and duplicate articles 

were excluded from the review process. Unrelated 

articles were also excluded based on the PRISMA 

statement. The titles, abstracts, and keywords of 

all the collected articles were checked carefully, 

and irrelevant items were removed according to 

the primary purpose of this study. 

Quality Assessment: To avoid any uncertainty in 

the findings, selected articles were evaluated by 

two experts independently for method validity, and 

a consensus between the current reviewers was 

reached about what could be included or excluded 

from the study. The third author resolved any 

disagreement between ratings. 

Data extraction: Based on the chosen keywords 

and study objectives and after applying the 

inclusion and exclusion criteria and reviewing the 

text of the articles, the following information was 

extracted: author, year of publication, study 

purpose, modifications made to the HEPA filter, 

main results, and interpretation of results (Table 1). 

Out of a total of 315 articles, 229 articles due to 

repetitiveness, and 201 articles were excluded 

from the review process due to the lack of 

coverage of the study objectives in the abstract 

and text or irrelevance despite the presence of 

some keywords in the title. Another 20 articles 

were excluded,as they lacked the necessary 

quality (12 articles), full text (1 article), and 

essential information (7 articles)). Finally, eight 

articles were selected from the databases. Among 

those, one (reference 23) shared the topics of 

efficiency and pressure drop, so the articles in 

Table 1 are listed in 9 rows. Of these, one article 

was published in 2008, four in 2010, one in 2011, 

two in 2017, and one in 2018. 

Study selection 

Characteristics of selected studies: Out of the 8 

final articles, in 7 articles the efficiency of HEPA 

filters is mentioned, in one of these articles the 

pressure drop was also investigated, and the 

eighth article is dedicated to the investigation of 

pressure drop.Out of 7 articles, one article referred 

to the use of TIO2, two articles to the use of UV, 

two articles the combined use of TIO2 and UV, one 

article the effect of the materials and shape, and 

one article  the coating of the filter with metals 

have discussed. 
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Fig. 1. Flow diagram of the screening process and study selection (5) 

 

 
Data charting and collation: The process of 

selecting articles based on the PRISMA checklist is 

shown in Fig. 1. 

 
Results 

The review of the studies (Table 1) showed that 

since entering the commercial market (1946), 

HEPA filters have consistently been undergoing 

structural and functional changes to increase 

efficiency. Modifications began with folding as a 

turning point in improving the performance of these 

filters and continued into changing the shape of 

folds such as U and V shape. The recent 

satisfactory performance of HEPA filters in 

removing and eliminating various particles and 

microorganisms from public places, medical 

centers, clean rooms, and various industries 

confirms that these filters have been improved with 

the addition of different chemical compounds such 

as photocatalyst UV radiation, metal coatings, etc., 

individually or combined. 
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Table 1. Characteristics of the included studies (Efficiency) 

E
ffic

ie
n

c
y

 

Ref. Authors Aim microorganism 
Modifications made to 

the HEPA filter 
Results 

16 

Luna, 
 

2008 
 

Deactivation and 
removal of endospores 

of species 
Bacillus 

Adding TiO2   
nanoparticles to the inner 
surface of the HEPA filter 
along with UVC radiation 

TiO2 nanoparticles along with UVC radiation increased the 
inactivation rate of Bacillus spores. 
The combined use of UVC and HEPA filters in the air 
channel of our air conditioning system can kill and deactivate 
microorganisms and particles. 

3 

P. 
Chuaybamroong, 

 
2010 

The effectiveness of 
HEPA photocatalytic filter 

Niger 
Surface coating of Hepa 
by TiO2 filters with UVA 

radiation 

The inactivation of microorganisms on the TiO2 
photocatalytic filter (by 60-80%)and their less penetration 
into the filter due to oxidative damage to cellular DNA caused 
by UV-A. 

23 
Chotigawin,R. et al., 

 
2010 

Determining the 
effectiveness of 

photocatalytic HEPA 
filters (TiO2) in reducing 
microorganisms in the 

closed chamber. 

Epidermidis 
Load TiO2 on the HEPA 

filter 

TiO2 loading at the rate of 1870 ± 169 mg/m2 with 
There was no significant difference in the loading of 3.140 ± 
67 mg/m/m2 for microorganism disinfection in this study. 
Photolysis can kill bacteria, especially S. epidermidis, but 
cannot affect fungi. The presence of light-sensitive molecules 
in their cells causes differences. 

12 
G. Candiani et al., 

 
2011 

Development of 
cardboard filters to 

remove airborne bacteria 
E. coli 

Dip pleated filters in 
isopropanol 

Cardboard filters impregnated with isopropanol had 
negligible flow loss. 

Unimpregnated filters showed a maximum 77% reduction in 
airborne bacteria, but impregnated filters were 14% more 
efficient because of the more complex surface. 

31 

Lakshmi LD 
andMuthukumaranV 

 
2017 

Covering the HEPA 
filter with copper and 

investigating its 
antimicrobial properties 

 Filter cover with copper 

The pore size of the copper-coated HEPA filter (Cu-HEPA) 
was reduced from 17.4 to 4.3 micrometers. As a result, the 
removal efficiency increased and its antimicrobial properties 
improved 

22 
Mousavi et al. 

2017 

Evaluation of the effect of 
UVC radiation on the 

surface of Hepa-plated 
filters to remove 
microorganisms 

 
UV radiation on the 
surface of the HEPA filter 

Reducing the density of penetration of airborne 
microorganisms, including bacteria and fungi, by UVC 
radiation on the surface of the HEPA filter 

13 
Pourhassan B. et al 

2018 

Investigating the 
performance of HEPA 

photocatalytic filter 
 

Photocatalysis of HEPA 
filters with UVC radiation 

Photocatalysis of HEPA filters and UVC radiation at lower 
surface speeds have a positive and significant effect on 
reducing microorganisms and increasing the efficiency of 
HEPA filters. 
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Various studies investigating the efficiency and 

pressure drop of HEPA filters have identified the 

most important microorganisms as Staphylococcus 

epidermidis, Bacillus subtilis, Bacillus atrophies, 

Aspergillus niger, Penicillium, E. coli, and 

Picitrinium. To remove these microorganisms 

ultraviolet rays A or C combined with TiO2 have 

been used in the studies of ChotiGawin et al.; 

Rotruedee, Chuaybamroong, Luna, Mousavi, et 

al.; and Pourhasan et al. HEPA filters with 

photocatalytic coatings and the simultaneous use 

of ultraviolet rays have a higher efficiency in 

removing microorganisms than uncoated HEPA 

filters. 

Some studies have mentioned using isopropyl 

alcohol and metal coatings such as copper. 

Lakshmi and Muthukumaran used copper metal as 

the coating layer, and Candiani et al. impregnated 

HEPA filters with isopropyl alcohol; both studies 

observed satisfactory improvements in the 

performance of these filters. The accumulation of 

microorganisms on the surface of HEPA filters and 

the increase in the thickness of the cake and its 

coating with photocatalysts or metal coatings 

cause significant changes in the pressure drop of 

these filters, an issue addressed by ChotiGawin, 

Rotruedee et al. and Joubert. 

Out of the eight articles reviewed herein, seven 

mentioned the efficiency of HEPA filters, and two 

articles mentioned pressure drop. The discussed 

items are listed in Tables 1 and 2. The efficiency 

and effectiveness of HEPA filters in reducing 

microorganism contamination in indoor 

environments depend on the type of surface 

coating (type of photocatalyst), type of 

microorganism, amount and source, intensity and 

duration of light radiation, type, shape, 

environmental conditions such as temperature and 

humidity, opening speed and pressure drop, and 

the various ways in which it is done, such as 

cleaning by outside air, filtration, containment 

through pressure control, use of ultraviolet 

radiation and ozone, and chemical oxidation. 

Nonetheless, limitations are still encountered in 

using each of these methods alone. For example, 

filtration cannot remove or destroy biological 

species and only increases air concentration [3]. 

 

 
Table 2. Characteristics of the included studies (Pressure loss) 

P
re

s
s
u

re
 l
o

s
s

 

Fef. Authors Aim Microorganism 

Modifications 

made to the 

HEPA filter 

Results 

23 

Chotigawin, 

et al., 

2010 

Determining 

the 

effectiveness 

of 

photocatalytic 

HEPA filters 

(mmm2) in 

reducing 

microorganism 

and filter 

pressure drop 

Epidermidis 

TiO2 loaded 

on the HEPA 

filter 

- The maximum increase in 

pressure drop of the coated HEPA 

filter compared to the uncoated filter 

was about 0.26-0.34 inches of water 

depending on the rate of abduction. 

In addition, the penetration of 

microorganisms was reduced with 

the coated filter. 

- The change in pressure drop 

depends mainly on the forward 

speed. At the surface velocity of 

0.m/m1, the pressure drop of low 

loading and high loading was 

significantly different from the 

uncoated filter (p = 0.791 for 45% 

relative humidity). (p = 0.0001), 

37 
Joubert, A. 

2010 

The effect of 

humidity on 

the clogging 

of smooth 

and pleated 

HEPA filters 

 

Moisture 

added to 

pleated and 

flat filters 

In pleated filters, the effect of 

humidity on pressure drop changes 

depending on the clogging stage. 

- When it is possible to reduce the 

level of filtration, the presence of 

moisture accelerates the process of 

closing the folds. 

- The higher the humidity is, the 

faster the folds close, leading to a 

greater pressure drop in the filter. 

- At the same humidity, pleated 

filters close earlier than flat ones 
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Discussion 

In the method of cleaning of outside air, a lot of 

energy is needed, and the disinfection technique 

by ultraviolet radiation alone has limitations such 

as low operational power (efficiency), high energy 

consumption, and reliance on lamps with a 

radiation wavelength less than 254 nm [12]. 

Catalytic oxidation technology is an effective 

alternative technique that works at room 

temperature and under ultraviolet radiation. This 

type of oxidation is the most common disinfection 

process of airborne microorganisms. Much 

research has been done on the use of PCO on 

different layers, such as HEPA filters to remove 

bacteria and fungi, which understand the principles 

of photocatalysts, including mass transfer in the 

porous medium, electron excitation, photochemical 

reaction mechanisms as well as adsorption on 

photocatalyst surfaces, to interpret experimental 

data and analyze parameters affecting PCO 

efficiency. Finally, system optimization is of 

fundamental importance and is discussed in this 

review study [13]. 

The effect of TiO2 on filter performance: 

Titanium dioxide (TiO2) is one of the most 

important photocatalytic compounds because of its 

long-term stability, low price, and high safety for 

humans and the environment [14]. This 

photocatalyst operates by reducing 

microorganisms. TiO2 electrons, receiving the 

necessary energy, are transferred to the 

conduction band and leave the previous layers, 

and the electrons of this band react with oxygen to 

produce superoxide radical anions. Because of the 

very short lifetime of these radicals, detoxification 

of the main organic compounds is carried out on 

the catalyst's surface (Jacoby et al., 1996); 

however, because microorganisms are much 

larger than single molecules, the microbicidal 

effect of TiO2 involves long-term interactions 

between the reactants (microorganisms) and this 

photocatalyst [15]. The mentioned radicals will 

attack the cell walls of microorganisms and release 

K+, RNA, proteins, and other important 

components, ultimately causing cell death [6]. The 

duration of the reaction as an effective factor can 

increase the efficiency in the filters coated with 

TiO2, as mentioned in the studies of Lin and Li 

[16]. 

Effect of copper coating on reducing 

microorganisms: In recent years, to increase the 

efficiency of HEPA filters impregnated with TiO2 

nanoparticles in the target of microorganisms in 

indoor air, the use of ultraviolet rays (UV) has been 

increased as a practical and cost-effective 

controller. The destructive effect of ultraviolet rays 

depends on the sensitivity of microorganisms and 

the amount of radiation [17]. Special and high 

doses of ultraviolet rays at 254 nm have been 

shown to deactivate bacteria in the air. Ultraviolet 

emitting lamps may cause the inactivation of 

microorganisms in two ways: 1) Adequate 

exposure to unfixed bacteria on the HEPA filter 

(suspended in air), and 2) Adequate exposure to 

immobile bacteria on the filter surface [18]. The 

disinfection effect of ultraviolet rays depends on 

the sensitivity of microorganisms and the intensity 

of ultraviolet radiation [17]. Many studies have 

mentioned the combined use of ultraviolet rays and 

the TiO2 photocatalyst as one of the most widely 

used approaches because of its cost-effectiveness 

and environmental compatibility [19- 21]. 

Furthermore, the combined use of ultraviolet rays 

and TiO2 photocatalyst, while increasing the 

efficiency of air filters, will also increase the useful 

life of the HEPA filter, because bacteria and 

organic compounds that typically block the filter 

pores are destroyed on the surface of TiO2 and 

with the effect of ultraviolet rays. Nanoparticles of 

titanium dioxide produce radicals' superoxide and 

hydroxyl after exposure to UVC radiation causing 

the destruction of microorganisms on the surface 

of the filter. Therefore, it can be said that 

photocatalytic oxidation (TiO2 + UVC) significantly 

affects the reduction of microorganisms' 

penetration compared to using UVC alone 

(photolysis). Chotigawin et al. showed that PCO 

was more successful in disinfecting 

microorganisms than UVA photolysis alone [21]. 

According to Greist et al. (2002), when spores are 

exposed to PCO, their hydrophobic exteriors 

mineralized, and external changes of spores occur, 

producing radicals that allow the hydrophilic 

interiors to interact with the photocatalytic 

inactivation of cells [22]. 

The reason for the destruction of bacteria is based 

on the synergism between the inherent ability of 

ultraviolet rays to inactivate viral particles and 

bacteria directly through nucleic acid and protein 

damage and the production of oxidative radicals 

produced through TiO2 surface radiation [23]. 

According to Greist et al. (2002), when spores are 

exposed to PCO, their hydrophobic exteriors are 

mineralized, and external changes in spores occur, 

producing radicals that allow the hydrophilic 

interiors to interact with the photocatalytic 

inactivation of cells [22]. In this process, after UV 

rays are absorbed by titanium dioxide particles, 

electrons are mobilized by UV and leave their orbit, 

leaving holes with very high oxidizing ability. At the 

same time, electrons with strong reductive 

properties produce oxygen and hydroxyl free 

radicals after contact with H2O and O2 in the air. 



A. Ahmadi Asour et al   

JOHE, Summer 2023; 12 (3)                                                                                                            208 

Because of their high oxidizing properties, these 

free radicals, are able to destroy the outer 

membrane of bacteria, which includes 

phospholipids, proteins, and 

lipophosphosaccharides, and will eventually 

destroy cells by breaking down their DNA structure 

[24]. Cadet believes this destruction depends on 

the nature of microorganism cells and the intensity 

of ultraviolet radiation [25]. The results of various 

studies have pointed out the positive effect of the 

combined use of photocatalysts and ultraviolet 

rays on the performance of HEPA filters in 

reducing the number of microorganisms [13, 15, 

26]. Evaluations of the state of deactivation and 

removal of endospores of Bacillus species using 

HEPA photocatalytic filters (TiO2) and UV-C 

radiation studies have shown that the difference in 

the number of spores is significant in the primary 

and secondary tests [27]. Furthermore, UVC 

radiation on the HEPA filter surface had a more 

significant effect in reducing microorganisms 

compared to UVA, because of the shorter 

wavelength and higher energy of UVC compared 

to other UV rays (such as UVA), such that UVA 

affects the layer surface and UVC the deep layers 

[3]. Therefore, the intensity of ultraviolet rays on 

the photocatalysis of bacteria can be considered 

an essential factor and has an optimal limit. The 

photocatalytic inactivation of Bacillus cereus Using 

UVA with an intensity of 3 mW/cm2 on Bacillus 

cereus has achieved significant photocatalytic 

inactivation, but at higher intensities, no significant 

change in its inactivation has been observed [27]. 

This can be explained by the competition between 

UVA rays and photocatalysis to obtain dissolved 

oxygen. In other words, UVA combines with the 

production of strong oxidizing species and 

superoxide radicals in high intensities with hydroxyl 

radicals on the surface of titanium dioxide and 

reduces the level of inactivation of microorganisms. 

In addition to the intensity of the rays, the amount 

of photocatalyst doped on the filter is also effective 

in the removal efficiency of microorganisms. 

Various studies have investigated the effects of 

TiO2 loading. Some bacteria, such as B. subtilis, 

show a constant rate of inactivation when the 

loading of TiO2 is increased up to 2300 mg/m2 on 

the acetate membrane filter, but more than this 

amount did not have a positive effect. Instead, it 

caused a reduction in the disinfection of 

Paenibacillussp, Macrobacterium, Microbacteria 

ceaester, and Pseudomonas fluorescens. The 

optimal loading was reported to range from 511 to 

1666 mg/m2 [9]. 

In Pal's study, the inactivation rate of E. coli at a 

fixed amount of 1516 mg/m2 of TiO2 increased 

with the increase of UV-A intensity from 0.5 to 3.4 

mW/cm. Moreover, the higher intensity of UV-A led 

to a higher rate of destruction of Gram-negative 

bacteria S. marcescens [9]. The effectiveness of 

microorganisms from TiO2 with the simultaneous 

irradiation of UV rays is different; it is related to the 

structure and cellular nature of the microorganisms 

and the exposure duration. A 2010 study 

investigated the effectiveness of HEPA 

photocatalytic filters with titanium dioxide coating in 

two levels (1870 ± 169 ± 2 mg/m and 3140 ± 67 

mg/m) and UVA radiation with intensities of 0.85 

and 4.85 mW/cm2 in inactivating four 

microorganisms, namely Aspergillus Niger, 

Penicitrinum, Staphylococcus epidermidis, and 

Bacillus subtilis. The criterion of effectiveness of 

the studied filter for disinfection was the 

comparison of the colonies of microorganisms on 

the photocatalytic filter before and after UVA 

radiation [3]. The results showed that the 

inactivation rate of bacteria was not the same. The 

disinfection efficiency during 8 hours of UVA 

radiation was 77%, 73%, 80%, and 60-80% for 

Aspergillus Niger, S. epidermidis, P. citrinum 

epidermidis, and Bacillus subtilis, respectively. 

Bacillus subtilis, an endospore-forming bacterium, 

is less vulnerable to UVA rays than S. epidermidis. 

The greater vulnerability of S. epidermidis is due to 

its Gram-positivity and UVA sensitivity, which, as it 

has a network-like cell wall made of peptidoglycan, 

is easily destroyed by the impact of radiation [3]. 

Therefore, because of the low energy of UVA, this 

ray can cause cell damage through oxidative 

stress caused by oxygen radicals, thereby 

stimulating light-sensitive molecules inside the cell. 

As a result, active species such as 2H2O2, Oº, and 

OHº are produced, which affect the genome and 

intracellular molecules and lead to inactive 

mutations and growth delay [26]. 

The speed of destruction of bacteria in the use of 

TiO2 and ultraviolet rays combined is significant 

compared to the use of each alone. The rate of 

destruction of B. subtilis under UVA radiation with 

an intensity of 4 mW/cm 79 per minute and when 

used together with TiO2 was 0.197 per minute [3]. 

The effect of copper coating on reducing 

microorganisms: Since 2017, some studies on 

increasing the efficiency of HEPA filters in the 

removal of microorganisms have used metals such 

as copper as an antibacterial substance to create a 

positive charge on the surface of nanoparticles, 

which is significantly effective in the removal of 

living organisms [28]. The ability of copper 

nanocomposite to slow down or even prevent the 

growth of living organisms such as fungi and other 

pathogenic microorganisms such as S. enteric and 

C. jejuni have been observed [29]. Increasing the 

spraying duration of copper on the surface of the 
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filter also leads to an increase in the thickness of 

the sediment and a decrease in the size of the 

pores. The results of a 2017 study to investigate 

and understand the efficiency of HEPA filters by 

coating them with copper and investigating the 

antimicrobial properties of copper showed that the 

size of the pores (pore size) of the HEPA filter is 

minimized through the copper spraying process 

using the DC method. The time of copper spraying 

on the filter caused the pore size to decrease 

significantly in 30 seconds from 17.43 microns in 

HEPA filter without coating to 6.62 microns in 

HEPA filter with single layer coating, in 60 seconds 

to 33.5 microns in HEPA filter with double layer 

coating and in 90 seconds to 4.38 microns in 

HEPA filter with triple coating.  

Three-layer coatings have greater efficiency than 

single-layer coatings, as they lead to greater 

contact between copper and the microorganisms, 

i.e., lethal contact. This can be attributed to the 

larger volume of copper [28]. 

The large cross-sectional area of copper leads to 

greater contact and effective destruction of 

microorganisms. The impossibility of cell division 

on the surface of copper after direct and long-term 

exposure and dry surfaces of copper are more 

effective in killing bacteria [30] and will increase 

the efficiency of HEPA filters. This ability of copper 

nanocomposite is also the cause of deceleration 

and prevention of the growth of living organisms, 

such as fungi and other pathogenic 

microorganisms such as S. enteric and C. jejuni 

[31]. 

Despite the high efficiency of HEPA filters with 

three layers of copper compared to those with two 

and single layers and the proof of effective 

antimicrobial activity for this filter (Cu-HEPA), 

contradictory results have been seen in some 

studies caused by long-term immersion Cu-HEPA 

filters which are wet in the feeding environment, 

which causes instability of copper contact on 

HEPA filters. Therefore, the possibility of copper 

separation from the HEPA substrate is higher in a 

humid environment. In standard levels of humidity, 

however, such an event will not occur, and 

humidity is less likely to influence Cu-HEPA 

performance [28]. 

The role of isopropyl alcohol on the efficiency 

of HEPA filters: In addition to photocatalysts, 

methods such as impregnating filters with alcoholic 

substances can increase the HEPA filters’ 

efficiency and effectiveness in removing 

microorganisms such as E. coli. In the study of 

Candiani (2011), pleated cardboard filters 

impregnated with isopropanol (isopropyl alcohol) 

performed at 91%, which is about 14% better than 

filters without alcohol, in reducing bacteria in the 

air. Isopropyl alcohol increased the survival rate of 

microorganisms by increasing the roughness of the 

filter surface and reducing the moisture content of 

the cardboard and, as a result, creating a more 

heterogeneous surface compared when it is not 

used [12]. The relatedness of the filter is another 

factor that will have a positive effect on increasing 

the efficiency of isopropyl alcohol in removing 

microorganisms. 

How the filter works in reducing 

microorganisms: While making HEPA filters, 

changing the shape of the filter into the pleated 

type will increase their overall surface and 

efficiency. One study (2018) used the immersion 

method to kill the Gram-positive bacteria 

Staphylococcus epidermidis and Bacillus subtilis. 

The amount of bacteria penetration in the ordinary 

non-plate and photocatalytic HEPA filter with 

different intensities of UVC radiation were 

significantly reduced in comparison to the absence 

of radiation. In this study, UVC radiation with an 

intensity of 1.8 mW/cm compared to an intensity of 

1.2 mW/cm caused a greater reduction in bacteria 

penetration in both filters. With an increase in 

speed from 0.1 meters per second to 0.3 m/s in the 

case of UVC radiation and without UVC radiation, 

the rate of penetration of bacteria increased 

significantly (p<0.05) [13]. 

How microorganisms affect the efficiency of 

HEPA filters: Studies have shown that the 

diversity of microorganisms is also significant in 

addition to the combined use of TiO2 and 

ultraviolet rays. The microorganisms most 

commonly investigated are Staphylococcus 

epidermidis, Bacillus subtilis, Bacillus atrophius, 

Aspergillus niger, Penicillium, E. coli, and 

Positronium [32]. Results have shown that under 

identical conditions, the lowest and highest 

removal rates were related to Aspergillus Niger 

and S. epidermidis, respectively, because of the 

cellular DNA's lower and higher sensitivity to 

oxidative damage caused by ultraviolet rays, 

respectively [3]. In another study, the difference in 

the average density of the four types of 

microorganism, Staphylococcus epidermidis, 

Bacillus subtilis, Aspergillus niger, and Penicillium, 

in the case of UVC radiation to the surface of the 

HEPA filter compared to the absence of this 

radiation in three time periods (60, 90, and 120 

minutes) was significant (p <0.05), which indicates 

a decrease in the density of penetration of airborne 

microorganisms such as bacteria and fungi caused 

by UVC radiation on the surface of the HEPA filter 

[33]. The effects of environmental factors such as 

humidity on the removal of microorganisms can 

lead to improvement in the effectiveness of the 

filtration mechanism [34]. 
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A microorganism such as B. subtilis in 45% 

humidity after 5 hours under UVA radiation is 

about 80% photolyzed, because after exposure to 

PCO, their hydrophobic outer parts are mineralized 

and external changes occur to spores, allowing the 

hydrophilic interior to interact with radicals 

produced by the photocatalyst, which ultimately 

leads to cell inactivation [35]. 

The effects of photocatalysts on HEPA filter 

pressure drop and efficiency: Air filters are 

widely used to reduce particle concentrations 

because of their effective performance in 

absorbing incoming particles. The increase in 

pressure drop of filters and filter media caused by 

adsorbed particles has attracted wide attention 

because of its significant effect on the useful life of 

filters and the energy consumption of ventilation 

systems [35]. Study results have shown that the 

pressure drop throughout the filter without coating 

with photocatalysts increased with increases in the 

deposited mass of aerosol particles. At the point of 

cake formation, the increase in pressure drop is 

linearly proportional to the mass of the deposited 

aerosol particles [35]. While filter efficiency and 

pressure drop remain constant in the initial stage 

of filtration, during filtration, aerosol particles 

gradually accumulate on the surface of the fiber, 

blocking the filter and resulting in a sharp increase 

in pressure drop and a change in filter efficiency 

[36]. In uncoated filters, pressure drops increase 

with surface speed; at low speeds (less than 0.4 

cm/s), the pressure drop changes very slowly [37]. 

Various studies have investigated the effect of 

surface velocity on pressure drop. In filters both 

with and without cover, increases in surface 

velocity correspond with increases in pressure 

drop. At the velocity of 0.1 m/s for the uncoated 

filter with photocatalysts, the pressure drop was 

15.57 pa and for the filter coated with a 

combination of TiO2 and Ag was 25.95 pa. At a 

velocity of 1 m/s, it was 33.36 pa and 46.71 pa, 

respectively. In HEPA filters at a velocity of 0.1 

m/s, without coating with photocatalysts, however, 

the pressure drop rate was 31.14 pa, and for the 

filter coated with a combination of TiO2 and Ag 

was 46.71 pa. At a velocity of 1 m/s, it was 57.09 

pa and 72.65 pa, respectively. The results showed 

that the increase in pressure drop due to increased 

surface velocity in HEPA filters was greater than in 

other filters. This can probably be attributed to the 

more complex structure of HEPA filters, which are 

more effective in removing microorganisms than 

other filters [7]. 

Other studies have reported an increase in 

pressure drop due to increased surface velocity. In 

the study of Pour Hasan, the pressure drop of 

ordinary and photocatalytic HEPA filters at a 

velocity of 0.1 m/s and an airflow rate of 240 l/m 

was equal to 2.48 and 3.23 pa, respectively, and at 

a velocity of 0.3 m/s and a flow rate of 720 l/m, it 

was equal to 3.73 and 4.72 pa, respectively. As a 

result, the increase in surface velocity produces a 

linear increase in pressure drop and increased 

efficiency of the HEPA filter in removing 

microorganisms (p<0.05). This result is similar to 

that of other studies as well [13]. 

Studies have demonstrated the relationship 

between pressure drop, surface velocity, and 

relative humidity on the performance of coated 

filters. A change in pressure drop depends on the 

forward speed. At a surface velocity of 0.1 m/s, the 

pressure drops in the uncoated filter with low 

loading and high loading and relative humidity of 

45% showed a significant difference (p<0.05). 

Between the filters with and without TiO2 coating, 

at 45% humidity, the maximum pressure drop was 

0.26 inches of water. Still, at 75% humidity, the 

maximum pressure drop increased to 0.34 inches 

of water [3]. 

The effect of humidity on increasing pressure 

drops in filters, especially pleated ones, has been 

investigated in studies. The results showed the 

effect of humidity on clogging and pressure drop 

depends on the stage of clogging on the filter 

surface. At the beginning of clogging, pressure 

drop changes in pleated filters are similar to those 

in flat filters. When the filtration surface is 

significantly reduced, the presence of moisture 

accelerates the process of closing the wrinkles, 

and the adhesion forces between the particles due 

to the capillary forces caused by vapor 

condensation are intensified by increasing relative 

humidity, especially when the aerosol is hydrophilic 

[35]. The higher the capillary forces are, the less 

likely the aerosol will penetrate much into the folds. 

Thus, particles accumulate on the surface of the 

folds and cause the folds to close, resulting in a 

pressure drop in the filter [38].  

Thus, adding a coating of different materials, such 

as photocatalysts, or increasing the humidity on 

the surface of the HEPA filter due to limiting the 

passage of microorganisms will increase the 

pressure drop and the efficiency of the filters in 

removing these factors. 

Some studies have reported contradictory results. 

Ludwig et al. (2018) investigated the effects of the 

size and morphology of nanoparticles released by 

TiO2 and SiO2 in filtration and reported that 

clogging caused by the deposition of nanoparticles 

on the filtering fibers is significant; however, it has 

no significant effect on pressure drop [39]. This 

difference can be attributed to the particle size, 

which was 30-50 nm in Ludwig's study and 17 nm 

in the study by Pourhassan et al. (12, 39). Thus, 
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the larger size of the particles, which causes more 

continuity and less distance between them, will 

have less effect on the pressure drop on the filter 

surface. 

 

Conclusion 

Filter efficiency and pressure drop are the most 

important parameters of fibrous filters. A good filter 

using fine fibers is expected to show high 

efficiency and low-pressure drop. By adding 

nanomaterials to filters, it is possible to potentially 

overcome the inherent limitation of the relationship 

between filter efficiency and pressure drop that 

traditional filters have. Also, ultraviolet radiation 

leads to competition between different types of this 

radiation and photocatalysis for soluble O2, which 

is required to produce strong oxidant species. One 

of the factors affecting the pressure drop of filters 

is the amount of humidity and the surface speed, 

which increases the pressure drop, regardless of 

the shape and structure of the filter (pleated or 

flat), coated or uncoated. Using different coatings 

individually or together on the HEPA filter 

increases their efficiency in reducing and removing 

microorganisms. Therefore, it is possible to reduce 

the problem of microorganism growth and indoor 

air quality by using HEPA photocatalytic filters. 

According to studies done on improving the 

performance of HEPA filters, photocatalysts, 

ultraviolet rays, and metal coatings have all been 

used. What has not yet been investigated, 

however, is the effect of MOF on improving the 

performance of HEPA filters. It is recommended 

that researchers pay special attention to this issue 

in future research. 
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